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Abstract

Characterisation and Structural Biology of Protein Arginine Methyl-
transferases

Post-translational and epigenetic modifications of proteins and nucleic acids are known
to play major roles in influencing cell fate. Enzymes that catalyse modifications such
as phosphorylation, acetylation and methylation have been identified as promising
drug targets. Protein methyltransferase 2 (PRMT2) and Coactivator-associated argi-
nine methyltransferase 1 (CARML1) belong to the class of Type 1 PRMTs which cata-
lyse the asymmetric dimethylation of substrate arginine residues. CARM1 has been
shown to be overexpressed in different cancer types including breast and prostate
cancer. PRMT2 has been identified as a potential target for oncology with reported
links to androgen receptor signalling, NF-kB signalling and induction of apoptosis.
However, selective chemical probes that could be used as tools for target validation

and which could potentially be a starting point for drug discovery are still missing.

The work presented here aims to identify selective CARM1 and PRMT?2 inhibitors
that target the cofactor- and substrate-binding sites. Crystal structures of mouse
PRMT?2 in the apo-state and in complex with Sinefungin are presented. Crystal struc-
tures of the catalytic domain of CARM1 in complex with the cofactor S-adenosyl L-
homocysteine (SAH) and different small molecule inhibitors were also determined. Sur-
face plasmon resonance was used to characterise inhibitor binding to CARM1 and
identify structure-activity relationships. To further map the CARM1 active site, ligand
soaks of CARML1 with a library of small fragments called FragLites were performed.
These small fragments can more readily find potential binding pockets than larger more
drug-like inhibitors. A direct and label-free mass spectrometry-based assay was devel-
oped to measure CARML1 activity and its inhibition. Together these findings can be
used to further develop inhibitors that target the PRMT family. These inhibitors will be
useful tools to investigate the biology of PRMT2 and CARML1 and to understand their

biological role in cancer.
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Chapter 1 Introduction

1.1 Role of Histone Modification in Epigenetic Regulation

The field of epigenetics comprises all molecular mechanisms which cause an increase
or decrease of gene transcription without changing the genetic information. Today the
term epigenetics is defined as “the study of changes in gene function that are mitoti-
cally and/or meiotically heritable and that do not entail a change in DNA sequence”
(Morris, 2001). Research has shown that epigenetic regulation of gene expression is
very important for cell differentiation and that epigenetic dysregulation is often the
cause of human diseases and has been observed in most human cancer types, re-
viewed by Pfister and Ashworth (2017). Different molecular mechanisms control the
epigenetic regulation and include DNA-methylation which occurs at cytosine residues
and leads to gene silencing and post-translational modifications (PTMs) of histones,
which can be either gene activating or repressing depending on the modified amino

acid residue (Mohammad et al., 2019).

Histones are small basic structural proteins of chromosomes around which the
DNA is wrapped. Four major histone proteins exist named H2A, H2B, H3 and H4. The
DNA is organised in regular, repeating units which are called nucleosomes, the core
consists of an octameric histone complex. It consists of 2 molecules of each histone
H2A, H2B, H3 and H4, which are positively charged, and around which 145-147 neg-
atively charged DNA nucleotides are wound (Luger et al., 1997, Lawrence et al., 2016).

The crystal structure of the histone core and DNA is shown in Figure 1-1.

The linker histone H1 is located outside of the histone core and together with
the linker DNA, they form a higher order complex named the nucleosome, as illustrated
in Figure 1-1 B (Allan et al., 1980, Zhou et al., 2019). The linker DNA has varying length
of 7-101 base pairs and, together with the nucleosome core particle, the DNA-protein
complex is named chromatin (van Holde and Zlatanova, 1995). Supercoil DNA is a
form of DNA in which the DNA strand is either over- or under-wound compared to the
relaxed state. In eukaryotes, each nucleosome constrains one under-wound DNA
supercoil, whereas the linker DNA between the nucleosome core particles is uncon-
strained (Corless and Gilbert, 2016). The nucleosome arrays, the well-known beads-

on-a-string structure (Thoma et al., 1979), can condense into higher-order fibres and



large-scale chromatin structures via inter-nucleosomal, intra-fibre, and inter-fibre inter-
actions (Horn and Peterson, 2002) influencing gene sequence accessibility and thus

gene regulation (Corless and Gilbert, 2016).

A

Higher-order fibres
+

Large-scale structures

Nucleosome core particle (145-147 bp)
- 1 constrained under-wound supercoil-

Nucleosome

Linker DNA (7-101 bp)
- Unconstrained DNA supercoils-

Figure 1-1 Histone Structure.

A) Crystal structure of the histone core and DNA (PDB: 1KX5 (histone octamer); PDB: 1ZBB
(DNA)). Histone H3 and H4 are shown in purple and green, histone H2A and H2B in yellow
and red, respectively. B) Chromatin Structure. The negatively charged chromosomal DNA is
wrapped around positively charged histone proteins, together they form nucleosomes. Each
consists of ~145 DNA base pairs wound around an octameric histone core, with a size of 10
nm. Together with the linker histone H1 they form 30 nm chromatin fibres, that fold into higher-
order structures. DNA supercoiling can influence chromatin structure and genome regulation.
Adapted, with permission, from Zhou et al. (2019) and Corless and Gilbert (2016).



Moreover, it was suggested that DNA supercoiling can influence gene regulation
through chromatin re-arrangements and shaping across long distances as reviewed

by Bjorkegren and Baranello (2018).

Most of the nucleosomal DNA is bound to structurally conserved histone do-
mains named the histone fold. However, flexible N-terminal histone tails flank both
ends of the histone fold, as shown for H3 in Figure 1-1 (Zhou et al., 2019). These tails
not only interact with the nucleosomal DNA but also with linker DNA and adjacent nu-
cleosomes and are very important for the structural stability of chromatin (Iwasaki et
al., 2013). Moreover, nucleosomes are not static structures but highly dynamic and are
influenced by many factors including not only post-translational modifications (PTMs),
but also histone variants and interactions with chromatin-binding proteins. Chromatin
can exist in different conformational states. For clarity, a condensed state (heterochro-
matin) in which the DNA is tightly packed and a relaxed state (euchromatin) is differ-

entiated, even if more than 15 different chromatin states do exist (Ernst et al., 2011).

The extreme tight packaging of the DNA in the heterochromatin state inhibits
the interaction of the DNA with proteins, such as transcription factors, resulting in a
reduced gene transcription rate compared to the euchromatin form (Luger et al., 1997).
Moreover, gene transcription can be influenced by direct covalent modifications of DNA
molecules, post-translational modifications of histones, or interaction with other non-
histone proteins. They can influence gene transcription by controlling the transition
process between the chromatin states, influence chromatin compaction and accessi-
bility (Bannister and Kouzarides, 2011). Different types of post-translational modifica-
tions (PTMs) exist, which mainly occur on the N-terminal tails of the core histones
which are rich in lysine (Lys) and arginine (Arg) residues (Lawrence et al., 2016). An

overview of different histone tail modifications is shown in Figure 1-2.

However, PTMs not only occur on the histone tails but also on the globular do-
main (Tropberger and Schneider, 2013). A variety of histone modifications exist such
as phosphorylation, acetylation, lysine and arginine methylation, ubiquitination, sumoy-
lation, and deimination (Kouzarides, 2007, Kebede et al., 2015). An example for PTMs
in core histone regions is the methylation of Arg42 of histone H3 by coactivator-asso-
ciated arginine methyltransferase 1 (CARM1) and protein arginine methyltransferase
(PRMT) 6, which activates transcription most likely by loosening histone-DNA interac-
tions (Casadio et al., 2013).
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An overview of all currently known histone modifications and their function is
shown in Table 1.1 and was recently reviewed by Zhao and Shilatifard (2019). PTMs
can influence gene transcription by alternating the histone overall charge or inter-nu-
cleosomal interactions but also by recruiting specific binding proteins for example
Chromo- or Plant Homeodomain (PHD) containing proteins (Zhao and Shilatifard,
2019).

Histone modifications can cause changes in the chromatin structure and thus
can regulate gene expression. PTMs can cause transcription activation but also de-
crease transcription. In most cases, they affect chromatin structure and transcription
indirectly by recruitment of other proteins such as transcription factors or chromatin
remodelling proteins (Clements et al., 2003, Wysocka et al., 2006). However, some
direct cases are known (Lawrence et al., 2016). For example, acetylation of Lys16 of
the N-terminal tail of histone H4 activates transcription by reducing chromatin conden-
sation (Shogren-Knaak et al., 2006).



Histone PTMs

Modified Residues

Regulated Functions

Lysine Acetylation

Lys-ac

Transcription, Repair, Replication,
Condensation

Lysine Methylation

Lys-mel, Lys-me2, Lys-
me3

Transcription, Repair

Arginine  Methyla- | Arg-mel, Arg-me2a, Arg- | Transcription

tion me2s

Phosphorylation Ser-ph, Thr-ph Transcription, Repair, Condensation
Ubiquitylation Lys-ub Transcription, Repair
Neddylation Lys-N8

Sumoylation Lys-su Transcription

ADP Ribosylation Glu-ar Transcription
Deimination Arg > Cit Transcription

Proline Isomeriza- | Pro-cis > Pro-trans Transcription

tion

Lysine  Crotonyla- | Lys-Cr Transcription

tion

Butyrylation Lys-Bu Transcription
Propionylation Lys-Pr Transcription
Tyrosine Hydroxyla- | Tyr-OH

tion

Biotinylation

O-GIcNAC

Ser/Thr-OGA

Transcription, Repair, Replication

N-formylation

Lys-fo

Repair

The enzymes that perform these histone modifications are of great interest and
many of them have been identified and characterised. The enzymes that add these so-
called histone “marks” are described as “writers” (Figure 1-3). They can be grouped
according to the chemical modification they catalyse and their target substrate. His-
tone-modifying enzymes include acetyltransferases, deacetylases, methyltransfer-
ases, demethylases, kinases, ubiquitin ligases, and proline isomerases (Bannister and
Kouzarides, 2011).

Enzymes that remove the histone marks are named “erasers” and proteins that
recognize the specific chemical groups on the histone tails and interact with them are
called “readers” (Tarakhovsky, 2010). For example, chromodomains interact with
methylated lysine residues of histone H3 and H4 tails (Blus et al., 2011, Hard et al.,
2018). The correct interactions between those enzymes are important to ensure pre-

cise gene regulation.
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Histone methylation can take place on the basic amino acid residues lysine,
arginine, and histidine. Protein methyltransferases (PMTs) are the writers of this mark
and can methylate lysine or arginine residues of histones but also non-histone proteins
(Greer and Shi, 2012). This thesis will focus on arginine methyltransferases which will

be further explored in the next chapters.

1.2 The Writers of Methyl-Lysine and Methylarginine Marks

Protein methyltransferases (PMTs) are enzymes that catalyse the transfer of a methyl
group from the cofactor S-adenosyl-methionine (SAM) to histones and other proteins
and can be divided into two families according to the residue they methylate (Di
Lorenzo and Bedford, 2011). Protein lysine methyltransferases (PKMTSs) catalyse the
methylation of lysine residues, whereas protein arginine methyl transferases (PRMTS)

methylate arginine residues (Copeland et al., 2009).

More than 50 human PKMTs exist that can mono-, di-, and/or tri-methylate ly-
sine residues (Martin and Zhang, 2005). Based on their catalytic domain sequence,
PKMTs can be divided into two groups, disruptor of telomeric silencing-1 (Dotl) do-
main-containing proteins and Su(var)3-9, Enhancer-of-zeste and Trithorax (SET) do-
main-containing proteins. The latter contain a 130 amino acid long catalytic SET-do-
main defined by specific amino acid motifs and were first identified in different Dro-

sophila proteins namely Su(var.) 3-9 (suppressor of position-effect variegation 3-9),

N6N



En(zeste) (enhancer of the eye colour mutant zeste), and Trithorax (homeotic gene
regulator) (Dillon et al., 2005, Herz et al., 2013). SET-domain containing PKMTs also
contain an I-SET (immunoglobulin-SET) and post-SET domain, which are involved in
formation of the substate binding and in some cases also cofactor binding pocket
(Schapira, 2011). As an example, the crystal structure of the SET-domain containing
PKMT SETD7 (PDB: 1IMT6116) is shown in Figure 1.4 A. Structural features include
the I-SET domain (yellow), the SET domain (green) that adopts a pseudoknot struc-
ture, and the post-SET domain (cyan).

SET-domain containing PKMTs can methylate lysine residues of histones but
also non-histone proteins (Herz et al., 2013) and their SET domains adopt a unique 3-
fold which is not found in other SAM-dependent methyltransferases (Schubert et al.,
2003). Their active site is highly conserved across the family and consists of a knot
substructure containing two conserved motifs which is surrounded by small 3-sheets
and is located next to the cofactor binding pocket (Jacobs et al., 2002). The SET do-
main containing proteins can be further divided into 6 groups according to sequence
similarities: the suppressor of variegation 3—9 (SUV39) family; the SET1 or MLL family;
the SET2 family; the SET and MYND (named after myeloid translocation protein 8,
Nervy, and DEAF-1) domain-containing (SMYD) family; the enhancer of zeste (EZ)
family; and the SUV4-20 family (Dillon et al., 2005).0Other SET domain containing pro-
teins such as SETD7 and SETDS8 have not been assigned to any group yet.



Figure 1-4: Representative Structures of Protein Methyltransferases.

The cofactor SAM/SAH is shown as magenta sticks. A) PKMT SETD7 bound to SAH (PDB:
1MT6116). Structural features including the I-SET domain (yellow), SET domain (green), and
post-SET domain (cyan) are shown. B) PRMT3 in complex with SAH (PDB: 1F3L85). The
methyltransferase domain (green), B-barrel domain (yellow), and dimerization domain (cyan)
are shown. C) DOTLL (PDB: 3QOWS5). Structural features include the N-terminal domain (yel-
low) and the C-terminal a/B domain that binds SAM (green). D) PRDMs are structurally related
to SET domains. PRMD2 (green, PDB: 2QPW4) is overlaid onto SETD7 (yellow, PDB:
1MT6116). Figure reproduced, with permission from Boriack-Sjodin and Swinger (2016).

The phylogenetic tree of human PKMTs (Figure 1-5 A) also incorporates 16
members of the PRDM (PRDI-BF1 and RIZ homology domain containing) family, that
all contain a unique N-terminal domain, known as PRDI-BF1-RI1Z1 homologous (PR)
domain. The PR domain was firstly discovered and named after the two proteins,
PRDI-BF1 (positive regulatory domain I-binding factor 1) and RIZ1 (retinoblastoma
protein-interacting zinc finger gene 1) (Buyse et al., 1995). The PR domain is closely
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related to the SET domain, but they miss the catalytically important NHXC motif which
is highly conserved in PKMTs (NHxC). However, some family members are able to
methylate lysine residues (Eram et al., 2014). A structural overlay of PRMD2 (green,
PDB: 2QPW4) and SETD?7 (yellow, PDB: 1MT6116) is shown in Figure 1-4 D.

In humans, only one Dotl-like protein is known, named HsDOTL1L. Its crystal
structure is shown in Figure 1.4 C. It exists as a monomer and does not contain a SET
domain but a C-terminal a/3 domain that binds the cofactor SAM, shown in green (Min
et al., 2003). Sequence analysis revealed that it possesses some SAM binding motifs
that are similar to those of the PRMTs (Dlakic, 2001), which is why it is included in the
phylogenetic tree of PRMTs (Figure 1-5 B). However, DOT1L does not methylate ar-
ginine residues but lysine residues on nucleosomal histones and is thus a lysine me-

thyltransferase (Scheer et al., 2019).
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PRMTs catalyse the transfer of the methyl group from the cofactor SAM to the
guanidinium group of protein arginine side chains generating the by-product S-adeno-
syl-L-homocysteine (SAH) (Bedford and Clarke, 2009). In humans, nine classic PRMT
family members are distinguished which can be divided into three groups according to
their methylation position (Figure 1-6). The methylation reaction catalysed by the
PRMTs results in either mono-methylated arginine (MMA) residues, asymmetric di-
methylated (ADMA) or symmetric di-methylated (SDMA) arginine residues (Bedford,
2007).
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In human cells, PRMT1 (UniProtKB: Q99873) is the predominant PRMT family
member that is found throughout the cell and conducts over 85 % of arginine methyla-
tion (Bedford, 2007). Type 1 PRMTs are capable of w-NG-mono- (Figure 1-6, w-MMA)
and w-NG,NG-asymmetrical dimethylation (Figure 1-6, w-ADMA) of the guanidinium
group, whereas Type 2 PRMTs produce mono- and w-NG,N’'G-symmetric di-methyla-
tion (Figure 1-6, w-SDMA). In contrast, Type 3 PRMTs can only carry out mono-meth-
ylation. Six PRMTs are classified as Type 1 enzymes; PRMT1, PRMT2 (UniProtKB:
P55345), PRMT3 (UniProtKB: O60678), coactivator-associated arginine methyltrans-
ferase 1 (CARML1) also known as PRMT4 (UniProtKB: Q86X55), PRMT6 (UniProtKB:
Q96LA8), and PRMT8 (UniProtKB: Q9NR22). In contrast, PRMT5 (UniProtKB:
014744) and PRMT9 (UniProtKB: Q6P2P2 ) are Type 2 PRMTs (Yang et al., 2015).
PRMT7 (UniProtKB: Q9NVM4) was assigned as a Type 3 enzyme that is only able to
generate mono-methyl-arginines (Feng et al., 2013), but different groups reported that
it can also produce symmetrical di-methylation marks (Lee et al., 2005). However, this

is not the case as shown by Feng and colleagues (Feng et al., 2014). Substrates of



the histone methyltransferase family included free histones, histones that complex
DNA, and non-histone proteins (Bedford and Clarke, 2009).

1.3 Domain Architecture of PRMTs

The nine human PRMTs are variable in size (353-845 residues) and possess different
domains but share a highly conserved catalytic core of approximately 310 amino acids
as shown in Figure 1-7 (Cheng et al., 2005). The catalytic core of all human PRMTs
consist of a Rossmann fold which includes the cofactor binding pocket, and a 3-barrel
domain that is important for substrate binding (Cheng et al., 2005). Most PRMTs have
only one catalytic core region, but mouse PRMT7 and human PRMT9 have two copies
of the catalytic domain, most likely caused by gene duplication (Miranda et al., 2004,
Yang et al., 2015). Even if the catalytic core of PRMTs is very similar, PRMTs differ
from one another in their N-terminal region. For example, PRMT3 has a unique zinc-
finger domain (Cura et al., 2014), CARML1 a pleckstrin homology (PH) domain (Troffer-
Charlier et al., 2007), PRMT2 contains a Src homology 3 (SH3) domain (Cura et al.,
2017) and PRMT9 has three tetratricopeptide repeats (TPR) (Yang et al., 2015).

The N-terminal domains are involved in many different protein-protein interac-
tions (Swiercz et al., 2005) and influence enzymatic activity and biology (Sayegh et al.,
2007). They can also lead to the formation of higher oligomers and have been pro-
posed to contribute to substrate recognition (Bedford and Clarke, 2009). For example,
PRMTS5 exists as a multimeric protein complex that influences its activity and specificity

(Antonysamy et al., 2012).

Over the last couple of years, other arginine methyltransferases have been
identified including the Type 1 PRMT NADH:ubiquinone oxidoreductase complex as-
sembly factor 7 NDUFAF7 (UniProtKB: Q7L592) and the Methyltransferase Like 23
protein METTL23 (UniProtKB: Q86XA0) (Fuhrmann et al., 2015). The mitochondrial
arginine methyltransferase NDUFAF7 symmetrically di-methylates the NDUFS2 subu-
nit of the human mitochondrial complex | (Rhein et al., 2013). The Type 2 PRMT
METLL23 was shown to catalyse asymmetric di-methylation of Histone H3 in mouse
oocytes (Hatanaka et al., 2017). Both share only some sequence identity with the clas-

sical PRMTs, with less than 20 % overall sequence identity.
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Figure 1-7 The PRMT Family.

There are nine classical PRMT family members, PRMT1-PRMT9 that differ in overall size and
some of them carry a unique N-terminal domain. They all share a highly conserved core, con-
sisting of a Rossmann fold (green) followed by a 3-barrel domain (cyan) that includes a dimer-
isation arm (blue). An a-helix (red) is located at the N-terminus of the Rossmann fold that is
involved in binding of the cofactor SAM. PRMT7 and PRMT9 have two Rossmann fold/3-barrel
domains as a result of gene duplication. The second Rossman fold of PRMT?7 is not able to
bind SAM and thus has no enzyme activity. The domains are assigned based on protein struc-
ture alignment. Two novel PRMTs, NDUFAF7 and METTL23, were recently identified but they
exhibit a low sequence identity with the classical PRMTs (<20 %).

In addition, two distantly related proteins, F-box only protein (FBXO)10 and
FBXO11, that show a low degree of sequence homology (overall sequence identity
across the PRMT family is 12-16 %) to some PRMT motifs but do not have the typical
PRMT R-barrel fold but a B-propeller core domain, were identified as possible new
PRMTs (Cook et al., 2006, Krause et al., 2007). However, FBXO11, which was tem-
porary named PRMTY, lacks important substrate-binding motifs and no enzyme activity
has been demonstrated so far, so it should not be included in the PRMT family

(Fielenbach et al., 2007). Instead it was shown that FBXO11 is a subunit protein of the



ubiquitin E3 ligase (Evankovich et al., 2017). FBXO10, which was temporary named
PRMT11, was identified as a homologue of FBXO11 (Krause et al., 2007) and has E3
ubiquitin ligase activity (Abida et al., 2007). Thus, FBXO10 and FBXO11 are not con-
sidered as PRMTs family members and even if the proteins possess methyltransferase

activity, it most likely resulted from convergent evolution.

1.4 Structure of PRMTs

Crystal structures of different PRMTs including rat PRMT1, (PDB: 10R8, Zhang and
Cheng, 2003), mouse PRMT2, (PDB: 5FUL, Curaetal., 2017), human PRMT3, (PDB:
4HSG, Liu et al., 2013), human CARM1, (PDB: 2V74, Yue et al., 2007), human
PRMT6, (PDB: 5HZM, Wu et al., 2016), mouse PRMT7, (PDB: 4C4A, Cura et al.,
2014), human PRMT5:MEP50, (PDB: 4GQB, Antonysamy et al.,, 2012), human
PRMTS, (PDB: 5DST, Toma-Fukai et al., 2016) and human PRMT9, (PDB: 6PDM, to
be published), have been solved. An overview of the different structures can be seen

in Figure 1-8.

The crystal structures show that the overall fold of PRMTs is very similar and
indicates that most PRMTSs exist as head-to-tail homodimers with structurally and func-
tionally distinct regions. The catalytic core comprises a methyltransferase (MTase) do-
main, a 3-barrel domain (cyan), and a dimerisation arm (blue). The methyl transferase
domain which is located within the N-terminal region of the catalytic core consists of
alternating motifs comprised of 3-strand-a-helix-3-strand, known as a Ral-Rossmann
fold (green) (Bedford and Clarke, 2009). The Rossmann fold contains the cofactor
binding fold that is highly conserved across all SAM-dependent methyltransferases. It
consists of 4 a-helices and 5 B-strands (Martin and McMillan, 2002). The R-barrel do-
main is composed of 10 3-strands and is located at the C-terminus. The two domains

are connected by a conserved cis-proline residue (Troffer-Charlier et al., 2007).

In the case of Type 1 PRMTSs, dimerisation is initiated by interaction between
the dimerisation arm (blue), that is composed of three a-helix segments and is inserted
between R-strand 6 and [3-strand 7 of the 3-barrel domain, and the Rossmann fold of
another subunit as exemplified by the structure of CARM1 (Schapira and de Freitas,
2014, Cheng et al., 2005).



Dimerisation was thought to be necessary for all PRMTs to possess enzyme activity.
However, for mouse and C. elegans PRMT7 and for human PRMT9 it was shown that
the protein contains two catalytic core units and mainly exists in a monomeric form
(Jain and Clarke, 2019, Yang et al., 2015). The crystal structures of mouse PRMT7
(PDB: 4C4A) and human PRMT9 (PDB: 6PDM) in complex with SAH, shown in Figure
1-8, revealed, that, in each case, one of their catalytic core domains folds back onto
the other, generating a pseudo-dimer. In the case of PRMT7 it was shown, that only
the first domain has a SAM molecule bound in the catalytic domain and thus has en-
zyme activity, the second carries several mutations that prevent SAM binding (Cura et
al., 2014). Surprisingly, the duplication of the second SAM-binding-like domain is miss-
ing in the T. brucei PRMT?7 structure (Wang et al., 2014).

In the case of Type 1 PRMTs a dynamic a-helix (red) is located at the N-termi-
nus of the Rossmann fold. This a-helix folds over and buries the cofactor SAM/SAH
(Adams-Cioaba and Min, 2009, Morales et al., 2016, yellow spheres, Figure 1-7). In
contrast, in the Type 2 enzyme PRMT5 the B-barrel domain and the Rossmann fold
are present, but instead of the N-terminal a-helix, PRMT5 has a short a-helical seg-
ment that is followed by a loop and connected to a Triosephosphate isomerase (TIM)
barrel domain (shown in light pink in Figure 1-7). This domain interacts with Methylo-
some protein 50 (MEP50, yellow, Figure 1-7). PRMTS5 forms a large hetero-octameric
complex with the WD40 protein MEP50 which interacts with binding partners and sub-
strates (Ho et al., 2013). Moreover, PRMT5 does not dimerise via a dimerisation arm,
but instead via interactions of the TIM domain and the Rossmann fold and linker region

of another subunit (Antonysamy et al., 2012).

All PRMTs have four conserved motifs named motif I, post-l, Il, and Il
(Schluckebier et al., 1995b), as exemplified by the structure of human CARM1 (Figure
1-9). Three of these conserved motifs, which are common to seven 3-strand enzymes,
are located in the Rossmann fold, named motif | (VLD/EVGxGxG), motif post-I
(L/VIxG/AXD/E) and motif II (F/I/VDI/L/K). Motif 1l (F/I/VDI/L/K) is located in the R3-
barrel domain. Additionally, PRMTs have two PRMT-specific motifs, the Threonine-
Histidine-Tryptophan (THW) loop and the double E-loop. An additional structural motif
IV (YFxxY), which only exists in Type 1 PRMTSs, is located in the N-terminal a-helix
(Zhang et al., 2000). The location of the motifs (pink) can be seen in Figure 1-9.
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Figure 1-8 Overview of PRMT Crystal Structures.

All PRMTs share a highly conserved catalytic core, which is composed of a Baf3-Rossmann
fold (green) and a -barrel domain (cyan). The dimerisation arm (blue) of the 3-barrel domain
and the dynamic a-helix (red) located at the N-terminus of the Rossmann fold are important
for the formation of subunit contacts. PRMT5 needs MEP50 (yellow) for full enzyme activity
and has an N-terminal TIM barrel domain (light pink). PRMT7 and 9 monomers comprise two
catalytic core domains (N and C-module) connected by a linker. In the case of PRMT7 only
the N-terminal Rossmann fold is able to bind SAM, the second active site in the C-module is
inactive. PDB codes: PRMT1l: 10R8; PRMT2: 5FUL; PRMT3: 4HSG; CARML1: 2V74;
PRMT5:(MEP50: 3SMQ; PRMT6: 5HZM; PRMT7: 4C4A; PRMT8: 5DST; PRMT9: 6PDM. Ab-
breviations: Hs= Homo sapiens; Mm= Mus musculus; Rn= Rattus norvegicus.
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Figure 1-9 Structural Overview of Type 1 PRMTSs.

The typical dimeric structure of Type 1 PRMTs is illustrated with the CARML1 structure in com-
plex with SAH (yellow) and a substrate inhibitor (orange) (PDB: 6ARJ). The cofactor binding
pocket is located in the Rossmann fold (green). A flexible a-helix (red) at its N-terminus, con-
sisting of two elements a-X and a-Y, folds over the cofactor. The dimerisation arm (blue) of the
3-barrel domain (cyan) interacts with the Rossmann fold of the other subunit. The substrate
binding pocket is located between the Rossmann and 3-barrel domain. All PRMTs have con-
served motifs (pink), named motif |, post-1, I, and Il that are common to seven 3-strand en-
zymes. In addition, two PRMT specific motifs- the Threonine-Histidine-Tryptophan (THW) loop
and the double E-loop exist.

Motif I, post-l and the TWH loop are involved in binding of the cofactor SAM.
Motif Il forms a parallel 3-sheet which helps to stabilise motif I, and motif 11l forms a
parallel R-sheet with motif Il (Bedford and Clarke, 2009). The THW-loop is adjacent to
the double E-loop, which contains two invariant glutamate residues and is involved in
binding of the arginine guanidinium group. Together they form the active site. The



THW-loop also helps to stabilise an N-terminal a-helix (red) which is located at the N-
terminus of the Rossmann fold. The a-helix consists of two segments, a-X and a-Y,
and folds over the cofactor, burying it in the core of the Rossmann fold. This structurally
dynamic a-helix that is also involved in the formation of subunit contacts in the active
site was observed in many Type 1 PRMT structures including PRMT1 (PDB: 10R8),
PRMT2 (PDB: 5FUL), PRMT3 (PDB: 4RYL), CARM1 (PDB: 2Y1W) and PRMT6 (PDB:
4Y30) (Schapira and de Freitas, 2014). In the case of CARM1, it is thought to trigger
the formation of the substrate-binding site at the interface of the Rossmann fold, the 13-

barrel domain, and the a-helix (Troffer-Charlier et al., 2007).

Secondary structural elements that are located in the same place as the a-helix
in Type 1 PRMTs and are involved in SAM binding have also been observed in other
SAM-dependent methyltransferases that have a catalytic Rossmann fold including
Type 2 and 3 PRMTs, DNA (DNMTs) and RNA Methyltransferases (RNMTs), Cate-
chol-O-methyltransferase (COMT) and DOTL1L (Schapira and de Freitas, 2014). In
DNTMs (Figure 1-10 B), it is a a-helix similar to Type 1 PRMTs (Figure 1-10 A/C). In
the case of the Type 2 protein PRMTS5 (Figure 1-10 D), RNA methyltransferases (Fig-
ure 1-10 E), COMT (Figure 1-10 F) and the PKMT DOTL1L (Figure 1-10 G), it is a short
a-Y element which is followed by a loop and is located between the Rossmann fold
and the specific N-terminal domain (Antonysamy et al., 2012, Min et al., 2003). Crystal
structures showed that these dynamic structural elements can adopt many different
conformations and orientations and they are often disordered in the absence of the
cofactor (Troffer-Charlier et al., 2007, Boriack-Sjodin et al., 2015).
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Figure 1-10 Regulatory Elements of the Rossmann Fold.

A) Overall MTase structure, exemplified by PRMT1monomer. Similar to the dynamic a-helix
(red) that is located at the N-terminal of the Rossmann fold in PRMTs (compare C and D),
other SAM-dependent MTases have similar secondary structural elements (red) at the same
position that might influence substrate specificity. PDB codes: HSDNTM1 (3PTA), RnPRMT1
(10R8), HsDOTI1L (3QOX), RNnCOMT (4PYN). NSUN4 (4FP9). The carbon atoms in the co-
factor SAM structure are shown as yellow spheres, nitrogen blue, oxygen red.



1.5 Active Site and Substrate Specificity of Type 1 PRMTs

The overall architecture of the active site of Type 1 PRMTs is very similar despite their
differences in overall size and sequence. As mentioned before, there are several con-
served motifs within the active site that are essential for catalysis. Figure 1-11 shows
the active site of CARML1, it can be divided into two regions- the SAM and the arginine-
peptide binding site (Schapira and de Freitas, 2014). The conserved key residues in-
clude the two invariant glutamate residues (Glu258 and Glu267) of the so-called dou-
ble E-loop and His414 of the THW-loop. These residues are involved in positioning
and binding of the substrate arginine guanidine-group (Zhang and Cheng, 2003). The
side chain of Glu267, the carbonyl oxygen of Glu258 and the side chain of His415 bind
the guanidine-group via hydrogen bonds and position it in such a way that the Sn2-like

attack from the methyl-sulfonium group of SAM can take place.

The additional structural motif, motif IV (Tyrl50, Phel51 and Tyrl54 in
CARM1), which only exists in Type 1 PRMTs, forms Tr-interactions with the aromatic
rings of the cofactor SAM, the tyrosine side chain forms hydrogen bond interactions
with one of the E-loop glutamate residues (Glu267). An additional methionine residue
(Metl63 in CARM1) of the a-helix, helps to keep the substrate arginine residue in
place. This arrangement forms a large empty space around one of the two arginine w-
nitrogen atoms, that allows Type 1 PRMTs to either bind unmethylated or mono-meth-
ylated arginine for mono-methylation or asymmetrical di-methylation, respectively. In
contrast, the other arginine w-nitrogen forms hydrogen bond interactions with His415
and Glu258 and is in close proximity to Met163 and does not have the space to allow
methylation. The SAM binding site also has many conserved residues that are involved
in cofactor binding. In the case of HSCARML1 these residues include Glu244 and
Val243 which interact with the adenine ring of the cofactor and Glu215 which forms a
hydrogen bond to the ribose moiety. The carboxyl group of SAM forms hydrogen inter-
actions with Arg169 and with the side-chain of glutamate residue Glu258 (Schapira
and de Freitas, 2014, van Haren et al., 2017).
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Figure 1-11 Active Site of the Crystal Structure of CARML.

A) Structural overview and schematic diagram of the modular organisation of full-length
HsCARML1. The Rossmann-fold (green) and B-barrel domain (blue) are highly conserved
among the PRMT family. The location of the three conserved motifs of Type | PRMTs is also
indicated. Cofactor and arginine substrate bind in two distinct pockets which show high se-
guence conservation. B) The conserved residues that are important for binding and positioning
of the substrate arginine include the double E-loop residues E258, E267 and H414 of the THW-
loop. C) The conserved structural motif YFxxY (Y150, F151 and Y154 in CARM1) of Type 1
PRMTs (where x represents any amino acid) stacks with the aromatic rings of the cofactor
SAH (yellow) and allows the formation of a hydrogen bond between the Y154 and E267. They
generate enough volume around the methyl-accepting nitrogen atom that unmethylated and
mono-methylated substrate arginines can be accommodated in the active site (Schapira and
de Freitas, 2014). CARM1 PDB code: 2Y1X (SAH and indole inhibitor CMPD-2).



1.6 Catalytic Mechanism of Type 1 Protein Arginine Methyltransferases

The catalytic mechanism of the protein arginine methylation reaction has been studied
in different PRMT family members (Schapira and de Freitas, 2014, Tewary et al.,
2019). For PRMT1, PRMT5, and PRMT®, it was shown that catalysis follows a rapid-
equilibrium random kinetic mechanism, which means that substrate binding and prod-
uct release occur randomly (Wang et al., 2013b, Obianyo et al., 2008, Obianyo and
Thompson, 2012). Moreover, it was shown that PRMT1 methylation is not a processive
mechanism, but that the mono-methylated intermediate is released from the active site
and needs to rebind for the second methylation step. In the case of CARM1, an ordered
mechanism for arginine methylation was first proposed after comparison of the CARM1
crystal structure in apo and holo state complexed with SAH (Yue et al., 2007). Accord-
ing to the authors, the first step is the binding of the cofactor SAM, which introduces
large conformational changes and leads to the formation of the substrate binding
pocket. After transfer of the methyl-group, the mono-methylated product is then re-
leased, and a new SAM molecule can bind. However, a newer kinetic study suggests
that CARML1 also methylates H3 peptides in a random kinetic mechanism (Jacques et
al., 2016).

The catalytic mechanism of the methyl group transfer of Type 1 PRMTs pro-
ceeds via a bimolecular nucleophilic substitution reaction (Sn2) and its proposed mech-
anism based on structural studies and mutagenesis experiments with PRMTL1 is shown
in Figure 1-12 (Rust et al., 2011, Zhang et al., 2013). The two invariant glutamate res-
idues Glul44 and Glul53 (Glu267 and Glu258 in CARM1) form hydrogen bonds with
the guanidine group of the substrate arginine so that the positive charge is localized to

one of the two terminal nitrogen atoms of the guanidine group.

As a consequence, the other w-nitrogen atom has a lone electron pair and is
able to perform a nucleophilic attack on the methyl-sulfonium group of SAM. After
transfer of the methyl group from the cofactor to the arginine residue, the proton is
abstracted by the E-loop glutamate residue Glul44. The reaction results in the produc-
tion of the N-methylated arginine and the generation of the by-product SAH (Zhang et
al., 2013, Rust et al., 2011).
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Figure 1-12 Catalytic Mechanism for Type 1 PRMTs, Exemplified by PRMT1.

The two glutamate residues of the E-loop position the methyl accepting nitrogen atom and
facilitate the nucleophilic attack of the partially negatively charged nitrogen atom onto the me-
thyl-sulfonium group of the cofactor SAM. After transfer of the methyl-group from the cofactor
SAM to the arginine residue, the deprotonation of the arginine occurs. The Glui4s residue acts
as proton acceptor. Figure taken from (Zhang et al., 2013).

1.7 Consequences of Arginine Methylation

The methylation reaction catalysed by PRMTs changes the molecular mass of the his-
tones by 14 Da or 28 Da in the case of mono-methylation or di-methylation, respec-
tively. The alteration of the side chain causes an increase in steric hindrance
(Fuhrmann et al., 2015). Moreover, the methylation causes a decrease in possible hy-
drogen bond interactions due to the reduction in hydrogen bond donor sites (Bedford
et al., 2000). It also increases not only bulkiness but also hydrophobicity of the side
chain by withdrawing electrons through hyperconjugation. In contrast, as seen in Fig-
ure 1-13, the overall electrostatic charge of the guanidine groups is unchanged (Lorton
and Shechter, 2019).
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Figure 1-13 Hydrogen Bond Donor Sites and Electrostatic Surface Potential of Un-
methylated and Methylated Arginine Side Chains.

Electrostatic surface potentials are contoured from -4 (red) to 4 (blue) kBT e1. Hydrogen bond
donor sites are numbered in red. MMA: Mono-methylated Arginine, ADMA: Asymmetrical di-
methylated Arginine, SDMA: Symmetrical di-methylated Arginine, Ca: a-carbon. Figure
adapted, with permission, from Lorton and Shechter (2019).

1.8 Arginine Methyltransferase Substrate Recognition

The first PRMT substrates identified were histone proteins (Chen et al., 1999). Since
then, many non-histone proteins have been identified, mainly for PRMT1 and CARM1
(Bedford and Clarke, 2009). However, many other PRMTSs are yet to have substrates
or interactors identified.

Arginine methylation usually occurs within glycine-, alanine-, and arginine-rich
(GAR) domains, which are also called RGG boxes (Bedford and Clarke, 2009). These
domains consist of single or multiple RGG/RG motifs (Thandapani et al., 2013). Ex-
ceptions are PRMT7 and CARML1, which cannot methylate GAR sequences. Instead,
CARM1 prefers proline, glycine, methionine, and arginine-rich sites (PGMS)
(Shishkova et al., 2017) and PRMT7 modifies substrates containing RxR motifs, two
arginine residues that are separated by a basic residue (Branscombe et al., 2001,
Zhang et al., 2013, Yang and Bedford, 2013). PRMT5 can methylate GAR and PGM
motifs, and PRMT6 modifies arginine residues within GAR motifs but also non-GAR

motifs (Boulanger et al., 2005, Singhroy et al., 2013).



Histone methylation has been seen for PRMT1, PRMT2, PRMT3, CARM1, PRMT5,
PRMT6, PRMT7 and PRMT8 (Di Lorenzo and Bedford, 2011, Fuhrmann and
Thompson, 2016). An overview of the different histone methylation sites is given in
Figure 1-14. The steroid receptor coactivator CARM1 was the first PRMT that was
shown to influence gene transcription through asymmetric di-methylation of Argl7 and
Arg26 on histone H3 (Schurter et al., 2001). CARML1 also shows low levels of methyl-
ation activity towards Arg2 of histone H3 (Chen et al., 1999, Schurter et al., 2001).
Methylation of Argl7 lead to transcriptional activation, whereas methylation of Arg26
caused transcriptional repression (Zhang et al., 2017b, Yang et al., 2014). PRMT2 was
shown to have weak methyltransferase activity on histone H4 in vitro (Lakowski and
Frankel, 2009) and is able to asymmetrically di-methylate Arg8 in histone H3 in vivo
(Dong et al., 2018).

[} 1
ac-SGI:}GKQGGKA%AKAKSRSSR--- H2A
PRMT7 PRMT?7 PRMTS

270 PRMTS |
Nucleosome PRMT6 ...
ac-PEPAKSAPAPKKGSKKAVTKAQKKDGKKRKRSRK--- H2B
29 31 33

PRMT?7

1 L4 1 1
a-ARTKYTARKSTGGKAPRKQLATKAARKSAPATGGVKKP--- H3
2 8 17 26

CARM1 PRMT2T CARM1T CARM1l
PRMT6 | PRMT6}
PRMT7 PRMT5{

PRMITS 1 tle ) (e o

PRMT3 T - SGRGKGGKGLGKGGAKRHRKVLRD H4
17 19 23
PRMTS

PRMT1 1 PRMT7 pon oo
PRMTS 1 PRMT5
PRMTS |

PRMT3 1

PRMT6

Figure 1-14 Arginine Methylation Sites on N-terminal Histone Tails.

PRMTs methylate arginine residues and, depending on their type, produce mono-methylation
(MMA), asymmetric di-methylation (ADMA) or symmetric di-methylation (SDMA). Figure
adapted, with permission from Fuhrmann and Thompson (2016)*.

*Further permissions related to the material excerpted should be directed to the ACS.
https://pubs.acs.org/doi/10.1021/acschembio.5b00942
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PRMT1 and PRMT8 were shown to activate transcription by di-methylation of Arg3 of
histone H4 (Li et al., 2010, Di Lorenzo and Bedford, 2011). Moreover, PRMT5 can
regulate gene expression via methylation of different arginine residues of histone H2,
H3 and H4, which result in either transcription activation or repression (Chen et al.,
2017). PRMT6 was shown to methylate Arg2 and Arg8 in vivo and is the main methyl-
transferase on histone H3 Arg2 causing a decrease in transcription (Hyllus et al., 2007,
Iberg et al., 2008). The Type 3 enzyme PRMT7 mono-methylates Argl7 and Argl9 of
histone H4. Methylation of Argl7 is also thought to activate PRMT5-mediated methyl-
ation of Arg3 on the same histone (Jain and Clarke, 2019). PRMT8 methylates histones
H2A and H4 in vitro (Sayegh et al., 2007).

Very recently putative new PRMT substrates were identified in a study using
BiolD technology (Roux et al., 2013) for screening of physiologically relevant PRMT-
protein interactions (Wei et al., 2019). Some of the identified substrates had new motifs
such as SR-, PR-, ER- and DR- rich motifs. The same study also identified potential
interaction partners/substrates of PRMTs which were mainly RNA binding proteins that
are involved in RNA splicing and translation. Inhibition of selected PRMTs (CARM1
and PRMT1) caused a global change in alternative mRNA splicing and a reduction in
MRNA translation (Wei et al., 2019). All motifs have in common that they are short and
their sequence is not very complex, which might indicate that the substrate interaction
regions of PRMTs are unstructured (Wei et al., 2019).

1.9 Methyl-arginine Binding Proteins- The Readers of Arginine Methylation

Arginine methylation of GAR and PGM motifs by PRMTs leads to the interaction of
those motifs with proteins mainly via a Tudor domain but protein binding via PHD and
WD40 repeat (WDR) domain-containing proteins has also been reported (Migliori et
al., 2012, Selenko et al., 2001). Tudor domains belong to the so-called “royal super-
family” of domains which also include Chromo domains, Malignant Brain Tumor (MBT)
domains, PWWP domains, which are named after a conserved Pro-Trp-Trp-Pro motif,
and Agenet-like domains. Their royal domain core shares a high degree of structural
and sequence similarity (Jin et al., 2009) and they are all able to read protein methyl-
ation marks (Figure 1-15) (Maurer-Stroh et al., 2003, Zhao et al., 2009, Botuyan and
Mer, 2016).



Tudor (Lys) \MBT/
Tudor (Arg) ﬁAge"Et’
PWWP —

Chromo

TT

Agenet MBT @

Chromo

The Tudor family is the only member of the royal superfamily that is specialised
in the recognition of methylarginines and comprises ~36 proteins in mammals, which
can be divided into methylarginine and methyl-lysine binding Tudor proteins (Maurer-
Stroh et al., 2003). Discrimination of the two groups is not possible via their sequence
but via the structural composition of the binding site. The Tudor domains are approxi-
mately 60 amino acids in length and contain a 3-barrel core which consist of four anti-
parallel 3-sheets (Figure 1-16 A). The core region can be flanked by additional struc-
tural elements which differ among family members. Moreover, mammalian Tudor pro-

teins can have a single Tudor domain or multiple tandem repeats (Chen et al., 2011).

Most Tudor domains have an aromatic cage at the surface which allows
methylarginine or methyllysine docking (Maurer-Stroh et al., 2003, Adams-Cioaba and
Min, 2009). Methylarginine binding Tudor domains have a narrower aromatic cage than
methyllysine binding Tudor domains which is why binding of the planar methylguani-
dine group of the arginine is more likely (Liu et al., 2012b). Tudor proteins that bind
methyl-arginine include the Survival Motor Neuron (SMN) protein (Friesen et al., 2001),
Splicing factor 30 (SPF30) (C6té and Richard, 2005), Tudor domain-containing
(TDRD) proteins (Gan et al., 2019) and human spindlin (SPIN) proteins (Zhao et al.,
2007).



In humans, 12 TDRD proteins with single or multiple Tudor domains exist. They differ
from SMN proteins that contain a single Tudor domain, by having an additional N-
terminal a-helix and two B strand extensions (Jin et al., 2009). SMN and SPF30 pro-
teins bind to asymmetrical and symmetrical di-methylated arginines but prefer sym-
metric di-methylated (SDMAs), whereas the TDRD proteins differ in their arginine
methylation preferences (Liu et al., 2012a, Tripsianes et al., 2011). For example, SND1
prefers SDMAs (Liu et al., 2010), whereas TDRD?9 prefers asymmetric di-methylated
(ADMAS) (Zhang et al., 2017a). SMN proteins are also the only known Tudor proteins
that can bind to both methylated arginine and lysine residues with the same aromatic
cage (Sabra et al.,, 2013, Tripsianes et al., 2011). The proto-oncogene spindlinl
(SPIN1) protein can also bind to a tri-methylated lysine residue of histone 3 and at the
same time interact with asymmetrically di-methylated arginine residues on the same
histone (Arg8) via a different domain (Su et al., 2014, Janecki et al., 2018).The SPF30
Tudor domain is closely related to SMN proteins, and shares over 35 % sequence
identity (Talbot et al., 1998). TDRD3 is capable of recognizing mono-methylated ar-
ginines but prefers ADMA marks (Yang et al., 2010).

Figure 1-16 shows the NMR structure of the Tudor domain of the SMN protein
bound to an asymmetrically di-methylated arginine (ADMA) residue (Figure 1-16 B)
and to a symmetrically di-methylated arginine (SDMA) of a peptide (Figure 1-16 C)
(Tripsianes et al., 2011). The aromatic cage of the Tudor domain consists of different
aromatic residues that close around the planar guanidine group of the di-methyl-argi-
nine. The aromatic rings of the binding site residues bind the guanidine group via cat-
ion-TT-interactions with the SDMA cation.

Comparison of ADMA and SDMA structures showed that the cationic carbon of
SDMA is in a more favourable position for cation-Tr-interaction compared to the ADMA
cation. This results in an increase in cation-tr-stabilisation thus favouring binding of
SDMA. Moreover, it was shown that methylation of the arginine residue increases cat-
ion-1T interaction compared to non-methylated arginines, which could explain the high

specificity of the Tudor protein for DMAs (Tripsianes et al., 2011).
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Figure 1-16 Tudor Domain Structure of SMN and its Recognition of SDMA and ADMA.

A) The overall structure of SMN is shown as green cartoon from two different angles (PDB:
4A4E). An aromatic cage is formed by the binding site residues around the guanidine group of
the substrate arginine residue. They form cation-r interactions with the SDMA (B, orange) and
the ADMA (C, yellow) cation. SDMA (B) is in a more favoured position increasing the electro-
static stabilization compared with ADMA (C) and as a result has a higher binding affinity
(Tripsianes et al., 2011). D) Aromatic cage of JMID2A bound to Fe(ll) and N-oxalylglycine
(NOG) and a tri-methylated H3K36 peptide (yellow). Figures were prepared in Pymol using
SMN in complex with an ADMA (PDB: 4A4G) or SDMA (PDB: 4A4E) peptide and JMJD2A in
complex with H3K36 (PDB: 2P5B).



Figure 1-16 D shows the crystal structure of Jumonji C-containing oxygenase JMJD2A,
that can demethylate tri- and di-methylated lysine residues of histone 3. In the structure
the protein is bound to Fe(ll) and N-oxalylglycine (NOG) and a trimethylated H3K36
peptide, which is the state of the hydroxylation reaction (Chen et al., 2007). The trime-
thyl group methylated is deeply buried in the catalytic pocket and in a polar environ-

ment formed by different residues including serine, tyrosine, glycine, and glutamate.

Methyl-arginine binding Tudor proteins are involved in different processes such
as RNA metabolism (TDRD1, 2, 6, 9), regulation of gene transcription (TDRD3, 11)
and mRNA splicing (SMN, SPF30) (Gayatri and Bedford, 2014). The subset of Tudor
domains that have methyl-lysine binding domains (Figure 1-15 B) and that are able to
bind methyl-lysine residues, are mainly involved in chromatin biology via recruitment

of other chromatin regulating proteins to their binding sites (Chen et al., 2011).

1.10 Arginine Demethylases, Erasers of Methyl-arginine Marks?

Histone methylations were shown to be a reversible reaction. Enzymes that catalyse
the removal of methyl groups on histone arginine or lysine residues are called deme-
thylases (Zhang et al., 2019). Different histone lysine demethylases have been identi-
fied but until now no arginine-specific demethylases are known. Lysine-specific histone
demethylases (KDMs) can be divided into two families, flavin-dependent KDM1, also
called LSD1 (Shi, 2007), and Fe(ll)- and 20G-dependent Jumonji C-domain (JMJD)-
containing enzymes, for example KDM2A. Both groups have been intensely studied
(Tsukada et al., 2006, Kang et al., 2017).

In contrast, only a few enzymes that can demethylate histone arginine residues,
including peptidyl deiminase 4 (PAD4) (Wang et al., 2004) and the dioxygenase Jm|C-
domain-containing protein 6 (JMJD6) (Chang et al., 2007) have been identified. Their
dynamics and regulation are not yet fully understood. No specific arginine demethylase
is known so far (Zhang et al., 2019). The Ca?*-dependent PAD4 enzyme catalyses the
conversion of peptidyl-arginine to peptidyl-citrulline (Bicker and Thompson, 2013). A
structural overview of the enzyme and the catalysed reaction are given in Figure 1-17.
Citrullination changes the structure and stability of the target proteins and thus influ-

ences its function.



Upregulation of different PAD members including PAD4 has been observed in a num-
ber of diseases including cancer and Alzheimer’s (Chang and Han, 2006, Olsen et al.,
2018). The deiminase PAD4 has also been shown to remove the methyl group from
mono-methylated arginine residues of histone H3 and H4 by converting them into cit-
rulline and methyl-citrulline in vitro and in vivo (Kearney et al., 2005, Thompson and
Fast, 2006). Its target sites included methylated Arg3 of histone H4, produced by
PRMT1, and Arg17 of histone H3, methylated by CARM1 (Wang et al., 2004). The two
possible PAD4 reaction demethylimination reaction mechanisms are shown in Figure
1-17.
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Figure 1-17 Structure and Function of PADs.

A) Ca?*-dependent PAD enzymes catalyse the citrullination reaction and convert peptidyl-ar-
ginine into peptidyl-citrulline. B) Dimeric crystal structure of PAD4 (PDB: 1WDA) with a bound
arginine mimicking substrate benzoyl-lI-arginine amide (BAA). C) PAD4 can also remove
mono-methylated arginine residues on H3 and H4 histones. Two possible mechanism are
shown: 1) PAD4 removal of the Methyl-imine group from Methyl-arginine, producing Citrulline
and Methyl-amine; 2) Removal of the Imine group from Methyl-arginine, producing Methyl-
citrulline and ammonium. Figure adapted, with permission, from Fuhrmann and Thompson
(2016)*.

*Further permissions related to the material excerpted should be directed to the ACS.
https://pubs.acs.org/doi/10.1021/acschembio.5b00942
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However, its activity seems to be very weak and other groups have not been able to
reproduce the demethylase activity (Raijmakers et al., 2007). Moreover, it was shown
that di-methylated arginine residues cannot be deiminated by the enzyme due to steric
occlusion of the active site (Holbert and Marmorstein, 2005). The catalysed reaction
does not reverse methylation but instead neutral citrulline is produced, thus its role as
a specific and relevant arginine demethylase is questionable (Wang et al., 2004, Zhang
et al., 2019).

JMJID6 a member of the superfamily of non-haem Fe(ll) and 2-oxoglutarate
(20G)-dependent oxygenases was the first reported enzyme capable of direct demeth-
ylation of symmetrical and asymmetrical di-methylated arginine residues on human H3
and H4 (Chang et al., 2007). The proposed reaction mechanism is shown in Figure
1-18.
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Different groups were able to show that JMJD6 can not only demethylate
PRMT1 added methylation marks (Chang et al., 2007, Tikhanovich et al., 2015) but
also a methylated arginine residue of ERa (Poulard et al., 2014) and heat-shock 70
kDa protein (HSP70) in vitro (Gao et al., 2015). However, even if the demethylase
activity of IMJD6 was confirmed, it mainly functions as a lysyl-hydroxylase (Boeckel et
al., 2011) and it was shown that it regulates RNA splicing by catalysing the lysyl-hy-
droxylation of the splicing factor U2 small nuclear ribonucleoprotein auxiliary factor 65-

~ 3]~



kD subunit (U2AF65) (Webby et al., 2009). Thus, its role as demethylase is still under

debate and more research is needed (Béttger et al., 2015).

Recently, it has been shown that other JmjC-containing proteins of the KDM
family that are histone lysine demethylases, are able to demethylate arginine residues
in vitro, these include KDM4E, KDM3A, KDM5C, KDM6B, KDM2A, and KDM7B0
(Walport et al., 2016, Klose et al., 2007). Furthermore, the lysine demethylase JMJD1B
was reported to demethylate mono and di-methylated arginine residues of histone H4
(Li et al., 2018). Further research is needed to confirm their role as arginine-specific

demethylases in vivo.

1.11 Regulation of PRMT Activity

PRMT activity is regulated by a number of mechanisms that include protein associa-
tion, post-translational modification, miRNA regulation, subcellular localisation, and
ubiquitin-dependent protein degradation. Additionally, alternative splicing generates
PRMT isoforms that possess different substrate specificities and subcellular locations.
Moreover, PRMT activity can be regulated by modifying or masking of substrate ar-
ginines (Guccione and Richard, 2019). The different mechanism will be discussed in

more detail below.

1.11.1 Post-translational Modifications

CARM1 and PRMT5 were shown to be regulated by phosphorylation (Guccione and
Richard, 2019). Phosphorylation of two conserved serine residues, Ser217 and Ser228
(human numbering), during mitosis caused the transcriptional co-activator CARML1 to
be re-located from the nucleus to the cytoplasm. Enzyme activity was also abolished
by preventing either binding of the cofactor SAM (Higashimoto et al., 2007) or protein
dimerisation, which is essential for enzyme activity (Feng et al., 2009). The kinase
responsible for the modification has still not been identified, but it is proposed that
phosphorylation of both serine residues allows control of CARM1 activity during differ-
ent phases of the cell cycle, by inactivating it during mitosis to prevent off-target meth-
ylation and activating it in G1 phase (Feng et al., 2009). Phosphorylation of Ser448 of
CARM1 by Protein Kinase A (PKA) facilitates CARM1 binding to estrogen receptor a

which then leads receptor activation by cAMP (Carascossa et al., 2010). Additionally,



p38y MAPK was shown to phosphorylate CARM1 on Ser572 and inhibit its transport

to the nucleus and interaction with Pax7, and thus myogenesis (Chang et al., 2018).

Ubiquitin-dependent degradation has been observed for PRMT1, CARM1 and
PRMT5. PRMTS5 is ubiquitinated by the E3 ubiquitin-ligase CHIP, and PRMT1 by the
E3 ubiquitin-ligase E4B (Kim et al., 2014, Lai et al., 2017, Zhang et al., 2016). CARM1
Is protected from ubiquitin-dependent degradation by phosphorylation at Thr132 by
Glycogen synthase kinase-3 (GSK3) (Li et al.,, 2017). However, under nutrient-rich
conditions it is ubiquitinated by SKP2-containing SCF (SKP1-cullin1l-F-box protein) E3
ubiquitin-ligase in the nucleus and thus degraded (Shin et al., 2016).

The protein substrate specificity of CARM1 might be further regulated by O-
GIcNAcylation at the C-terminus of CARM1. This modification is proposed to alter
CARM1-protein interactions, but further research is needed to identify the CARM1 sub-
strates and their regulation (Charoensuksai et al., 2015, Cheung et al., 2008). Addi-
tionally, PRMTs can be regulated by other PRMT family members. For example,
CARM1 was shown to methylate an arginine residue of PRMT5 which leads to a de-
crease in its methyltransferase activity (Chi et al., 2010, Nie et al., 2018). In the case
of PRMT1, binding by PRMT2 increases its methyltransferase activity (Pak et al.,
2011). Moreover, in the case of PRMT6 (Singhroy et al., 2013), PRMT7 (Geng et al.,
2017), PRMTS8 (Dillon et al., 2013) and CARML1 (Kuhn et al., 2010), enzyme activity is
regulated by auto-methylation. In the case of CARM1, auto di-methylation of Arg551
does not influence enzyme activity but prevents CARM1-activated transcription and
pre-mRNA splicing (Kuhn et al., 2010).

1.11.2 PRMT-Binding Partners

PRMTs including PRMT1 and PRMT5 can be regulated by cofactor recruitment. For
example, the CCR4-associated factor 1 (CAF1) interacts with PRMT1 and regulates
its activity in a substrate-specific manner (Robin-Lespinasse et al., 2007). Many
PRMT-binding proteins have been identified that can change the enzyme activity by
inhibition, activation, or influencing PRMT substrate specificity (Guccione and Richard,
2019). CARML1 interacts with at least 10 proteins to form the nucleosomal methylation
activator complex (NUMAC) (Xu et al., 2004). If CARML1 is bound to the complex it can

methylate nucleosomal histone H3, whereas uncomplexed CARM1 can only methylate



free core histone H3. Additionally, CARM1 mRNA can be negatively regulated by dif-
ferent microRNAs (Lu et al., 2018, Vu et al., 2013, Xu et al., 2013).

1.11.3 Alternative Splicing of PRMTs

Beside different cellular localisation patterns, each PRMT family member has alterna-
tively spliced variant isoforms (Esse et al., 2012). In the case of PRMT1, seven
isoforms can be produced by alternating splicing at the N-terminal region of the pre-
MRNA (Figure 1-19), (Baldwin et al., 2012, Goulet et al., 2007).

Of all isoforms, PRMT1v1 is the most abundantly expressed form, fol-
lowed by PRMT1v2 and PRMT1v3 (Scorilas et al., 2000). All of them with the exception
of PRMT1v7 possess enzyme activity and have unique N-terminal sequences which
influence substrate specificity. The N-terminal domain is thought to be important for
protein-protein interactions with the PRMT substrate, thus alterations of the N-terminal
sequence might be the reason for the observed altered substrate specificity (Goulet et
al., 2007). In contrast to the other isoforms, PRMT1v7 has no aY helix and the invariant
YFxxY motif is missing and thus is most likely not able to bind SAM, which would ex-
plain its inactivity (Goulet et al., 2007). PRMT1 mainly occurs in the cytoplasm but also
in the nucleus and is a highly mobile protein in both cell compartments as shown by
photobleaching experiments (Goulet et al., 2007). In the case of PRMT1v2 it was found
that it carries a functional CRM1-dependent nuclear export signal (NES), which leads
to its transport from the nucleus to the cytoplasm (Goulet et al., 2007). It was also
shown that PRMT1v2 can alternate between nucleus and cytoplasm and that the inac-
tive form accumulates in the nucleus (Herrmann et al.,, 2005, Herrmann and
Fackelmayer, 2009). PRMT1vl and PRMT1v7 are mostly found in the nucleus
whereas the other isoforms are present in cytoplasm and nucleus. Additionally, the
isoform mRNA expression profiles differ significantly across different human tissues.
For example. PRMT1v4 is only expressed in heart tissue, whereas PRMT1v1 expres-
sion was found in spleen, kidney, lung, liver and skeletal muscle. PRMT1v6 was not
found in any normal human tissue but in different breast cancer cell lines (Goulet et al.,
2007). PRMT1v3 and PRMT1v4 showed a reduced enzyme activity compared to
wildtype protein (Goulet et al., 2007). Some of the isoforms such as PRMT1v1 and
PRMT1v3 have also been shown to be overexpressed in different breast cancer cell

lines. Expression of PRMT1v2 was elevated the most compared to PRMT1v1 and was



also shown to promote the survival and invasiveness of breast cancer cells (Baldwin
et al., 2012, Goulet et al., 2007).
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Figure 1-19 Overview of PRMT1 and PRMT7 Isoforms.

Seven variant isoforms were identified for PRMT1. The two PRMT7 isoforms a and 8 were
identified in Chinese hamster cells, in humans one with high sequence similarity to PRMT7 «a
exists and two others named PRMT7v1 and v2. Figure adapted from (Baldwin et al., 2014).

Two PRMTY7 isoforms a and B are expressed in Chinese hamster cells, but in
human only one isoform with high sequence identity to PRMT7a exists (Gros et al.,
2006). The existence of two other isoforms (called v1 and v2 for human PRMT7) were
predicted to differ in the in-frame deletion of exon 5. Alternative splicing has also been
observed for PRMT2 (Zhong et al., 2012), CARML1 (Shlensky et al., 2015) and PRMT7
(Gros et al., 2006). The isoforms of CARM1 and PRMT2 will be discussed in detail in
Chapter 5 and 6.

1.11.4 Modification of Substrate Arginines

As previously discussed, PAD enzymes are capable of citrullination, the conversion of
peptidyl-arginine residues into peptidyl-citrulline. Arg2, Arg8 and Argl7 of histone H3,
and Arg3 of histone H4 are target sites of CARM1 and PRMT1, and their deimination



by PAD4 prevents arginine methylation (Wang et al., 2004, Cuthbert et al., 2004). On
the other hand, di-methylation of arginine residues prevents deimination by PAD4
(Hidaka et al., 2005). Taken together, deimination of unmethylated histone arginines
by PAD4 might antagonize arginine methylation by PRMTs (Cuthbert et al., 2004).

1.12 Development of PRMT Inhibitors

Genetic alterations of PRMTs, mostly upregulation, have been reported to drive cancer
tumorigenesis and to play a role in inflammatory and neurodegenerative diseases, re-
cently reviewed by Jarrold and Davies (2019). Thus, different PRMTs have been the
target for drug development over the past 16 years. However, identification of selective
inhibitors has been challenging due to the high sequence conservation of the catalytic
domain especially in the SAM-binding pocket. This section will give an overview of
inhibitor development against different Type 1 PRMTSs.

1.12.1 Non-selective PRMT Inhibitors

The first PRMT inhibitor to be identified was SAH that is produced during the methyl-
transferase reaction by the demethylation of SAM. Compounds that inhibit SAH hydro-
lase activity such as adenosine dialdehyde also inhibit PRMT activity by increasing
cellular SAH levels. Additional analogues of the cofactor SAM were shown to inhibit
PRMT activity, including Sinefungin (SNF) and Methylthioadenosine (MTA) (Cheng et
al., 2004). However, these compounds did not show any selectivity for the PRMT family
and also inhibited other SAM-dependent enzymes. A structural overview of the early

non-selective PRMT inhibitors is shown in Figure 1-20.

The first substrate competitive inhibitor that inhibited PRMT but not PKMT ac-
tivity was identified in 2004 in an antibody-based fragment library screen and was
named arginine methylation inhibitor 1 (AMI-1) (Cheng et al., 2004). However, the com-
pound had poor cell-permeability, no selectivity for a specific PRMT family member
and is most likely not orally bioavailable due to its bisanionic structure. Based upon
AMI-1, different screens were performed, and analogues designed. However, none of
the identified compounds showed increased affinity compared to AMI-1 (Mai et al.,
2008, Mai et al., 2007). Later, Feng et al. showed that AMI-I and related inhibitors did
not directly target PRMTs but their histone substrates and prevent enzyme binding



(Feng et al., 2010). Virtual screening using the published rat PRMT1 structure com-
bined with biochemical assays was used to identify more drug-like PRMT inhibitors
with affinities in the 50-100 puM range and with good cell permeability (Spannhoff et al.,
2007b, Spannhoff et al., 2007a): RM65 competes for the substrate and cofactor bind-
ing pocket, whereas Stilbamidine and Allantodapsone only target the substrate binding
site. Many optimisation rounds resulted in compound 9, which possess an ICso of
1.5 pM against human PRMT1 (Bissinger et al., 2011).
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1.12.2 PRMT6 and CARM1 Selective Inhibitors

In the case of PRMT6 and CARML1, a number of pyrazole and imidazole derivates were
found to be potent inhibitors (Purandare et al., 2008). An overview of reported selective
inhibitors is presented in Figure 1-21. Intensive optimisation studies lead to the devel-
opment of high affinity and selective indole inhibitors of PRMT6, named CMPD-1 and
EPZ020411, and the pyrazole inhibitor of CARM1, CMPPD-2 (Sack et al., 2011). They
all showed ICso values in the nanomolar range in vitro and co-crystal structures showed
that they bind to the substrate binding pocket. As already discussed, the SAM cofactor
must be present to promote the structural changes required to form the peptide binding
pocket (Sack et al.,, 2011). Based upon the two PRMTG6 inhibitors CMPD-1 and
EPZ020411, the first potent and cell-active inhibitor of Type 1 PRMTs, MS023, that is
not active on Type 2 or Type 3 PRMTs, PKTMs or other DNA Methyltransferases, was



developed (Eram et al., 2016). The MS023 ICsos against Type 1 PRMTs varied with
values of 30 nM for PRMT1, 119 nM for PRMT3, 83 nM for CARM1, and 4 and 5 nM
in the case of PRMT6 and PRMT8 reported (Eram et al., 2016). Subsequently, MS049
was discovered as a potent, selective, and cell-active dual inhibitor of CARM1 and
PRMT®6 with 1Cso values of 35-40 uM (Shen et al., 2016).
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Two selective CARML1 inhibitors, TP-064 (Nakayama et al., 2018) and EZM2302 (Drew
et al., 2017), have been identified with high in vitro and in vivo potency. Their chemical
structures are shown in Figure 1-22.

EZM2302 is orally bioavailable, has an in vitro ICso value of 6 nM, and shows in
cell activity in preclinical models of multiple myeloma. EZM2302 is based on the com-
pound EPZ025654 that showed high in vitro activity with an 1Cso of 3 nM but its phar-
macokinetic profile was not satisfactory and thus it was not tested in vivo (Drew et al.,
2017). TP-064 is a small molecule inhibitor of CARML that targets the substrate binding
site and has an ICso value of <10 nM. As with other CARM1 inhibitors that target the
peptide pocket, inhibition is SAM-non-competitive (Nakayama et al., 2018).

Recently, a new selective chemical probe of CARM1 was identified named
SKI-73 (Cai et al., 2019). SKI-73 enters the cell as a prodrug and is then processed



into the active drug SKI-72. Crystallographic studies of a CARM1-SKI-72 complex re-
vealed that it simultaneously binds the SAM and peptide binding sites. In contrast to
the two other selective CARML1 inhibitors, SKI-72 binds to the active site is a SAM-
competitive, substrate-non-competitive CARM1 inhibitors. in a SAM-competitive man-
ner with an 1Cso of 43 nM. SKI-72 cell activity was also confirmed. The compound in-
hibited CARM1-mediated arginine methylation of the substrates BRG1-associated fac-
tor 155 (BAF155) and poly(A)-binding protein 1 (PABP1). Moreover, treatment with
210 yM SKI-73 suppressed the invasion capability of MDA-MB-231 in a matrigel inva-
sion assay by 80% but showed no antiproliferation activities. Moreover, LC-MS/MS
guantification studies showed that SKI-72 achieves high intracellular concentrations
due to its poor membrane permeability and that it remains stable over several days. A
single low dose of the pro-drug SKI-73 (2.5-10 uM) was sufficient to occupy 95 % of
the SAM binding sites with the active drug and maintain it for at least for 48 h (Cai et
al., 2019).
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1.12.3 Inhibitors of PRMT1 and PRMT5

A number of active and high affinity compounds that target PRMT1 have been reported
with one inhibitor ,GSK3368715, being in Phase | clinical trials (Fedoriw et al., 2019).
Bisubstrate inhibitors such as the SAM-based inhibitors 20 and 21 have been devel-
oped for PRMT1, as has ligand 22 for PRMT5 (Figure 1-23). However, the PRMT1
inhibitors 20 and 22 showed poor selectivity and cell permeability (Dowden et al., 2010,
van Haren et al., 2015, Li et al., 2019, Wu et al., 2019).
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1.12.4 Selective Inhibitors of PRMT5 and PRMT7

Drug development against PRMT5 has been very successful. The first in vivo-active
PRMTS5 tool compound developed was EPZ015666 (Chan-Penebre et al., 2015). The
inhibitor is selective, potent, and orally bioavailable and targets the peptide binding
site. Moreover, it reduced tumour growth in a leukemic mouse model (Chan-Penebre
et al., 2015). Optimisation of the ligand resulted in two compounds ,EPZ015938 and
GSK591 (Gerhart et al., 2018), which are currently in Phase | clinical trials (Figure
1-24).

The PRMT5 inhibitor JNJ-64619178 is in clinical trials for treatment of non-
Hodgkin lymphoma (Wu et al., 2018b). The structures of two other PRMT?5 inhibitors
PF-06939999 and PRT543 that are in clinical trials are not disclosed.

Most PRMT inhibitors target the substrate arginine binding site. However, in the

case of PRMT3, an allosteric inhibitor, SGC707, was reported to inhibit dimerisation



and thus enzyme activity by binding in an allosteric pocket located near the dimerisa-
tion arm (Siarheyeva et al., 2012). Moreover, a few PRMT5 and PRMT?7 inhibitors have
been developed that target the SAM binding site (Figure 1-25), including the already
mentioned inhibitors JNJ-64619178 and PF-06939999 (Figure 1-24). The selective
and cell active PRMT7 inhibitor SGC8158 is formed in vivo from the prodrug SGC3027
via reduction. The compound has an in vitro ICso of <2.5 nM. Binding to the cofactor
pocket has been confirmed by crystallography (Szewczyk et al., 2019). The compound
LLY-283 developed by Lilly also targets the cofactor binding pocket, and has nanomo-
lar potency in vitro and in vivo and showed anti-tumor activity in mouse xenografts
(Bonday et al., 2018). These reports show that selective and cell-active inhibitors that
compete with SAM for the cofactor binding site can be developed despite the high
sequence conservation and competition with cellular SAM.
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In the case of PRMT2, Cura et al. (2017) solved the crystal structure of
MmPRMT2 in complex with a known CARMZ1 inhibitor, Cpl. Cpl is a SAM analogue
that was designed to bind the SAM and peptide binding pocket of type 1 PRMTs (van



Haren et al., 2015). The compound was able to reduce PRMT2 activity in vitro. How-
ever, it was a more potent CARML1 inhibitor (ICso circa 460 nM) and with an ICso of
16 puM only slightly more potent an inhibitor of PRMT2 than SAH (ICso of 18 uM). Thus,

so far, no selective PRMT2 inhibitor has been reported.
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1.13 Research Aim

Alteration of PRMT expression, mostly upregulation, has been observed in various
types of human cancer. However, it is still not clear whether PRMT2 has a pro- or anti-
proliferative activity and further studies are needed to clarify the role of PRMT2 in can-
cer. The aim of this project was to further characterise the enzyme PRMT2 via bio-
chemical and structural studies and to develop selective chemical probes for PRMT2,
that could act as tools for target validation and provide potential start points for drug
discovery. The active site is highly conserved across the PRMT family, which is why
finding selective inhibitors is challenging. However, non-conserved residues within the
binding-site might offer opportunities to design more selective compounds. In addition
to PRMT2, other family members PRMT1 and CARML1, which are upregulated in dif-
ferent cancer types including breast and prostate cancer, were also produced with the
aim to use them for selectivity screening of identified PRMT2 inhibitors. In order to
perform these steps, the production of soluble and active protein was essential. Due
to difficulties with producing sufficient amounts of PRMT2 protein, the second part of

the project focussed on CARML1.

Biophysical assays were developed to allow the characterisation and optimisa-
tion of the binding of fragments to PRMT2 and CARM1. X-ray crystallography was
used to characterise the binding modes of different fragments targeting the peptide
binding site of CARML1 and to allow further ligand optimization. In Chapter 2 research
methodology is described and explained. Chapter 3 describes the production of re-
combinant CARM1, PRMT2 and PRMTL1 and their characterisation in preparation for
biophysical and biochemical studies. The protein structures of PRMT2 that were ob-
tained by X-ray crystallography are described in Chapter 4. Chapter 5 describes the
development of different enzyme activity assays to measure and quantify enzyme ac-
tivity and to compare the potency of different fragments. Finally, in Chapter 6, surface
plasmon resonance assays with CARM1 were performed to quantitate fragment and
ligand affinities. The binding data was combined with analysis of CARM1-ligand crystal

structures to elaborate their mode of interaction at the atomic level.
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Chapter 2 Materials and Methods

2.1 Chemicals and Reagents

The reagents and chemicals listed in the following section were all of high analytical

standard and from Sigma Aldrich unless stated otherwise.

2.2 Expression Constructs

Different expression constructs were designed for recombinant expression in Esche-
richia coli (E. coli) or Spodoptera frugiperda (Sf) 9 or 21 cells. They are summarized in

the following two tables.

Protein Construct Name | Residue Range N-terminal Tag!
RNPRMT1 . .
UniProtkB: Q63009 RnPRMT1-1 M11-R353 Hise, Hisio-MBP
HsCARM1 . .
UniProtKB: Q86X55 HsCARM1-1 S135-S482 Hise, Hisio-MBP

HsPRMT2-1 M1-R433 Hiss, His1o-MBP
HsPRMT2-2 M1-T414 Hise, Hisio-MBP
HsPRMT2-3 G29-R433 Hise, Hisio-MBP
HsSPRMT2 HsPRMT2-4 G29-R433 Hise, Hisio-MBP
UniProtKB: P55345 HsPRMT2-5 V88-T414 Hise, His10-MBP
HsPRMT2-6 V88-R433 Hise, Hisio-MBP
HsPRMT2-7 G104-T414 Hise, Hisio-MBP
HsPRMT2-8 G104-R433 Hise, Hisio-MBP
HSPRMT2_E223Q i i . o
UniProtkB- P55345 HsPRMT2-9 M1-R433 Hise, Hisio-MBP
MmPRMT2 . .
UniProtKB: QOR144 MmPRMT2-1 M1-S448 Hiss, Hisio-MBP, GST
MmPRMT2 . .
UniProtKB: Q3UKX1 MmPRMT2-9 M1-R445 Hise, Hisio-MBP, GST
MmPRMT2_R445W . .
UniProtkB: Q3UKX1 MmPRMT2-10 M1-W445 Hiss, Hisio-MBP, GST




Protein CO,\TStrUCt Residue Range N-termllnal Comments
ame Tag

RNPRMT1 RNPRMT1-1 M11-R353 Hise, GST
gggggKB. RNPRMT1-2 M11-R353 Hiss, GST | Codon opt.

HsCARM1 HsCARM1-1 S135-S482 Hise, GST
gg‘&gtSKB' HsCARM1-2 S135-5482 Hiss, GST | Codon opt.
MmPRMT2-1 M1-S448 Hiss, GST | Codon opt.
MmPRMT2-2 M1-G424 Hiss, GST | Codon opt.
Bﬂmgr'zmgz: MMPRMT2-3 L42-S448 Hiss, GST | Codon opt.
Q9R144 MmPRMT2-4 L42-G242 H!se, GST Codon opt.
MmMPRMT2-5 | L100-G424 Hiss, GST | Codon opt.
MmMPRMT2-6 | L100-S448 Hiss, GST | Codon opt.
MmMPRMT2-7 | D116-G424 Hiss, GST | Codon opt.
MmPRMT2-8 | D116-5448 Hiss, GST | Codon opt.

HsSPRMT2-1 M1-R433 Hise, GST

HsSPRMT2-2 M1-T414 Hiss, GST

HsSPRMT2-3 G29-R433 Hise, GST

HsPRMT2-4 G29-R433 Hise, GST

HsPRMT2-5 \V88-T414 Hise, GST

HsSPRMT2-6 V88-R433 Hiss, GST

HsPRMT2-7 G104-T414 Hiss, GST

Uf};ﬁgﬂé: HsPRMT2-8 | G104-R433 Hiss, GST
PE53S HsPRMT2-9 M1-R433 Hise, GST | Codon opt.
HsPRMT2-10 M1-T414 Hiss, GST | Codon opt.
HsPRMT2-11 G29-R433 Hiss, GST | Codon opt.
HsPRMT2-12 G29-R433 Hiss, GST | Codon opt.
HsPRMT2-13 \V88-T414 Hiss, GST | Codon opt.
HsPRMT2-14 V88-R433 Hiss, GST | Codon opt.
HsPRMT2-15 G104-T414 Hiss, GST Codon opt.
HsPRMT2-16 | G104-R433 Hiss, GST | Codon opt.
SfRSF1 SFRSF1-1 M1-Y77 Hise Codon opt.

2.3 E. coli Strains

Different E. coli strains were used for protein expression and cloning depending on
their individual characteristics. The strains that were used and their properties are
shown in Appendix B. The bacterial growth media was made up from pre-mixed, pre-
buffered dry powder, which was dissolved in deionized water and sterilised by auto-

claving before use. The different media and their compositions can be seen in Table

2-3, the selection antibiotics in Table 2-4.




Bacterial Growth Media! Formulation
Luria-Bertani Broth (LB)
Base (Invitrogen)

Terrific Broth (TB) Medium 12 g/L Casein digested Peptone, 24 g/L Yeast Extract, 9.4
(Melford) g/L K2HPO4, 2.2 g/L KH2PO4

16 g/L Tryptone, 10 g/L Yeast Extract, 6.8 g/L K2HPO4, 3.3
g/L (NH4)2S04, 7.1 g/L Na2HPO4, 0.5 g/L Glucose, 2.0 g/L

10 g/L Tryptone, 5 g/L Yeast Extract, 5 g/L NaCl

Auto Induction 2xYT Me-

dium (Foremedium) a-Lactose, 0.15 g/L MgS0O4
LB Agar 25 g/L LB Broth Base (Invitrogen), 15 g/L Agar (Melford)
2xYT Medium 16 g/L Tryptone (Melgidh;glgzlsl_i;s:)st Extract (Melford), 5
S.0.C Medium 0.5% Yeast Extract, 2% Tryptone, 10 mM NaCl, 2.5 mM KClI,
(Thermo Fisher) 10 mM MgCI2, 10 mM MgS04, 20 mM Glucose
Antibiotict Formulation
Ampicillin 100 pg/mL
Kanamycin 50 pg/mL
Chloramphenicol 34 pg/mL
Tetracycline 12.5 pg/mL
Gentamycin 7.0 pg/mL

2.4 Nucleic Acid Techniques
2.4.1 DNA Concentration Measurement

Nucleic acid quantifications were conducted using a NanoDrop 200 Spectrophotome-
ter (ThermoFisher). The 260/280 nm absorbance ratio was used to determine the DNA

purity. A ratio value of 1.8 is accepted as pure DNA, a ratio of 2.0 as pure RNA.

2.4.2 Primer Design

The 3’ and 5’ primers for the different constructs were designed in such a way that they
could be used for InFusion and/or restriction (Ncol/Spel) cloning into any of the modi-

fied pET3dM vectors (Novogen) for E. coli protein expression or pACEBac1 vectors for



insect cell expression (Berger et al.,, 2004). The sequence of the 5-primer is
TTCCAGGGGCCCATGGNN-gene-of-interest, where NN represents any base and is
used to keep the sequence in frame; the Ncol restriction site is underlined. The se-
guence for the 3’-primer is GTTAGCAGCCACTAGT-STOP-gene-of interest; the Spel

restriction site is underlined. Table 2-5 lists the designed primers.

Primer Name Primer Sequence (5'-3")*
HsPRMT2_M1_F TTCCAGGGGCCCATGGCAACATCAGGTGAC
HSPRMT2_G29 F TTCCAGGGGCCCATGGGAGTACAGCCAGAGGAGTTTGTGG
HsPRMT2_V88 F TTCCAGGGGCCCATGGTGGATGAGTACGACCCCGAG

HsPRMT2_G104_F TTCCAGGGGCCCATGGGCAGCTATGGAACTCTGAAACTC
HsPRMT2_O_M1 F TTCCAGGGGCCCATGGCAACCAGCGGTGATTG
HsPRMT2_0O_G29 F |TTCCAGGGGCCCATGGGTGTTCAGCCGGAAGAATTTGTTG
HsPRMT2_0O_V88_F |TTCCAGGGGCCCATGGTGGATGAATATGATCCGGAAG
HsPRMT2_0O_G104_F |TTCCAGGGGCCCATGGGTAGCTATGGCACCCTGAAACTG
RnPRMT1_O M11 F |TTCCAGGGGCCCATGGAAGTTAGCTGTGGTC
RnPRMT1_M11_F TTCCAGGGGCLCCATGGAGGTTTCCTGTGGC
MmPRMT2_M1_F TTCCAGGGGCCCATGGAAGCACCGGGTGAAGGTC
MmPRMT2_L42_F TTCCAGGGGCCCATGGAACTGCAGCCGGAAGAATTTGTTG
MmPRMT2_L100_F TTCCAGGGGCCCATGGTGGAAGAATATGATCCGGAAGATAC
MmPRMT2_D116_F TTCCAGGGGCCCATGGATAGCTATGGCACCCTGAAACTG
HsCARM1_S135_F TTCCAGGGGCCCATGGGCTCTGTGTTCAGCGAGCGG
HsCARM1_O _S135 F |TTCCAGGGGCCCATGGGCAGCGTGTTTAGCGAACGTAC
HsPRMT2_T412_R GTTAGCAGCCACTAGTTCACTAAGTGACAGCCCAGCTCAG
HsPRMT2_R433_R GTTAGCAGCCACTAGTTCACTATCTCCAGATGGGGAA-
HsPRMT2_0O_T412 R |GTTAGCAGCCACTAGTTCACTAGGTAACTGCCCAGCTCAG
HsPRMT2_O_R433_R |GTTAGCAGCCACTAGTTCACTAGCGCCAAATCGGAAAAACTT
RNPRMT1_O_R353_R |GTTAGCAGCCACTAGTTCACTAACGCATACGATAATCGGTG
RnNPRMT1_R353_R GTTAGCAGCCACTAGTTCACTAGCGCATCCGGTAGTCGGTG
MmMPRMT2_G424 R GTTAGCAGCCACTAGTTCACTAACCCAGTTCAC-
MmPRMT2_S448 R GTTAGCAGCCACTAGTTCACTAGCTATCACCACCGCTAC-
HsCARM1_S482_R GTTAGCAGCCACTAGTTCACTATGAGGGCGTTGTGCCCGTG
HsCARM1 O S482 R |GTTAGCAGCCACTAGTTCACTAACTCGGGGTTGTACCGG-
MmPRMT2_M1_F2 TTCCAGGGGCCCATGGAGGCACCAGGAGAAGGTCCCTG
MmPRMT2_R445 R2 |GTTAGCAGCCACTAGTTCACCTCCAGATCGGAAAGAC
MmPRMT2_W445 R2 |GTTAGCAGCCACTAGTTCACCACCAGATCGGAAAGAC




2.4.3 PCR Amplification of DNA Inserts

Oligonucleotides were re-suspended in nuclease-free water to a final concentration of
100 pmol/uL and mixed by vortexing for 30 s. PCR reactions were set up in 1 x Phusion
GC Buffer (New England Biolabs) with 3 % (v/v) DMSO using sterile PCR tubes or 96-
well PCR plates. The total reaction volume was 25 pL, consisting of 200 uM dNTPs, 1
unit/reaction Phusion HotStart DNA Polymerase (Invitrogen), 0.5 uM forward and re-

verse primer, and a final template DNA concentration between 100-200 ng.

The PCR amplification of the target DNA was carried out using a PCR
machine (Applied Biosystems 2720 Thermal Cycler, Thermo Fisher) using the cycle
times shown in Table 2-6. The annealing temperature was calculated for each primer

pair using the NEB Tm online calculator tool (http://tmcalculator.neb.com/#!/main). The

extension time was calculated from the size of each amplicon (15 s/kb).

Initial De- Final Exten-
naturation Amplification Cycles No. sion Hold
. , . : Cycles , Temp
Temp |[Time Temp| Time | Temp | Time | Temp| Time Temp| Time

98 °C 30s| 98°C| 10s a°C 30s| 72°C| bs 30 72°C| 10s| 4°C

2.4.4 Preparative Restriction Digest

Restriction digests were set up in sterile PCR tubes with a final volume of 50 pL. The
reaction composition is provided in Table 2-7. The reaction was incubated overnight
at 37 °C.

Component Final Concentration
10 x CutSmart Buffer (New England Biolabs) 1x
\Vector 50-100 ng/pL

Ncol-HF (20 U/uL) (New England Biolabs) [12-25 Units per Reaction
Spel-HF (20 U/uL) (New England Biolabs) [12-25 Units per Reaction

Nuclease free water to 50 uL



http://tmcalculator.neb.com/#!/main

2.4.5 InFusion Cloning

The Ncol/Spel-digested vectors and the PCR-amplified inserts were PCR purified us-
ing either the QIAGEN PCR Purification Kit or the NucleoSpin PCR CleanUp Kit ac-
cording to the manufacturer’s instructions. The InFusion cloning reactions with a total

volume of 5 yL were set up in sterile PCR tubes as detailed in Table 2-8.

After mixing, the reaction was incubated at 50 °C for 15 min and then placed on
ice. 1 yL of each InFusion cloning reaction was transformed into 25 yL Stellar compe-
tent cells (Clontech) according to standard procedures (Section 2.5), adding 250 pL
pre-warmed SOC broth (Clontech, 37 °C). 150 pL of each reaction was spread on
15 mL LB/agar plates or 40 pyL onto 5 mL plates containing the appropriate antibiotic.
All plates were incubated overnight at 37 °C. The next day, single colonies were used
to inoculate 5 mL LB containing the appropriate antibiotics. The cultures were grown
overnight, and plasmids were isolated using the QlAprep Spin Miniprep Kit according

to the manufacturer’s instructions.

Component Final Concentration
5 x InFusion HD Enzyme Premix (Clontech) 1x
Linearized Vector 50-100 ng/reaction
Purified PCR Fragment <0.5 kb: 5-25 ng/reaction

0.5 to 10 kb: 25-50 ng/reaction
>10 kb: 25—-100 ng/reaction

Nuclease Free Water to5 uL
Total 5L

In some cases, InFusion Cloning was performed using Cloning Enhancer Treat-
ment (Clontech). Prior to setting up the InFusion cloning reactions 2 yL Cloning En-
hancer (Clontech) was added to 5 pL of unpurified PCR reaction. The sample was
incubated for 15 min at 37 °C, followed by incubation at 80 °C for 15 min using a PCR
machine (Applied Biosystems 2720 Thermal Cycler, Thermo Fisher). Afterwards, the
InFusion reactions were set up as described in the above section except that 1 yL of
PCR reaction was used (regardless of DNA concentration).



2.4.6 Ligation of PCR Amplicons into Expression Vectors

The PCR-purified PCR amplicons were digested overnight at 37 °C with Ncol/Spel in
CutSmart buffer (New England Biolabs). The following morning, the digests were pu-
rified using the QIAGEN PCR Spin Purification kit according to the manufacturer’s
instructions. The ligation reactions were set up in sterile micro-centrifuge tubes. 50 ng
of purified Ncol/Spel-cut vector was used in a total reaction volume of 20 pL in 1x
T4 DNA ligase buffer (New England Biolabs) with a molar ratio of insert: vector of 3:1.
After the addition of 1 pL of T4 DNA ligase (New England Biolabs), nuclease free water
was added up to 20 pL. The ligation reaction was incubated at room temperature for
1 h. 2.5 pL of each ligation reaction, or sterile water (negative control), or 1 pL of
0.1 ng/puL pUC19 (positive control) were then used to transform 25 pL Stellar compe-
tent cells (Clontech) as described in Section 2.5. 125 uyL of each transformation reac-
tion were plated onto 15 mL LB/Agar plates with 100 pg/mL ampicillin. The plates
were incubated overnight at 37 °C.

2.4.7 Site-directed Mutagenesis by PCR

Site-directed mutagenesis (SDM) was used to introduce point mutations to the
HsPRMT2 plasmid. The primers that include the point mutation, are shown in Table
2-9. PCR amplification of the target DNA was carried out using a PCR machine
(Applied Biosystems 2720 Thermal Cycler, Thermo Fisher) following the protocol
described in Section 2.4 .3 using the cycle times shown in Table 2-10. The remain-
ing template DNA was digested by adding 0.5 uL Dpn1 (NEB) to the reaction and in-
cubating for 1 h at 37 °C. After the sequence was verified by DNA sequencing (Section
2.6), the target DNA was cloned into pACEBac1_GST, pACEBac1_Hiss and pACE-
Bac1_Hisio_MBP vectors using Infusion cloning (Section 2.4.5). 1 uL of each reaction

was then transformed into 25 pL E. coli Stellar cells (Section 2.5).

Primer Name Primer Sequence (5’-3")
HsPRMT2_ E223Q F CTGAGCTAGTACTTGACTTTGTCGTCCGTCCAGG
HsPRMT2_E223Q R CCTGGACGGACGACAAAGTCAAGTACTAGCTCAG




Initial De- Final Exten-
naturation Amplification Cycles No sion Hold

- - - - Cycles . Temp
Temp |[Time Temp| Time | Temp | Time | Temp| Time Temp| Time

98 °C 30s| 98°C| 10s | 65°C | 30s | 72°C| 60s 30 72°C| 10s| 4°C

2.5 Heat-Shock Transformation of Competent E. coli Cells

25 pL of competent E. coli cells were thawed on ice for 20 min and then 1 pL of
plasmid DNA was added to a sterile 1.5 mL microcentrifuge tube. The cells and DNA
were incubated on ice for 30 min, followed by a heat shock for 45 s at 42 °C. After-
wards, the cells were transferred back on ice for 2 min to allow for recovery. 225 L
pre-warmed SOC broth (Clontech, 37 °C) were added to each tube and the reaction
was shaken at 350 rpm in an Eppendorf Thermomixer for 1 h at 37 °C. 100 uL of
each transformation reaction were plated onto 15 mL LB/Agar plates containing the
appropriate antibiotics for selection. The plates were inverted and incubated at 37 °C

overnight.

2.6 DNA Sequencing

For DNA sequencing, 5 mL LB overnight cell cultures with the appropriate antibiotics
were prepared in duplicate which were inoculated with one independent clone picked
from a transformation plate. The DNA was isolated using the Qiagen Miniprep Kit fol-
lowing the manufacturer’s instructions. The sequence of every cloned insert was veri-
fied via DNA sequencing in both directions (Eurofins sequencing service). The DNA

stocks were stored at -20°C.

2.7 Agarose Gel Electrophoresis

0.4 g high purity agarose (Sigma-Aldrich) were transferred to a 100 mL Duran bottle
and 40 mL 1xTAE buffer (Biorad) and 4 yL SYBRSafe Dye (Thermo Fisher) were
added. The bottle was heated in the microwave for 2-3 min until the agarose was com-
pletely dissolved. The agarose solution was allowed to cool for 5 min and poured into

the gel tray. The gel was left on the bench until it was completely set. The gel was then



placed into a gel tank filled with 1xTAE buffer and the comb was carefully removed.
10 yL of each sample were mixed with 2 uL 6x loading dye (New England Biolabs)
and the whole sample was loaded into the well. A molecular weight ladder was also
loaded into a separate lane. The gel was run at 90 V for 30-45 min and DNA- bands

were visualized using the BioRad Imager using the UV transillumination option.

2.8 Recombinant Protein Expression in E. coli Cells

For E. coli protein expression, one 100 mL Erlenmeyer flask with 25 mL of sterile me-
dium containing the appropriate antibiotic was inoculated with 2-3 picked colonies from
a transformation plate that was prepared the previous day and grown overnight at
37 °C and 220 rpm in an Infors HT Multitron shaking incubator (Infors). The next morn-
ing, each 5 L Erlenmeyer flask (Corning) containing 500 mL sterile medium and the
appropriate antibiotic was inoculated with 10 mL pre-culture. Protein expression was
induced at an ODsoo of approximately 0.4 or 0.6 depending on the tested construct by
adding 0.05-1 mM IPTG and the cells were grown overnight at 220 rpm at 18 °C. The
cells were harvested the following morning by centrifugation using an Avanti J-26 XP
centrifuge with an JLA 8.1000 rotor (Beckman Coulter) at 6000 xg for 30 min at 4 °C.
The supernatant was discarded without disturbing the cell pellet, which was then trans-

ferred to a plastic bag or falcon tube and stored at -20 °C until purification.

2.9 Recombinant Protein Expression in Insect Cells

Recombinant protein expression was performed in Sf9 and Sf21 cells using the Multi-
Bac Expression System (Geneva Biotech). The genes of interest were cloned into the
multiple cloning sites (MCS) of pACEBac1 vectors using the standard cloning proce-
dures described in Section 2.4.5. The pACEBac1 plasmid was transformed into
DH10EMBacYFP cells (Geneva Biotech) as described in Section 2.9.2 and cells con-
taining the plasmid were identified via Blue/White Screening (Section 2.9.2) and after-
wards isolated (Section 2.9.4). The bacmid DNA was transfected into Sf9/Sf21 cells to

produce the VO virus, as detailed in Section 2.9.5.



2.9.1 Maintenance of Sf9 and Sf21 Cell Lines

Sf9 and Sf21 insect cell lines were used for recombinant protein expression. Cells were
grown in SF 900 Il SMF medium (Lonza) at 27 °C in a non-humidified incubator while
shaking at 150 rpm (Infors HT Multitron shaking incubator). 300 mL of suspension cul-
tures were seeded at a cell density of 0.8 x 108 cells/mL in 1 L Erlenmeyer cell culture
flasks (Sigma Aldrich) and passaged after 2-3 days when they reached the mid-log
phase of growth (cell density ~ 2- 4 x 108 cells/mL).

2.9.2 Transformation and Blue/White Screening of pFastBacl DNA into
DH10EMBacYFP Cells

25 pL of DH10EMBacYFP cells (Geneva Biotech) cells were thawed on ice for 10 min
and 1 pL of pFastBacl DNA containing the DNA sequence of interest (10 ng/uL) was
added. The mixture was incubated on ice for 30 min, followed by a heat shock for 45 s
at 42 °C. Afterwards, the cells were transferred back on ice for 2 min to allow for re-
covery. 200 pL pre-warmed S.O.C broth (Clontech, 37 °C) were added to each tube
and the reaction was shaken at 200 rpm for 5-7 h at 37 °C in an Infors HT Multitron
shaking incubator (Infors). For each transformation dilutions in SOC medium were pre-
pared (1:40, 1:100, 1:500) and 100 pL of each dilution was plated out onto pre-warmed
X-gal/IPTG agar plates (Section 2.9.3). The plates were inverted and incubated at
37 °C for 48-72 h. Blue-white screening was used for identification of colonies carrying
the recombinant bacmid. The bacmid of DH10EMBacYFP cells carries a gentamycin
resistance gene and a gene encoding the LacZa peptide, which complements the lacZ
deletion mutation on the chromosome and allows the production of functional 3-galac-
tosidase. Cells with unmodified bacmid can produce functional [3- galactosidase, hy-
drolyse X-gal and generate an insoluble blue pigment. The resulting colonies appear
blue. Insertion of the mini-T7 transposon, which includes the target protein gene, into
the bacmid DNA Tn7 attachment site, prevents the expression of the LacZa peptide
and functional 3-galactosidase cannot be produced. The resulting colonies still have
their gentamycin resistance but are white. In contrast, cells that did not take up the

pFastBac1 plasmid are not gentamycin resistant and do not grow on the plates.

From each plate, two white clones were chosen and 2 mL of LB cultures for

each supplemented with 50 ug/mL Kanamycin, 10 pg/mL Tetracycline, and 7 pg/mL



Gentamycin were prepared in 15 mL falcon tubes and incubated at 37 °C and 160 rpm

overnight.

2.9.3 Preparation of X-gal/IPTG Agar Plates for Blue/White Screening

LB agar (379g/L) plates were prepared with a final concentration of 50 pg/mL Kanamy-
cin, 10 pg/mL Tetracycline, 7 ug/mL Gentamycin, 40 ug/mL IPTG, 60 pug/mL chromo-
genic substrate X-gal (5-Bromo-4-Chloro-3-Indolyl B-D- Galactopyranoside) to allow

for blue-white screening.

2.9.4 Isolation of Bacmid DNA

Cells were harvested by centrifugation at 3400 g for 5 min at 4 °C. 300 pL P2 buffer
(Qiagen) was added to labelled Eppendorf tubes. The supernatant of each cell pellet
was removed, and the pellet was re-suspended in 300 pL P1 buffer (Qiagen) and trans-
ferred into the Eppendorf tube and mixed by inverting 2-3 times. After incubation at RT
for a maximum of 5 min, 300 pL of pre-chilled N3 buffer (Qiagen) were added, and
then slowly mixed by inverting. The solution was incubated for 10 min on ice and spun
at 13 000 g for 10 min in a bench top centrifuge at 4 °C. In a fresh Eppendorf tube
800 uL of propan-2-ol were added and the supernatant was slowly added. The tube
was inverted a few times, incubated for 10 min on ice and then spun at 13 000 g at
4 °C for 15 min. Afterwards the supernatant was removed without disturbing the DNA
pellet. 1 mL of 70 % ethanol was added and then spun at 13 000 g at 4 °C for 15 min.
Afterwards, as much ethanol as possible was removed and the pellet air dried for 2 min
at RT. 40 pL of sterile water was added to the pellet without mixing and it was stored
at -20 °C. The DNA pellet went into solution during thawing prior to transfection into
Sf9/Sf21 cells.

2.9.5 Transfection of Bacmid DNA into Sf9/Sf21 Cells

Transfections were prepared in 24 deep well blocks with 5 mL volume per well and in
duplicate. 100 pL of SF-900 medium (Lonza) and 50 uL of transfection reagent (Cell-
fectin Il Reagent, Thermo Fisher) were placed in each well. 10 pL of bacmid DNA was

added to each well, the wells were then covered with a breathable seal and incubated



for 30 min at RT in a laminar flow hood. In the last 10 min of the incubation time insect
cells at 0.6x 10° cells/mL were prepared. 5 mL of the cell suspension was then added
to each well and the transfection mixture was incubated at 27 °C, 180 rpm for 7 days.
The VO virus was harvested by centrifugation of the plate at 3400 g at 4 °C for 10 min
(Allegra 25R centrifuge with TA-10-250 Fixed-Angle Aluminium Rotor, Beckman Coul-
ter) and the virus from duplicated wells was pooled into 15 mL falcon tubes. Successful
transfection was evaluated using fluorescence microscopy (Nikon Eclipse TE2000 U)
to analyse the expression of the yellow fluorescence protein (YFP) the gene for which
is located on the bacmid. Fluorescence of the cells indicates that the transfection was
successful. The virus was further amplified by addition of 1.5 mL VO to 50 mL of cells
at 0.6x 10° cells/mL. The cells were grown at 27 °C, 180 rpm for 3 days and harvested
as described above for VO. The VO or V1 tubes were then wrapped in aluminium foll
and stored at 4 °C. For large scale insect cell expression, a V2 virus preparation was

freshly prepared for each expression as described in Section 2.15.

2.10 Small- Scale Expression Test in Sf9 Insect Cells

The small-scale expression screen was conducted in 24 deep well blocks in a laminar
flow hood in a final volume of 3 mL. All screens were carried out in duplicate. First
180 pL of V1 virus preparation was added to each well. Then 3 mL of Sf9 cells at
3x 10° cells/mL were added and the wells were sealed using sterile porous membrane
lids (Sigma Aldrich). The deep well plate was incubated for 2 days at 27 °C and
170 rpm in a shaking incubator. The cells were harvested at 3400 g and 4 °C for 10 min
and the supernatant discarded. The plates were sealed with a non-porous membrane
and stored at -80 °C prior to expression analysis.

2.11 Small- Scale Expression Test in Sf21 Insect Cells

An expression screen of 11 different viral stocks (V1) produced in Sf9 cells was per-
formed in Sf21 cells. 100, 200, or 400 pL of V1 were added to 3 mL Sf21 cells at 3x
10° cells/mL in Sf900 Il media (Thermo Fisher) in a 24 deep well block. The cells were
incubated for 48 h at 27 °C and 140 rpm in a shaking incubator. The cells were har-
vested at 3400 g for 10 min at 4 °C and the supernatant discarded. The pellets were
stored at -80 °C.



2.12 Small- Scale Expression Test in E. coli Cells

The small-scale expression screen was conducted in 24 deep well blocks in a final
volume of 3 mL. All screens were carried out in duplicate. First overnight cultures were
prepared by adding 3 mL of LB medium supplemented with the appropriate antibiotic
to each well. The medium was inoculated with 3-4 picked colonies and the wells were
sealed with a breathable membrane (Sigma Aldrich) and incubated overnight at 37 °C
and 220 rpm in an Infors HT Multitron shaking incubator (Infors). The next day 3 mL of
the expression medium was added to duplicated wells of a 24-well block and 30 pL of
each appropriate overnight culture added. The wells were sealed and incubated at
37 °C and 220 rpm. In the case of AIM medium, they were incubated for 6 hours, after
which the temperature was dropped to 18 °C overnight. Twenty-four hours after inoc-
ulation, the cells were harvested by spinning the plates at 4000 rpm (S5700 Swinging-
Bucket Aluminium Rotor, Allegra 25R centrifuge, Beckman Coulter) for 10 min at 4 °C.
The supernatant was discarded, and the pellets stored at -80 °C prior to expression
analysis.

2.13 24-well Expression Screen Analysis using Spin Columns

The pellets were thawed in a warm water bath and resuspended in 750 pL of lysis
buffer by pipetting up and down. The 24-well blocks were incubated for 30 min at 10 °C
and 220 rpm in a shaking incubator and frozen at -80 °C. The 24-well blocks with the
frozen lysate were then thawed in a warm water bath at 25 °C and mixed on a shaker
at 180 rpm for 10 min. Cells were lysed by a freeze-thaw cycle at -80 °C and a total
lysate sample of 30 uL for SDS-PAGE analysis was taken. Next, the 24-well blocks
were centrifuged at 4 °C for 30 min at 3500 g and the soluble section carefully trans-
ferred to a new 24 well block. A 30 pL soluble fraction sample for SDS-PAGE was
taken. 100 pL of 50 % (v/v) affinity resin slurry pre-equilibrated in binding buffer was
added to each well, sealed and incubated at 10 °C at 200 rpm for 1 h in a shaking
incubator. In the case of His-tagged protein expression, Ni Sepharose 6 Fast Flow
(Sigma Aldrich) was used as affinity resin, for GST-tagged proteins Glutathione Se-
pharose 4B (GE Healthcare). The protein purification was conducted using 400 pL spin
columns (Thermo Fisher) according to the manufacturer’s instructions. In the last step
the protein was eluted from the column with 250 pL of elution buffer. A 30 pL sample

was taken for SDS-PAGE. To remove the tags, 29 uL of the elution fractions was mixed



with 1 uL 3C protease to a final concentration of 0.2 mg/mL and incubated overnight
at 4 °C. 10 pL 4 x loading buffer was added to all SDS-PAGE samples, and SDS-

PAGE analysis was performed after heating up the samples to 95 °C for 3 min.

Binding buffer
His-tagged pro- 40 mM HEPES, pH 8.0, 300 mM NaCl, 20 mM imidazole, 1 mM TCEP
teins

Binding buffer
GST-tagged pro- 40 mM HEPES, pH 8.0, 300 mM NacCl, 1 mM TCEP
teins

Binding buffer + 1 mg/mL lysozyme (Sigma Aldrich) + 1 Complete Pro-
Lysis buffer tease Inhibitor Tablet- EDTA Free (Roche)/50 mL+ 10 pg/mL DNasel
+ 50 ug/mL RNaseA + 5 mM MgCl,

Elution buffer His-
tagged proteins
Elution buffer
GST-tagged pro- Binding buffer + 20 mM reduced glutathione
teins

Binding buffer + 500 mM imidazole pH 8.0

2.14 PhyNexus 24-well Expression Screen Purification

Cells were lysed by a freeze-thaw cycle. First the pellets were removed from the -80 °C
freezer and 1 mL of lysis buffer was added to each well and they were incubated on a
plate shaker at 1100 rpm for 30 min at RT. The cells were then frozen at -80 °C for
20 min, before thawing them in a warm water bath for 10 min at 25 °C. The blocks were
spun at 3724 g for 30 min at 4 °C in a bench top centrifuge. 500 pL of each lysate was
then pipette in a well of a 96 well plate, without disturbing the pellet. A 30 L lysate
sample was taken for later analysis for SDS-PAGE. The purification was then con-
ducted using the fully automated protein purification system PhyNexus MEA 2 (Bio-
tage). For His-tagged protein purification, 1000 pL tips with 20 pL of IMAC affinity resin
per column were used (PhyNexus, #PTR 91-20-03). For GST-tagged proteins 1000 pL
tips with glutathione sepharose were used (PhyNexus, #PTR 91-20-03). 15 uL of each
elution sample was mixed with loading dye and analysed by SDS-PAGE.



Binding buffer His- 40 mM HEPES, pH 8.0, 300 mM NacCl, 20 mM imidazole, 1 mM

tagged proteins TCEP

Binding buffer

GST-tagged pro- 40 mM HEPES, pH 8.0, 300 mM NaCl, 1 mM TCEP
teins

Binding buffer + 1 mg/mL lysozyme (Sigma Aldrich) + Complete Pro-
Lysis buffer tease Inhibitor Tablets- EDTA Free (Roche) + 2.5 units Benzo-
nase/mL (Novogen)

Elution buffer His-
tagged proteins
Elution buffer
GST-tagged pro- Binding buffer + 20 mM reduced glutathione
teins

Binding buffer + 500 mM imidazole pH 8.0

2.15 Large-Scale Expression in Insect Cells

On the first day a new virus stock preparation was set up, named V2. 250 mL mid-log
Sf9/Sf21 cells at 1.5 x 106 cells/mL were seeded with 1 mL of V1 virus in 1 L Erlen-
meyer cell culture flasks (Sigma Aldrich). The cells were then incubated in a shaking
incubator for 3 days at 27 °C and 150 rpm. At the same time, sufficient insect cells for
large scale expression were prepared. The required volume of mid-log cells was scaled
up in 1 L Erlenmeyer cell culture flasks with 500 mL cells per flask, by dilution with pre-
warmed medium at 0.8 x 10° cells/mL. The cells were incubated for 3 days at 27 °C
and 150 rpm. Cells were then counted and infected at 2.5-2.8 x 10° cells/mL by the
addition of 25 mL short virus preparation (whole cell culture) to each flask. The cells
were incubated at 27 °C at 170 rpm and harvested (3400 g for 15 min at 4 °C) after 48

or 72 hours. The cells were stored at -80 °C.

2.16 Protein Purification

All buffers and protein samples were filtered through 0.2/ 0.45 ym filters (Sigma Al-
drich) prior to purification, and all purification steps were conducted at 4 °C on an AKTA

Pure Purification system, unless stated otherwise.



2.16.1 Cell Lysis

The pellet from the cell culture was thawed on ice and gently re-suspended in 5 mL
cold lysis buffer per gram of cell pellet. E. coli cells were disrupted by sonication on ice
for a total time of 5-7 min (20 s “on”; 40 s “off”) at 30 % amplitude using a sonicator
(Sonics Vibra-Cell VCX 500 / VCX 750). Insect cells were lysed by a thaw-freeze cycle
at -80 °C or by sonication. The cell lysate was then centrifuged for 1 h at 48 500 (JA
25.50 Fixed-Angle Aluminum Rotor, Avanti J-26 XP centrifuge, Beckman Coulter) or
100 000 xg (JA-30.50 Ti Fixed-Angle Titanium Rotor, Avanti JXN-30 centrifuge, Beck-
man Coulter) at 4 °C and the cleared lysate transferred to a clean Falcon tube and

filtered through a 0.45 um syringe filter (Millipore).

2.16.2 Expression and Purification of Hise-RSF1

Hiss-RSF1 was expressed in E. coli BL21 (DE3) and BL21 (DE3) Star cells. A 50 mL
pre-culture containing 50 pg/mL ampicillin was inoculated with one picked colony and
grown overnight at 37 °C and 120 rpm. 1L of LB media supplemented with 50 pg/mL
ampicillin was then inoculated with 10 mL of the pre-culture. Cells were grown at 37 °C
and 120 rpm until the optical density at 600 nm reached 0.6. Cell expression was in-
duced by addition of 0.4 mM IPTG. Cultures were harvested by centrifugation for 20
min at 4500 g at 4 °C using an Avanti J-26 XP centrifuge with JLA 8.1000 rotor (Beck-
man Coulter) after an incubation time of 3 h at 37 °C. The cells were resuspended in
lysis buffer and lysed by sonication as described in Section 2.16.1. After centrifugation,
the soluble fraction was applied to a gravity column containing 2 mL of Ni-NTA affinity
resin pre-equilibrated in binding buffer. The column was then washed with 10 CV wash
of binding buffer (20 mM Tris pH 8.0, 250 mM NaCl, 1 mM TCEP). The bound protein
was eluted from the column by applying 5 x 1 mL elution buffer (binding buffer +
250 mM imidazole). Following SDS-PAGE, elution fractions containing the protein
were combined and dialysed into dialysis buffer (20 mM Tris pH 8.0, 100 mM NacCl,
0.5 mM TCEP) overnight at 4 °C. Simultaneously, the Hise-tag was removed by the
addition of His-3C-protease in a ratio of 1:50. On the next day, the protein solution was
applied to a gravity column containing 1 mL of Ni-NTA affinity resin pre-equilibrated in
dialysis buffer. The RSF1 containing flow-through was collected, followed by a 3 mL
wash. Both flow-through and wash were combined, and the protein concentrated to

5 mL at circa 1 mg/mL. The sample was then applied onto a HiLoad Superdex 200



16/60 column (Sigma Aldrich) pre-equilibrated in SEC buffer (20 mM Tris pH 8.0,
500 mM NacCl, 0.5 mM TCEP) and run overnight at a flow rate of 0.5 mL/min at 4 °C.
RSF1-containing fractions were identified by SDS-PAGE analysis, pooled, and con-

centrated to circa 0.5 mg/mL. RSF1 was then aliquoted and stored at -80 °C.

2.16.3 Expression and Purification of Hisio-MBP-CARM1

Hisio-MBP-CARM1 was expressed in Sf9 or Sf21 cells as described in Section 2.15.
The pellets were thawed under cold water, re-suspended in lysis buffer, and lysed us-
ing a freeze-thaw cycle at -80 °C. The cells were mixed using a magnetic stirrer until
homogenous. After centrifugation at 48 500 g for 1 h at 4 °C, 5 mL Talon resin was
added to the supernatant and incubated overnight on a roller at 4 °C. The sample was
then applied onto a gravity column. After a 10 CV wash with binding buffer (40 mM
HEPES pH 8.0, 300 mM NaCl, 20 mM imidazole, 5 % (v/v) glycerol and 1 mM TCEP),
the protein was eluted with 3 CV of 100 % elution buffer (binding buffer + 500 mM
imidazole). The Hisio-MBP tag was removed by adding His-3C-protease in a ratio of
1:50 and incubating overnight at 4 °C. The protein was dialysed into dialysis buffer
(40 mM HEPES pH 8.0, 300 mM NaCl, 5 % (v/v) glycerol and 1 mM TCEP) and sepa-
rated from the tags via subtractive Ni NTA IMAC (5 mL HisTrap HP column, Sigma
Aldrich). Flow-through and wash were combined, concentrated to 7 mg/mL and applied
onto a HiLoad 16/600 Superdex 75 pg column (Sigma Aldrich) that was pre-equili-
brated in SEC buffer (40 mM HEPES pH 8.0, 600 mM NaCl, 5 % (v/v) glycerol and
0.5 mM TCEP). Protein containing fractions were identified by SDS-PAGE and con-

centrated to circa 7 mg/mL. The protein was stored in 40 pL aliquots at -80 °C.

2.16.4 Expression and Purification of GST-MmPRMT2-10

GST-MmPRMT2-10 was expressed in Sf9 cells as described in Section 2.15. The pel-
lets were re-suspended in lysis buffer and lysed by sonication. The lysate was clarified
via centrifugation at 100 000 xg for 1 h at 4 °C. 2 mL of glutathione sepharose 4b resin
was added to the soluble fraction, followed by a 2 h incubation at 4 °C. The sample
was then applied to a gravity column and washed with 10 CV binding buffer (50 mM
Tris pH 8.0, 250 mM NaCl, 5 % (v/v) glycerol, 10 mM DTT). In order to remove the
GST-tag, 10 mL binding buffer with 100 uL GST-3C-protease (circa 1 mg/mL) was



added to the column and incubated overnight at 4 °C while rotating. The flow-through
and a 5 CV wash were combined and concentrated to 5 mL at 2 mg/mL. The sample
was then applied onto a HiLoad Superdex 200 16/60 column (Sigma Aldrich) pre-equil-
ibrated in SEC buffer (20 mM Tris pH 8.0, 100 mM NacCl, 5 mM TCEP) at a flow rate
of 0.5 mL/min. Protein-containing fractions were identified by SDS-PAGE, combined
and diluted 1:1 with buffer (20 mM Tris pH 8.0, 5 mM TCEP) to obtain a final NaCl
concentration of 50 mM. In the next step IEX chromatography was conducted using a
HiTrap Q FF column (Sigma Aldrich) pre-equilibrated in IEX A buffer (20 mM Tris pH
8.0, 50 mM NacCl, 5 mM TCEP) at a flow rate of 3 mL/min. Following loading, proteins
were eluted over an elution gradient of 0-50 % IEX buffer B (20 mM Tris pH 8.0, 1 M
NaCl, 5 mM TCEP). MmPRMT2-10-containing fractions were combined and concen-
trated to 3.5 mg/mL, aliquoted and stored at -80 °C.

2.16.5 Expression and Purification of Hise-RnPRMT1-1

Hise-RNPRMT1 was expressed in E. coli BL21(DE3) cells in 2YT medium. A 50 mL
pre-culture containing 50 pug/mL ampicillin was inoculated with one picked colony and
grown overnight at 37 °C and 200 rpm. 1L of LB media supplemented with 50 pg/mL
ampicillin was then inoculated with 6 mL of the pre-culture. Cells were grown at 37 °C
and 180 rpm until the optical density at 600 nm reached 0.4. Cell expression was in-
duced by addition of 0.4 mM IPTG. Cultures were harvested by centrifugation for
20 min at 4500 g at 4 °C after an overnight incubation at 20 °C. After lysis and soni-
cation of a cell pellet from 0.9 L E. coli cells, the protein was purified using a5 mL
HisTrap HP column (Sigma Aldrich) pre-equilibrated in IMAC A buffer (40 mM HEPES
pH 8.0, 300 mM NacCl, 20 mM imidazole, 5 % (v/v) glycerol, 0.5 mM TECEP). After a
10 CV wash, the bound protein was eluted using a gradient of from 0-100 % IMAC B
buffer over 10 CV (binding buffer supplemented with 500 mM imidazole). PRMT1-con-
taining elution fractions were identified by SDS-PAGE and pooled. The His-tag was
removed from the protein by incubation with His-3C-protease and the sample dialysed
into 40 mM HEPES, pH 8.0, 600 mM NaCl, 5 % (v/v) glycerol and 0.5 mM TCEP.
Tagged and cleaved protein were separated by subtractive IMAC on a 5 mL HisTrap
HP column. Flow-through and wash were combined and concentrated to 3 mL and
loaded onto a buffer Superose 6 10/300 GL column (Sigma Aldrich) pre-equilibrated in



dialysis at a flow rate of 1 mL/min. The protein was identified by SDS-PAGE and con-
centrated to 1 mg/mL before storing it at -80 °C.

2.16.6 Expression and Purification of HSPRMT2_E223Q

Hisi0-MBP- and Hiss-tagged HSPRMT2_E223Q was expressed in 300 mL of Sf9 cells
as described in Section 2.16.6. The pellets were thawed under cold water, re-sus-
pended in 50 mL lysis buffer, and lysed using a freeze-thaw cycle at -80 °C. The cells
were mixed using a magnetic stirrer until homogenous. After centrifugation at 48 500 g
for 1 h at 4 °C, 3 mL Talon resin was added to the supernatant and incubated for 20
min on a roller at 4 °C. The sample was then applied onto a gravity column. After a
10 CV wash with binding buffer (40 mM HEPES pH 8.0, 300 mM NacCl, 10 mM imidaz-
ole, 5 % (v/v) glycerol and 1 mM TCEP), the protein was eluted with 100 % elution
buffer (binding buffer + 500 mM imidazole). The eluted tagged protein was cleaved
with His-3C-protease overnight and dialysed into 40 mM HEPES pH 8.0, 300 mM NaCl,
5 % (v/v) glycerol and 1 mM TCEP, followed by subtractive TALON IMAC. Protein con-

taining fractions were concentrated to 1 mg/mL and stored at -80 °C.

2.16.7 Expression and Purification of Hisio-MBP-HsPRMT2-6

Hisio-MBP-HsSPRMT2-6 was expressed in 2.5 L of Sf9 cells as described in Section
2.15. The pellets were thawed under cold water, re-suspended in lysis buffer, and lysed
using via sonication. After centrifugation at 48 500 g for 1 h at 4 °C, 5 mL Talon resin
was added to the supernatant and incubated for 30 min on a roller at 4 °C. The sample
was then applied onto a gravity column. After a 10 CV wash with binding buffer (40 mM
HEPES pH 8.0, 300 mM NacCl, 20 mM imidazole, 5 % (v/v) glycerol and 1 mM TCEP),
the protein was eluted with 3 CV of 50 % elution buffer (binding buffer + 500 mM imid-
azole). Elution fractions were combined and the Hisio-MBP tag was removed by His-
3C-protease cleavage (2.16.1) overnight at 4 °C. The protein was dialysed into dialysis
buffer (40 mM HEPES pH 8.0, 300 mM NaCl, 5 % (v/v) glycerol and 1 mM TCEP) and
separated from the tags via subtractive Talon IMAC (5 mL gravity column). Flow-
through and wash were combined, concentrated to 2 mL and applied onto a Hiload
Superdex 200 16/60 (Sigma Aldrich) that was pre-equilibrated in SEC buffer (40 mM



HEPES pH 8.0, 600 mM NaCl, 5 % (v/v) glycerol and 0.5 mM TCEP). Protein contain-
ing fractions were identified by SDS-PAGE, combined, and diluted 1:6 with dilution
buffer (40 mM HEPES pH 8.0, 5 % (v/v) glycerol and 1 mM TCEP) to a final NaCl
concentration of 50 mM. The sample was then loaded onto a pre-equilibrated
Mono Q 5/50 GL column at 1 mL/min. The protein was eluted with a NaCl gradient
from 0-1 M over 30 CV at 0.5 mL/min. Protein containing fractions were identified by
SDS-PAGE, concentrated to 3.6 mg/mL and stored in 40 pL aliquots at -80 °C.

2.16.8 Expression and Purification of Hise-HSPRMT2-1

Hiss-HSPRMT2-1 was expressed in 1.2 L of Sf9 cells for 48 h as described in Section
2.9. Cultures were harvested by centrifugation for 10 min at 3400 g at 4 °C. The cells
were lysed by sonication and centrifuged as described in Section 2.16.1. The protein
was purified using a 4 mL Talon column pre-equilibrated in IMAC A buffer (40 mM
HEPES pH 8.0, 300 mM NaCl, 20 mM imidazole, 5 % (v/v) glycerol, 0.5 mM TECEP).
The column was incubated for 15 min at 4 °C. First the flow-through was collected,
then after a 10 CV wash, the bound protein was eluted using 3 x 1 mL IMAC B buffer
(binding buffer supplemented with 500 mM imidazole). HSPRMT2-containing elution
fractions were identified by SDS-PAGE and pooled. The His-tag was removed from
the protein by incubation with His-3C-protease and the sample dialysed into 40 mM
HEPES, pH 8.0, 600 mM NaCl, 5 % (v/v) glycerol and 0.5 mM TCEP. Tagged and
cleaved protein were separated by subtractive IMAC on a 2 mL Ni?*-column. Flow-
through and wash were combined and concentrated to 0.5 mL and loaded onto a Su-
perdex 200 ag 10/300 column (Sigma Aldrich) pre-equilibrated in dialysis buffer at a
flow rate of 0.5 mL/min. The protein was identified by SDS-PAGE and concentrated to
5.5 mg/mL before storing it at -80 °C.

2.17 Protein Analysis
2.17.1 SDS- Polyacrylamide Gel Electrophoresis (PAGE)

The purity of the recombinant proteins was assessed by SDS-PAGE after every purifi-
cation step. SDS-PAGE was carried out according to Laemmli (1970). 10 or 12 % (w/v)
pre-made SDS-PAGE gels (Biorad) or Mini-PROTEAN TGX Stain-Free Precast Gels

(Biorad) were used. Before the sample was loaded onto the gel, 4 x sample loading



buffer (C.B.S. Scientific) containing 100 mM dithiothreitol (DTT) was added and the
tubes were heated in a hot block for 5 min at 95 °C. Gels were run for ~45 min at 180 V
until the dye front reached the gel bottom. All gels were run using a premixed 10x

Tris/Glycine/SDS running buffer (Biorad) that was diluted prior to use.

Dilute protein samples were concentrated using StrataClean Resin (Agilent Tech-
nologies). Following resuspension by brief vortexing, 1 pyL of slurry was added per
100 uyL sample and vortexing repeated. The sample was then incubated at RT for 5 min
and vortexed again and the resin pelleted (11 766 xg for 5 min). The supernatant was
discarded, and the resin re-suspended in 10 pL 1x sample loading dye supplemented
with reducing agent (100 mM DTT). Protein was eluted by heating to 95 °C for 10 min.
The entire supernatant was then subject to SDS-PAGE (approximately 40 min at
180 V) and gels subsequently stained with Instant blue (C.B.S. Scientific) or analysed
by western blotting (Section 2.17.2).

2.17.2 Western Blotting Analysis

GST-tagged proteins were identified by western blot analysis. Proteins were separated
by SDS-PAGE, then transferred onto a PVDF membrane using a Wet/Tank Blotting
System (Biorad) using transfer buffer (25 mM Tris, 192 mM glycine, 20 % methanol).
Transfers were performed for 1 h at 100 V and ice packs were used for cooling to
mitigate the produced heat. After the protein transfer, the membrane was washed
briefly in TBS/T buffer (60 mM Tris, pH 7.6, 150 mM NaCl, 1 % (v/v) TWEEN 20) and
then blocked by incubation in 5 % (w/v) non-fat dry milk in TBS/T buffer for 1 h at RT.
The membrane was washed in TBS/T buffer and then incubated with anti-GST-anti-
body (GST (91G1) Rabbit mAb #2625, Cell Signalling) was diluted 1:1000 in 5 % (w/v)
bovine serum albumin (BSA) in TBS/T buffer. The membrane was incubated with the
primary antibody overnight at 4 °C. The next morning, the membrane was washed 3x
15 min in TBS/T buffer. The secondary antibody (anti-rabbit IgG, HRP-linked antibody
#7074, Cell Signalling) diluted 1:2000 in 5 % (w/v) BSA in 10 ml of TBS/T buffer and
the membrane was incubated for 1 h at RT. Afterwards the membrane was washed
four times with TBS/T for 15 min and the protein was detected using the Amersham
ECL Prime Western Blotting Detection Reagent kit (GE Healthcare) according to the
manufacturer’s instructions. The chemo-luminescent protein western blots were visu-

alised by X-ray film.



2.17.3 Protein Quantification

Protein concentrations were measured by absorbance measurements at 280 nm using

a NanoDrop 200 spectrophotometer (ThermoFisher) according to Lambert-Beer’s Law:

A=¢gegXb Xc Equation 3

A= Absorbance value; ¢ = Wavelength-dependent molar extinction coefficient; b= Path length;
¢ = Analyte concentration

Molar extinction coefficients at 280 nm were calculated using the ProtParam

online tool on the ExPASYy Server (http://web.expasy.org/protparam).

2.17.4 Intact Protein Analysis using Mass Spectrometry

The accurate mass of purified proteins was confirmed by liquid chromatography com-
bined with mass spectrometry (LC-MS). Sample preparation and LC-MS experiments

were performed by Dr Claire Jennings.

2.17.5 Limited Proteolysis

First the enzymes were prepared. Endoproteinase Asp-N from Pseud fragi (Roche
11054589001) was resuspended in water to 0.5 mg/mL. Chymotrypsin from bovine
pancreas (Roche 11418475001) was resuspended to the same concentration in
0.1 mM HCL. HsPRMT2-1 at circa 1.16 mg/mL was mixed with each protease at two
different protease to protein ratios, 1:100 and 1:400 and incubated at three different
temperatures, 4 °C, RT and 37 °C. The final reaction volume was 20 pL. 5 pL samples
were taken at specific time points, after 1 h, 2.5 h and 24 h. A control sample was
prepared by mixing 10 uL of HsSPRMT2-1 with 2.5 uL loading dye. Samples were im-
mediately frozen in dry ice to inactive the protein and stored at -80 °C until analysis.
The samples were mixed with 15 pL buffer and 5 pL gel loading buffer, heated at 95 °C
for 10 minutes and analysed by SDS-PAGE on a 10 % (w/v) gel. Significant bands that
could represent protein fragments were identified and further analysed via MS analy-

SiS.



MS Analysis was performed by Dr Rachel Rowlinson (AstraZeneca, UK). The protein
bands were reduced, alkylated, and digested with chymotrypsin or endoproteinase
Lys-C from Lyso enzymogenes (Roche 1047825). The resultant digests were loaded
onto a Dionex U3000 NanoLC for ESI LC MS analysis using the Qstar Elite mass
spectrometer. The mass spectrometry data was searched against the provided se-

guences with the APUser database using the Mascot search engine.

2.17.6 Thermal Stability Assay using the Thermofluor-iCycler

For thermal stability screening a standard buffer screen from AstraZeneca was used,
the composition can be found in Appendix C. The assay was performed in a 384-well
plate format. At first the optimal protein concentration of PRMT2 and PRMT1 were
determined by testing different reaction volumes ranging from 6-12 L, protein concen-
trations from 1.1- 20 uM and different Sypro Orange dye (5000x concentrated stock
solution in DMSO, Sigma Aldrich) concentrations (8 or 16x). The dye is excited at a
wavelength of 470 nm and emits light at 570 nm. The final reaction had a volume of
6 pL with a final concentration of 8x SYPRO Orange dye and a final protein concen-
tration of 3.5 uM RnPRMT1 or 2.1 pM in the case of HSPRMT2. The assay plate was
incubated for 45 min at 4 °C before the assay was conducted using a Thermofluor-
iCycler iQ Real Time Detection System (Bio-Rad). After an initial hold at 20 °C, the
temperature was increased up to 80 °C in 0.01 °C/s increments, and the SYPRO Or-
ange fluorescence emission signal at 570 nm at the end of a 30 s hold at each tem-
perature was read. Measurements were performed in duplicate and an additional no
protein control was conducted (only buffer and dye). The average of the duplicates
was taken, and the no protein control subtracted. The thermal melt temperature (Tm)
was then calculated by plotting the first derivative of the fluorescence emission

(—dF/dT) as a function of temperature using Excel.

2.17.7 Analytical SEC using the Ettan System

Analytical SEC of RnPRMT1-1 without and in the presence of added SAM or SAH was
performed at RT using a Superdex 75 10/300 GL column (Amersham Biosciences, GE
Healthcare) pre-equilibrated in binding buffer (40 mM HEPES, pH 8.0, 300 mM NacCl,
0.5 mM TCEP, 5 % (v/v) glycerol) on an Ettan chromatography system (Amersham



Biosciences, GE Healthcare). 20 uyL RnPRMT1-1 at circa 1.2 mg/mL were incubated
with either 25 yM SAH or SAM for 30 min on ice. Afterwards, the samples were spun
for 10 min at 13 000 g before loading them onto the column at a flow rate of
0.04 ml/min. For preparation of a calibration curve, the molecular weight markers (Bi-
orad), shown in Table 2-13, were freshly prepared according to the supplier’s instruc-
tions and 10 pL of each was run at a flow rate of 0.04 mL/min under the same condi-
tions as mentioned above. The calibration curve was produced by plotting the loga-
rithm of the molecular weight of the markers against their elution volume.

Molecular weight marker protein Molecular weight (Da)
Thyroglobulin (bovine) 670,000
g-globulin (bovine) 158,000
Ovalbumin (chicken) 44,000
Myoglobin (horse) 17,000
Vitamin B12 1,350

2.18 In vitro Methyltransferase Glo Assay

The MTase Glo™ assay (Promega) was used to measure the enzyme activity of dif-
ferent PRMTs. The assay was performed as a two-step assay in a 384-well micro plate

(Thermo Fisher) format. The total reaction volume was 4 pL.

2.18.1 Determination of the Optimal Enzyme Concentration

An enzyme titration curve of different PRMTs was generated to determine the optimal
PRMT amount to use in the MTase Glo™ Assay. First the 2x substrate mix was pre-
pared with 2 or 20 uM SAM (Promega) in reaction buffer (20 mM Tris pH 8.0, 50 mM
NaCl, 1 mM EDTA, 3 mM MgClz, 0.1 mg/mL BSA, 1 mM DTT). The substrate was
either full-length histone H3.1 (NEB, # M2503S) or histone H4 (NEB, # M2503S). Both
were supplied in 20 mM sodium phosphate (pH 7.0), 300 mM NaCl, 1 mM EDTA and
1 mM DTT and were stored at -20 °C. The final assay substrate concentration was 1
or 5 uM. Next, 100 pL of the PRMT at the desired maximal concentration was prepared

in reaction buffer and a two-fold serial dilution with 12 points prepared including a non-



enzyme control. 2 ul of the prepared 2x substrate mix was added to each well, followed
by 2 uL of the prepared PRMT titration. The assay plate was centrifuged using an MPS
1000 Mini PCR Plate Spinner (Labnet International) for 30 s at 1000 rpm, shaken for
10 min on a microplate shaker at 200 rpm, and then incubated for 30 min at RT.

Component Volume Concentration | Final Assay Conc.
Histone H3 (65 uM) | 3.69/ 18.45 pL
Histone H4 E89 EM% 2.69/ 13.45 EL 2 or 10 uM Lor5uM
4x Reaction buffer 30 pL 1x 1x
1 mM SAM? or 24 LL 20 uM or 10 uM or
100 M SAM “H 2 uM 1M
Water Upto 120 pL

During the incubation time the 5x MTase Glo reagent was freshly prepared by
thawing the 10x MTase Glo reagent (Promega) on ice and mixing the required volume
1:1 with water. 1 puL of 5 x Methyltransferase-Glo Reagent was then added, the plate
centrifuged again for 30 s at 1000 rpm, mixed, and incubated for another 30 min at RT.
Finally, 5 uL room-temperature MTase Glo Detection Solution (Promega) was added,
centrifuged for 30 s at 1000 rpm, mixed, and incubated for 30 min at RT, before re-
cording the luminescence with a plate reader luminometer. An enzyme activity curve
was obtained by plotting the luminescence against the enzyme concentration using
GraphPad Prism and Excel. The 10x MTase Glo Reagent was aliquoted and stored at
-80 °C, the MTase Detection Solution at -20 °C.

Prior to performing the MTase assay, a SAH standard curve was freshly pre-
pared to correlate the luminescence signal and SAH concentration. A two-fold serial
dilution of SAH with 12 points ranging from 0-1 pM or 0-10 pM in reaction buffer was
prepared. First, a 1 uM or 10 uM SAH solution with a final volume of 200 puL was pre-
pared by mixing 50 pL of 4x reaction buffer, 13.3 yL of 15 uM SAH (Promega) and
136.7 pL water. 4 pL of the SAH titration were transferred to the assay plate at the start
of the experiment (in duplicate). The SAH stock was stored at -20 °C. The SAH stand-
ard curve was obtained by plotting the luminescence against the SAH concentration

using GraphPad Prism.



2.18.2 Determination of Km Values for PRMT Substrates

To obtain Km values for the histone substrates, a histone titration was performed while
keeping SAM at a constant concentration. The reaction volume was 4 L and reactions
were performed at RT. First, a substrate dilution solution was prepared with 20 uM
SAM (Promega) in 1x reaction buffer. The enzyme was then diluted in reaction buffer
to twice the assay concentration. Next, a 2x substrate solution in 1x reaction buffer
was prepared with 20 uM SAM and 65 pM histone H4. A two-fold serial dilution of the
2x substrate solution with 12 points ranging from 0-65 UM histone H4 in substrate di-
lution solution was prepared. Next, 2 pl of the prepared 2x substrate dilution series
was added to each well of the 384-well micro plate, followed by 2 pL of the prepared
PRMT solution. The reaction was performed flowing the same protocol as described

under 2.18.1. The Km value was calculated using the GraphPad Prism software.

2.19 MALDI-TOF MS-Based Assay

Enzyme activity and screening of the PRMT inhibitors were performed using a label-
free MALDI-TOF MS-based assay by which the enzymatic methylation of arginine

residues can be quantified.

The assay was performed in 384-well plates with a final reaction volume of
5 L consisting of varying concentration of CARM1 (0-800 nM), 10 uM SAM, and
1 uM histone peptide in assay buffer (16 mM Tris pH 8.0, 40 mM NacCl, 0.8 mM EDTA,
0.8 mM DTT, 0.32 pg/mL BSA). The human histone H3 (residues 22-45) and H4 (res-
idues 2-22) peptides were supplied with an N-terminal acetyl and C-terminal amide
group and synthesised by Severn Biotech Ltd. (UK). The second H3 (22-45) peptide
was supplied by peptides& elephants GmbH (Germany).

The reaction was started by the addition of 1 uM H3 peptide to the reaction mixture and
stopped by addition of 1.2 yL 10 % trifluoroacetic acid (TFA) to obtain a final TFA
concentration of 2 %. Reactions were performed at RT and 37 °C and with reactions
times spanning from 0-60 min. Analysis of the methylated histone peptides was per-
formed by Matrix-assisted laser desorption ionization-time- of-flight MALDI-TOF mass
spectrometry as described (Guitot et al.,, 2017). Reaction aliquots were mixed
1:1 (v/v) with the matrix a-cyano-4-hydroxycinnamic acid (CHCA) and 100 nL were
spotted onto a MALDI plate using a Mosquito liquid handler, crystallised and analysed



in the positive ion reflector mode on a AB 4700 MALDI-TOF mass spectrometer (Ap-
plied Biosystems). The area of [M+H]+ signals of the methylated (Amet) and the un-

methylated (Aunmet) histone peptides were measured and the ratio calculated:

Amet Equation 6

R=—— X100
Aunmet + Amet

2.20 Surface Plasmon Resonance Assay

SPR experiments were conducted using a BIACORE S200 instrument (GE Healthcare)
at 20 °C.

2.20.1 Calculation of the Maximal Response

The maximal response can be calculated if the protein and analyte is known with the

following formula:

_ Mt anaiyte Equation 7
Rmax - Rligand M
7"ligand

However, this assumes a 1:1 binding and that all bound ligands are in their ac-
tive state and all binding sites are accessible. This is not the case in practice, but the-

oretical and practical calculated Rmax should still agree.

2.20.2 Steady-State Affinity Determinations

The affinity between the immobilised ligand and the analyte can be obtained by equi-
librium analysis. Binding affinity is defined as the strength of the binding interactions
between two molecules. Binding affinity is often measured by the equilibrium dissoci-
ation constant Kp. The smaller Kp, the higher the binding affinity of the ligand for its

binding partner.



The equilibrium dissociation constant Kp is defined as:

[L] X [A] kg4 Equation 8

=T T

Kb can be directly calculated from the response levels at steady-state or equi-

librium phase of the interaction (Req) using the following equation:

[A] X Riax Equation 9
[A] + Kp

For [A] K Kp = Rgq =

At this phase, the association and dissociation rates are equal. The dissociation
constant is obtained by measuring the equilibrium response levels over a range of
different analyte concentrations. Req is then plotted against the analyte concentration
and fitted to a simple saturation binding model to determine Kp. At the beginning, the
equilibrium response is proportional to the analyte concentration but is limited by the

maximum response Rmax:

For [A] » Kp = Req = Rpax Equation 10

It is important that only data is used where the response is at or close to equi-
librium at all concentrations for a reliable measurement. In order to obtain a robust
curve fit, the analyte concentration range must be large enough (at least twice the Kbp)

otherwise the reported values are not reliable.

2.20.3 CARM1 Fragment Screening

For binding studies of ligands that target the CARM1 substrate binding site, 20 uL of
CARM1 (circa 7 mg/mL) were mixed with 5 pL of 5 mM SAH stock and pre-incubated
on ice for 30 min, before immobilisation on the CM5 chip (GE Healthcare) surface by

amine coupling following the manufacturer’s instructions.
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The protein is covalently immobilised on the activated chip surface through its
primary amine groups. The principle is shown in Figure 2-1. The surface was activated
by applying 0.2 M EDC/ 50 mM NHS onto the chip at a flow rate of 10 uL/min for 420 s,
followed by an ethanolamine (1 M ethanolamine-HCL pH 8.5) wash step. After surface
activation, 10 pL CARM1 was mixed with 190 pL of 10 mM acetate buffer at pH 5.8
and injected onto one flow cell until the immobilised amount reached 4000- 7000 re-
sponse units. Finally, ethanolamine is flown over the chip surface at 10 pL/min for
420 s to deactivate the remaining NHS esters. Another flow cell that was used as a
reference cell and has no ligand immobilised was treated in the same way but with

buffer instead of the ligand.

Affinity determination experiments were performed using single cycle kinetics.
Compounds were dissolved in 100 % DMSO at 100 mM and serial diluted in SPR
buffer (20 mM HEPES pH 7.4, 150 mM NaCl, 3 mM EDTA, 50 uM SAH, 0.05 % (v/v)
Tween) to a final DMSO concentration of 1 % using an Echo acoustic dispenser
(Labcyte, UK) and injected over the chip at 30 yL/min with a contact time of 60 s and
dissociation time of 180 s. Between different samples a wash with 50 % (v/v) DMSO



was performed. Eight-point solvent corrections curves for DMSO with a final concen-
tration of 0-1.6 % (v/v) DMSO were prepared to account for any bulk shifts caused by
differences in DMSO content of samples. Solvent correction curves were generated
and applied to the results using the BIACORE Evaluation Software (GE Healthcare).
The sensograms were reference subtracted and analysed using the BIACORE Evalu-
ation Software and fitted to a 1:1 binding model for the determination of the equilibrium

dissociation constants (Kb).

2.21 Isothermal Scanning Calorimetry

ITC experiments were performed using a MicroCal PEAQ-ITC Instrument (Malvern
Panalytical) at 20 °C.

2.21.1 CARM1 Preparation

Before the ITC experiments were performed, CARM1 was buffer exchanged into buffer
containing 25 mM HEPES pH 7.5, 100 mM NacCl, 0.5 mM TCEP using a PD-10 De-
salting Column (GE Healthcare) at 4 °C according to the manufacturer’s instructions.
The column was equilibrated with 10 CV ITC buffer. The protein was eluted with 1 mL
buffer. For experiments that were run in the presence of SAH, 20 uM CARM1 was
incubated with 200 uM SAH for 20 min after the buffer exchange.

2.21.2 Analysis of Ligand Binding

Ligand titration experiments were performed at 20 °C. The cell contained CARML1 pro-
tein with or without SAH, the syringe SAH, SAM or inhibitor. The first injection of 0.5 uL
was followed by 19 2 L injections at a stirring speed of 750 rpm and 120 s spacing
between them. Ligand titration were performed with 20 uM CARML in the cell and
200 uM ligand in the syringe. The SAH titration was performed with 15 uM CARM1 in
the cell and 230 uM SAH in the syringe. A heat of dilution control was performed by

titration of ligand into the sample cell containing only buffer and SAH where applicable.



2.21.3 Data Analysis

The ITC raw data was analysed and plotted using the Origin software (OriginLab 7.0).
The baseline correction was also performed in Origin and manually corrected if
needed. The data was then baseline corrected and the heat of dilution subtracted. A

one-site binding model was used.

2.22 X-Ray Crystallography

Protein crystals of the catalytic domain of human CARM1 (CARM1-1) and mouse
PRMT2 were obtained using the sitting drop vapor diffusion technique. Crystallisation
conditions were screened using different sparse matrix screens, including Index
(Hampton Research), Pact (Molecular Dimensions), Structure (Molecular Dimensions)
and JCSG+ (Molecular Dimensions). The screens were set up in 96-well 2-drop MRC
crystallization plates (Molecular Dimensions) using a Mosquito LCP Liquid Handler
(TTP LabTech) dispensing 2 droplets of 100 nL protein solution mixed with 100 nL and
200 nL of 80 pL reservoir solution. The plates were sealed with a clear seal film (Hamp-
ton Research) and stored at 20 °C and/or 4 °C. Initial crystal “hits” were optimised by
screening different pH, precipitant concentrations, protein concentrations, salt, and ad-

ditives conditions.

2.22.1 CARM1 Crystallisation

For the generation of CARML crystals with SAH, the protein was used at a concentra-
tion of 7 mg/mL in the final SEC buffer (40 mM HEPES pH 8.0, 600 mM NacCl, 0.5 mM
TCEP, 5 % (v/v) glycerol). For each plate, 32 uL of CARM1 was mixed with 5.1 pL of
5 mM SAH and incubated for 30 min at RT. CARML1 crystals were prepared using the
hanging drop vapour diffusion method and set up in 96-well 2-drop MRC Crystallisation
Plates (Molecular Dimensions) using a Mosquito LCP Liquid Handler (TTP LabTech).
2 droplets of 100 nL protein solution mixed with 200 nL of 80 pL reservoir solution were
dispensed. The plates were sealed with a clear seal film (Hampton Research) and

stored at 20 °C. Crystals appeared after a few days.



2.22.2 Crystal Harvest

Crystals were harvested using CryoLoops (Hampton Research) with the inner diameter
matching the crystal size. CARM1 and PRMT2 crystals were cryoprotected before har-
vesting if no cryoprotectant was present in the growth conditions. For cryoprotection,
each crystal was transferred into 10 pL droplets consisting of 20 % (w/v) PEG400 or
25 % (w/v) EG in reservoir solution. Afterwards they were transferred to a dewar with

liquid nitrogen for flash freezing.

2.22.3 DMSO Tolerance Testing of CARM1 Crystals

Determination of the highest tolerable DMSO concentration for CARML1 crystals was
conducted by soaking existing CARM1 crystals with SAH in drops consisting of differ-
ent DMSO concentration and 20 % PEG400 in Index D6 reservoir solution (0.1 M BIS-
TRIS pH 5.5, 25 % (w/v) Polyethylene glycol 3,350). Tested DMSO concentrations
were 0, 5, 10, 15 and 20 % (v/v). Three crystals were soaked for each condition, incu-
bated overnight, and harvested the next morning as described.

2.22.4 Ligand Soaking into CARM1 Crystals

100-500 mM ligand stocks were prepared in 100 % DMSO. The ligands were then
soaked into existing CARM1 with bound SAH crystals that were grown in 0.1 M BIS-
TRIS pH 5.5, 25 % (w/v) Polyethylene glycol 3,350 (Index Screen condition D6). The
crystals were transferred into 10 pL droplets consisting of 20 % (w/v) PEG400, 10-
50 mM compound and reservoir solution using cryo-loops (Hampton Research). After
24 h incubation at RT (20 °C) the CARML1 crystals were harvested with cryo-loops and

flash-frozen in liquid nitrogen as described above.

2.22.5 Co-crystallization of SNF and CARM1

In order to obtain CARM1 crystals in complex with the known PRMT inhibitor SNF, co-
crystallisation was used. 200 uM CARM1 in final SEC buffer (40 mM HEPES pH 8.0,
600 mM NaCl, 0.5 mM TCEP, 5 % (v/v) glycerol) was mixed with 1 mM of the ligand
prior to crystallisation and incubated for 1 h at RT. Co-crystallisation trials were set up
in 96-well 2-drop MRC crystallisation plates (Molecular Dimensions) using a Mosquito



LCP Liquid Handler (TTP LabTech) dispensing 2 droplets of 100 nL protein solution
mixed with 100 nL and 200 nL of 80 pL reservoir solution. The plates were sealed with

a clear seal film (Hampton Research) and stored at 20 °C.

2.22.6 Co-crystallization of Ligands and CARM1

Co-crystallisation of CARM1 with ligands was used when soaking experiments were
not successful. CARM1 was diluted in SEC buffer (40 mM HEPES pH 8.0, 600 mM
NaCl, 0.5 mM TCEP, 5 % (v/v) glycerol) to a concentration of 1 mg/mL and a final
volume of 256 pL. 256 pL of the CARM1 solution was then mixed with 6.4 puL of 100 mM
ligand stock in 100 % DMSO resulting in a final DMSO concentration of 2.5 %. In some
cases, SAH was added to the protein at a final concentration of 0.8 mM. After incuba-
tion at 4 °C overnight, CARM1 was concentrated back to 5-7 mg/mL using Amicon
Ultra-2 Centrifugal Filter Units with a molecular weight cut-off of 30 kDa (Merck). Crys-
tallisation plates were set up at 20 °C as described above.

2.22.7 Data Collection and Analysis

X-ray diffraction data were collected at 100 K on beamline, 103 or 104 at the Diamond
Light Source (Didcot, UK). Crystal structures were determined within the CCP4 soft-
ware suite by using the graphical user interface CCP4i2 (Potterton et al., 2018). Data
processing was performed using Xia2 and the structures were solved by molecular
replacement using MOLREP or Phaser with previously solved structures as search
models, as implemented within autoPROC (Vonrhein et al., 2011). Ligand libraries and
coordinates were generated from the corresponding SMILES string and fitted to den-
sity in COOT (Emsley and Cowtan, 2004). The structures were refined by repetitive
cycles of refinement and model building using REFMACS5 and COOT (Murshudov et
al., 1997). Structure validation was also performed in COOT using the available tools
including Ramachandran plots outliers. Structural figures and protein superposition

were performed in CCP4mg and Pymol (McNicholas et al., 2011, Janson et al., 2016).






Chapter 3 Recombinant Protein Expression and Characterisation of
Different Type 1 PRMTs

3.1 Introduction

The first aim of the project was the production of different members of the PRMT family.
PRMT2 was needed in large amounts to conduct enzyme characterisation, crystallisa-
tion, and binding studies. Other PRMT family members including PRMT1 and CARM1
were needed for later selectivity assays. At first, the expression host Escherichia coli
(E. coli) was chosen because it has many advantages compared to other protein ex-
pression strategies. E. coli cells are very fast-growing with a doubling time of 20 min
under optimal conditions and high cell densities are possible (LB media, 37 °C ~ 1 x
1010 cells/mL) (Sezonov et al., 2007). Moreover, different growing media exist, and
they are not expensive and readily available (Rosano and Ceccarelli, 2014). Moreover,
transformation of plasmid DNA into E. coli cells is straightforward and protein expres-
sion can be tightly controlled at both the level of transcription and of translation. How-
ever, there are also some disadvantages. These include (i) eukaryotic post-transla-
tional modifications such as phosphorylation or acetylation are not possible. The ab-
sence of these modifications can cause improper folding (leading to protein accumu-
lation in inclusion bodies (Carrio and Villaverde, 2002), inactivity, or poor expression
levels of the target protein (Sahdev et al., 2008). (ii) Codon usage of the bacterium
often differs from the target protein. An imbalance in the pool of charged tRNAs can
cause problems such as premature transcription or translation termination, frameshifts,
or low protein expression. However, E. coli strains exist which carry helper plasmids
that express the needed tRNAs and target DNA codon optimisation for E. coli expres-
sion is also possible (Sgrensen and Mortensen, 2005).

In the initial step different protein constructs for all three enzymes, PRMT1,
PRMT2 and CARM1 were designed. For HSCARM1 and RnPRMT1 the constructs
were chosen according to the literature precedents. However, from the literature re-
search it became clear that solubility issues might arise during E. coli expression of
PRMT2. To address this problem, a large number of HSPRMT2 and MmPRMT?2 con-
structs were designed.



3.2 Design of Protein Constructs for Recombinant Expression

Different expression constructs of human and mouse PRMT2 were designed by iden-
tifying and removing flexible regions at the N- and C-termini. Removing flexible regions
can result in higher soluble protein expression in E. coli. Moreover, protein heteroge-
neity may be reduced, which was shown to decrease crystallisation probability by in-
terfering with directional nucleation and crystal lattice formation (Holcomb et al., 2017).
For human PRMT2, both the wild-type and the codon-optimized sequences were em-
ployed, whilst for mouse PRMT2, only expression of the codon optimised version was
available. For PRMT1, one literature construct comprising amino acids 11-353 of the
rat protein (Figure 3-1) was chosen, because this fragment was previously identified

as a very stable fragment via limited proteolysis (Zhang and Cheng, 2003).

Moreover, it was successfully expressed in E. coli cells, showed similar enzyme
activity and oligomerization behaviour to the full-length protein, and was more easily
crystallised than the full-length protein (Zhang and Cheng, 2003). For CARM1, a liter-
ature construct comprising amino acid residues 135-482 of the human protein was
chosen (Figure 3-1), because it gave the highest yield when expressed in E. coli cells
and no loss in enzyme activity compared to the full-length protein (Sack et al., 2011).
The full-length CARML1 protein was not chosen because it cannot be expressed in
E. coli cells in a soluble form (Chumanov et al., 2011). The chosen HsCARM1 and
RnNPRMT1 literature constructs were reported to have 100 % enzyme activity (Sack et
al., 2011, Zhang and Cheng, 2003).
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In contrast, previous studies of human PRMT2 activity were contradictory. Some stud-
ies did not see any activity for wild type PRMT2 (Scott et al., 1998, Qi et al., 2002).
Another study, reported PRMT2 to be only active if the SH3 domain is present
(Lakowski and Frankel, 2009). Thus, different PRMT2 constructs were designed with
and without the SH3 domain. Eight different expression constructs were designed for

each human and mouse PRMT2 DNA template (Figure 3-2 and Figure 3-3).
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Figure 3-2 Expression Constructs Designed for Human PRMT2.

Eight different human PRMT2 constructs were designed, including full-length human PRMT2
and shorter constructs missing the N-terminal SH3 domain, which is believed to be necessary
for enzyme activity.

The SH3 domain boundaries were identified via multiple sequence alignments
and secondary structure predictions. The secondary structure of PRMT2 was predicted
using the structure prediction server PSIPRED (McGuffin et al., 2000).
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Figure 3-3 Designed Expression Constructs for Mouse PRMT2.

Similar to the human PRMT2 expression constructs, 8 different mouse PRMT2 constructs were

designed.

The Disorder Prediction Server DISOPRED2 (Ward et al., 2004) was used to

identify disordered intrinsic regions of PRMT2, the results for HSPRMT2 are shown in

Figure 3-4.
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Figure 3-4 Secondary Structure Prediction for Human PRMT2 with the PSIPRED Server.

Loop regions (black), strand (blue) and helical regions (red) were predicted by PSIPRED
(McGuffin et al., 2000). Disordered regions were predicted by DISOPRED2 (Ward et al., 2004)
and are underlined. No internal disordered domains were predicted but the N- and C-termini

were predicted to be disordered.




No internal disordered sequences were predicted, but large disordered regions were
identified at the N- and C-termini. Disordered regions of proteins are known to have
negative effects on the protein’s solubility and ability to crystallise (Deller et al., 2016).
Thus, it is important when planning protein expression constructs that are needed for
structural studies, to identify those regions and, if possible, exclude them from the con-
struct. The software RONN (Yang et al., 2005) was additionally used to detect natively
disordered regions in mouse and human PRMT2. An exemplary result of this analysis
using the human PRMT2 sequence is shown in Figure 3-5. In agreement with the re-
sults from the PSIPRED server, natively disordered regions were found at the N- and

C-terminus of PRMT2 but not in the internal region.
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Based on these results, human PRMT2 constructs were designed to start at
residue Gly29, to include the SH3 domain, or residues Val88 and Gly104, excluding
the SH3 domain and thus a disordered region. The designed constructs end at residue

Thr414 to remove the disordered protein regions at the C-terminus or alternatively at



Arg433. In the case of mouse PRMT2, the constructs started either at residue Leu42,
which includes the SH3 domain, or at Leu100 or Aspl116, omitting the SH3 domain.
For the C-terminal ends, residues Gly424 and Ser448 were chosen based on disor-
dered domain predictions.

For expression tests in E. coli, the DNA-sequences were sub-cloned into modi-
fied pET3d expression vectors expressing recombinant PRMT with N-terminal remov-
able fusion tags (cleavable with 3C protease), kindly provided by Dr Richard Heath.
Given literature precedent, all constructs were expressed with a Glutathione-S-trans-
ferase (GST)-tag and a polyhistidine (Hiss)-tag. The removal of the expression tags
after purification is necessary especially if performing crystallographic studies or pro-

tein-ligand interaction studies, as they can influence enzyme activity and structure.

3.3 Small Scale Expression Tests of PRMT1, PRMT2 and CARML1 in E. coli
Cells

Small scale expression tests were used to screen all designed PRMT constructs for
soluble expression and to identify the optimal expression conditions for later large-
scale expression. Small scale expression tests have the advantage that they allow
high-throughput expression and that all constructs are tested in parallel which mini-
mizes the variability. Initially, E. coli BL21(DE3)Gold cells were used as an expression
host, and at a later stage other cell lines including the E. coli strains ArcticExpress,
Rosetta(DE3)plysS, DH5a, and BL21(DE3) were screened. They were chosen due to
literature precedents or because they carry features which can help to overcome sol-
ubility issues. In addition to host strains, different growth media and temperatures were
screened. A summary of the different strains and their properties can be found in Ap-

pendix B.

3.3.1 Small-Scale Expression Test in E. coli BL21(DE3)Gold

In total, small-scale expression tests of 56 different constructs carrying either an N-
terminal GST- or Hiss-tag were conducted. A summary of the constructs is given in
Table 3-1. The bands at ~40 kDa in the post cleavage samples correspond to GST-

3C-protease.



All constructs were screened for soluble protein expression in E. coli BL21(DE3)Gold
cells, which were grown at 37 °C in Auto Induction Medium (AIM) for 6 h and then
shifted to 18 °C overnight, as described in detail in Section 2.12. AIM medium was
developed by Studier et al. in 2005. He defined a new complex medium consisting of
glucose, lactose and glycerol that allows autoinduction of E. coli cells in late log phase
without the need of IPTG. AIM is especially useful for small-scale expression tests as
it is difficult to monitor and induce all wells at the correct time. First glucose is used as
an energy source which the E. coli cells prefer over lactose. Once the glucose is de-
pleted, in mid-to-late log phase, metabolism switches to using lactose. The lactose
intake induces lacUV5- controlled protein expression and thus expression of the target
protein starts in late log phase at high cell density (Rosano and Ceccarelli, 2014,
Studier, 2014).

Protein Name | AA Range | Expression Vector | N-terminal Tags
HsPRMT2-1 1-433 pET-3dM Hise-3C; GST-3C
HsPRMT2-2 1-414 pET-3dM Hiss-3C; GST-3C
HsPRMT2-3 29-414 pET-3dM Hiss-3C; GST-3C
HsPRMT2-4 29-433 pET-3dM Hise-3C; GST-3C
HsPRMT2-5 88-414 pET-3dM Hise-3C; GST-3C
HsPRMT2-6 88-433 pET-3dM Hise-3C; GST-3C
HsPRMT2-7 104-414 pET-3dM Hise-3C; GST-3C
HsPRMT2-8 104-433 pET-3dM Hise-3C; GST-3C
HsPRMT2-9 1-433 pET-3dM Hise-3C; GST-3C
HsPRMT2-10 1-414 pET-3dM Hise-3C; GST-3C
HsPRMT2-11 29-414 pET-3dM Hise-3C; GST-3C
HsPRMT2-12 29-433 pET-3dM Hiss-3C; GST-3C
HsPRMT2-13 88-414 pET-3dM Hise-3C; GST-3C
HsPRMT2-14 104-433 pET-3dM Hise-3C; GST-3C
HsPRMT2-15 104-414 pET-3dM Hise-3C; GST-3C
HsPRMT2-16 104-433 pET-3dM Hise-3C; GST-3C
MmPRMT2-1 1-488 pET-3dM Hise-3C; GST-3C
MmPRMT2-2 1-424 pET-3dM Hise-3C; GST-3C
MmPRMT2-3 42-488 pET-3dM Hise-3C; GST-3C
MmPRMT2-4 42-424 pET-3dM Hise-3C; GST-3C
MmPRMT2-5 100-424 pET-3dM Hise-3C; GST-3C
MmPRMT2-6 100-488 pET-3dM Hise-3C; GST-3C
MmPRMT2-7 116-424 pET-3dM Hise-3C; GST-3C
MmPRMT2-8 116-448 pET-3dM Hise-3C; GST-3C
RNPRMT1-1 11-353 pET-3dM Hise-3C; GST-3C
RnPRMT1-2 11-353 pET-3dM Hiss-3C; GST-3C
HsCARM1-1 135-482 pET-3dM Hise-3C; GST-3C
HsCARM1-2 135-482 pET-3dM Hise-3C; GST-3C




The recombinant proteins were purified via their purification tag using spin columns as
described in Section 2.13. After purification, the fusion tags were removed via 3C-pro-
tease cleavage. Paired samples of each protein (HSPRMT2-1-16, MmMPRMT2-1-8,
RnNPRMT1-1 and -2 and HSCARM1-1 and -2) with the GST- or Hiss-tag and without
their fusion tag were analysed by SDS-PAGE. Figure 3-6 shows an exemplary SDS-
PAGE analysis of GST-tagged constructs. From all tested constructs, only two, GST-
HsPRMT2-2 and GST-MmPRMT2-1 yielded faint bands visible in the eluted fractions
after batch purification (Figure 3-6, gel C and D, black arrow). However, the bands for
the tagged and untagged proteins were not of the expected molecular weight (73/77
and 47/51 kDa respectively), instead they were running at a higher molecular weight
(Figure 3-6 gel B, lanes 2/3 and gel C, lanes 3/4). A single band below 70 kDa is visible
in all samples and is most likely chaperone.

A negative and positive control (Cyclin T1 (0-259), 26 kDa) was tested in parallel
to ensure that the protocol was working. A band corresponding to the GST-tagged
positive control can be clearly seen at the expected molecular weight of 52 kDa (Figure
3-6 gel D; lane 8/9) and also the shift after GST-tag removal (Figure 3-6, gel D; lane
10/11). The bands at ~40 kDa in the post cleavage samples correspond to GST-3C-

protease.
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Figure 3-6 Small Scale Expression Test of Different GST-tagged Constructs in E. coli
BL21(DE3)Gold.

Constructs are identified above each lane. After batch purification, one sample was analysed
by SDS-PAGE, another sample was cleaved with 3C-protease overnight and then subject to
SDS-PAGE. The arrows indicate bands that shift after tag removal. Pre-stained protein ladder:
PAGE Ruler Pre-stained (ThermoFisher). Protein visualised by InstantBlue staining.

In order to analyse whether the absence of bands in the elution fractions of most
constructs, indicating low protein yields, was a result of low expression levels or if the
protein was produced in an insoluble form, a lysate and a cleared lysate/soluble frac-
tion sample for each tested construct was analysed by SDS-PAGE. Figure 3-7 shows
an exemplary gel: in all lysate samples (L) an intense protein band is visible at the
expected molecular weight, indicted by a black arrow. However, the bands disappear



after clarification of the cell lysate (S) indicating that the recombinant proteins are pro-

duced at high levels but in an insoluble form.
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3.3.2 Small Scale Expression Test in E. coli BL21(DE3)pLysS and DH5a

The expression tests conducted in E. coli BL21(DE3)Gold cells showed that most re-
combinant proteins are expressed at high levels but in an insoluble form. Changing the
host strain can help to overcome solubility issues and can help with the production of
potential toxic proteins. In the next step, a number of constructs were tested in a dif-
ferent E. coli strain, BL21(DE3)pLysS. This strain carries the pLysS plasmid and pro-
duces the T7 lysozyme which reduces basal expression levels in the non-induced state
and allows the expression of toxic protein (Studier, 1991). Full-length HSPRMT2 was
also tested in E. coli DH5a cells. This strain is most suitable for cloning and subcloning
and not protein expression, but the protein was reported to be successfully expressed
in this strain (Lakowski and Frankel, 2009). Additionally, different media including LB
(Lysogeny Broth) and Terrific Broth (TB) were also screened (Studier, 2005). AIM, LB



and TB media all differ in their composition (Table 2-3) including amounts of carbohy-
drates and divalent cations. TB for example has more than double the amount of tryp-

tone than LB medium, allowing higher cell densities.

Selected PRMT1 and PRMT2 constructs were expressed in BL21(DE3)pLysS
cells. The tested constructs were GST-tagged RnPRMT1-1, HSPRMT2-1, HSPRMT2-
2, and MMPRMT2-1. Lysate and soluble fraction samples were analysed by SDS-
PAGE (Figure 3-8). However, protein expression was still not detected in the soluble
fraction and only very faint bands or no detectable bands were observed in the whole

cell fraction. The rest of SDS-PAGE analysis results can be found in Appendix D.
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3.3.3 Small Scale Expression Test in E. coli Rosetta(DE3)pLysS and ArcticEx-

press

Changing the growth medium or strain did not improve the expression of soluble re-
combinant protein. In the next step, another two host strains were tested for expression

with the aim to increase protein solubility. Several constructs were tested in the E. coli



BL21(DE3)Gold derivative ArcticExpress. These cells express the cold-adapted chap-
erone proteins chaperonin 10 (Cpnl10) and 60 (Cpn60) from the bacterium Oleispira
antarctica which possess high protein refolding activity even at low expression temper-
atures. This activity is in contrast to the native E. coli chaperone complex GroEL-GroES
which shows less than 30 % refolding activity at 12 °C (Horwich et al., 2006). Expres-
sion tests in the E. coli strain Rosetta(DE3)pLysS were also conducted. Rosetta strains
enable the expression of eukaryotic proteins that contain rare codons by suppling the
tRNAs for AGG, AGA, AUA, CUA, CCC, GGA codons on a separate plasmid. As a

LysS strain, they express T7 lysozyme by which basal expression levels are reduced.

SDS-PAGE analysis of selected constructs in both strains can be seen in Figure
3-9. In the whole cell samples, some bands with the expected molecular size are visi-
ble, indicated by black arrows. However, only very faint or no protein bands were de-
tectable in the soluble fractions. The only exception is GST-HSPRMT2-2 expressed in
E. coli Rosetta(DE3)pLysS cells in AIM (Figure 3-9 B, Lane 12). The size of the band
in whole cell and soluble fraction, highlighted by a red square, is in good agreement

with the expected molecular weight of 73 kDa.
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In summary (Table 3-1), despite extensive screening of several constructs for each
protein target and a wide range of expression conditions, conditions were not identified
that generated significant amounts of soluble protein. In a few cases (for example see
Figure 3-7), the target protein was expressed in the lysate but was subsequently found
to be insoluble. The multi-domain organisation of these constructs suggested that pro-

tein denaturation and refolding would not be successful.

However, small scale expression trials do not always track with subsequent lev-
els of protein expression in larger volume cultures. Before ceasing to work on these
constructs, three constructs that had shown the most promising protein expression in
the small-scale trials (GST-HsPRMT2-2, GST-HSPRMT2-9, and Hise-RnPRMT1-1)

were selected for testing at a larger scale.



Table 3-2 Summary of Small-Scale Expression Tests for Rat PRMT1 and Human CARM1
Constructs in the Whole Cell Fraction or the Soluble Fraction.

Name Tag Expression Soluble
WT Codon optimised WT Codon optimised

RNPRMT1 GST

MmPRMT2-3 GST
MmPRMT2-4 Hiss
MmPRMT2-5 GST
Hiss
MmPRMT2-6 GST
Hiss
MmPRMT2-7 GST
MmPRMT2-8 GST
Hiss

v X
Hiss «/ v X X
HsCARM1 GST v X X
Hiss «/ 4 X X
HsPRMT2-1 GST X v X X
Hiss «/ v X X
HsPRMT2-2 GST «/ v v X
Hiss v X X
HsPRMT2-3 GST X X X
Hise «/ - X -
HsPRMT2-4 Hise «/ v X X
HsPRMT2-5 GST v X X
Hise «/ v X X
HsPRMT2-6 GST v X X
HsPRMT2-7 GST v X X
Hiss «/ - X -
HsPRMT2-8 GST v X X
Hiss v X X
MmPRMT2-1 GST «/ X
Hiss «/ X
MmPRMT2-2 GST «/ X
Hiss «/ X
X X
X X
v X
v X
v X
v/ X
v X
v X
v X

Green ticks represent high expression levels of the tested constructs, black ticks indicate low
expression levels, and red crosses indicate that no protein was detected in the analysed frac-
tion. No protein bands were detectable in the soluble fractions in any of the tested E. coli
strains.



3.4 Large Scale Expression Tests of Selected Constructs in E. coli

The small-scale expression tests did not show significant levels of soluble protein for
any of the tested constructs. However, it might be possible that the expression and
solubility of the recombinant proteins is influenced by differences in aeration and cul-
ture conditions of small volume cultures compared to large scale culture volumes.
Moreover, lysis and protein purification methods used for the small-scale expression
tests are different to large scale experiments (Section 2.12). As a result, some proteins
might be insoluble when expressed on a small scale but could be expressed in a sol-
uble form when grown in larger culture volume. To test this hypothesis, a large-scale
expression test with the codon-optimized full-length HSPRMT2 (HSPRMT2-9) in Ro-
setta(DE3)pLysS was performed. Additionally, GST-HsPRMT2-2 and GST-HsPRMT2-
9 were expressed in E. coli DH5a cells, because expression of human PRMT?2 in this
strain was reported in the literature (Lakowski and Frankel, 2009). Furthermore, Hise-
RnPRMT1-1 was expressed at a larger scale in E. coli BL21(DE3) cells and 2xYT
medium, as described in the literature (Osborne et al., 2007).

After cell harvest, 1 g of each cell pellet was lysed and purified. Figure 3-10
shows the SDS-PAGE analysis of the pre- and post-induction samples (A) and the
soluble fraction samples and re-suspended pellet samples (B) for the tested con-
structs. No protein expression was detected for GST-HsPRMT2-2, or the codon-opti-
mized version of full-length GST-tagged HSPRMT2 (GST-HsSPRMT2-9) both of which
were expressed in E. coli DH5a (Figure 3-10 A, lane 1-4).

The other constructs did show some degree of protein expression after induc-
tion, but only Hise-RNnPRMT1-1 which was expressed in E. coli BL21(DE3) and 2xYT
medium showed a protein band in the soluble fraction (Figure 3-10 B, lane 5). GST-
RnNPRMT1-1 expressed in BL21(DE3) cells and GST-HsPRMT2-9 expressed in Ro-
setta(DE3)pLysS cells could not be expressed in a soluble form (compare Figure 3-10
B, lane 7-10).
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Figure 3-10 SDS-PAGE Analysis of Large-Scale Expression Test of different GST- and

His-tagged Constructs in different E. coli strains.

A) Pre- and post-induction samples for each tested protein construct were analysed by SDS-
PAGE and subsequent InstantBlue staining. Protein expression was not detectable in DH5a
cells (lane 1-4). The arrows indicate protein bands at the expected size in the post- induction
samples. B) Soluble fraction samples (S) and re-suspended pellet samples (P) were analysed.
The arrows indicate protein bands at the expected size. Most of the expressed proteins can
be found in the insoluble fraction. The exception is His-RnPRMT1-1 (lane 5). Protein ladder:
PAGE Ruler Pre-stained (ThermoFisher). Expected MWs are GST- HSPRMT2-2, 73.0 kDa;
GST- HsPRMT2-9, 75.2 kDa; His- RnPRMT1-1, 46.3 kDa; GST- RnPRMT1-1, 65.7 kDa.

To confirm the protein identities, samples were also western blotted using an
anti-GST antibody (Figure 3-11). For the constructs which were expressed in E. coli
DH5a, no GST-tagged protein was detected, but for GST-RnPRMT1-1 expressed in
E. coli BL21(DE3) in 2xYT medium and also for GST-HsPRMT1-9 expressed in E. coli
Rosetta(DE3)pLysS and LB medium, bands of the correct molecular weight were visi-
ble (Figure 3-11, lane 7 and 8). Therefore, and in order to prepare larger amounts of

protein for further analysis, the remainder of the pellets of Hiss-RNnPRMT1-1, GST-

RNPRMT1-1 and GST-HsPRMT2-9 were purified and analysed.
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Figure 3-11 Western Blot with anti-GST-Antibody to Detect PRMTS.

1. GST-HsPRMT2-2 in DH5a; 2: GST-HsPRMT2-9 in DH5a; 3: GST-RnPRMT1-1 in
BL21(DE3); 4: GST-RnPRMT1-1 in Rosetta(DE3)pLysS. The arrows indicate protein bands at
the expected size in the soluble fraction samples No. 3 and 4. IRF4 was applied as a positive
control (Last lane). Expected MWs are GST-HsPRMT2-2, 73.0 kDa; GST-HsPRMT2-9,
75.2 kDa; GST-RnPRMT1-1, 65.7 kDa. Protein ladder. PAGE Ruler Pre-stained (Ther-
moFisher).

3.4.1 Large Scale Purification of Hise-RNnPRMT1-1

After lysis and sonication of a cell pellet from 0.9 L E. coli BL21(DE3) culture, the pro-
tein was purified using a pre-equilibrated Ni?*-NTA-column (Figure 3-12 A). The bound
protein was eluted using binding buffer supplemented with 500 mM imidazole.
RnPRMT1-containing elution fractions (E1, E2 and E3) were pooled. The Hiss-tag was
removed by incubation with 3C-protease and tagged and cleaved proteins were sepa-
rated by subtractive Ni?*-IMAC (Figure 3-12 B). The band shift after removal of the
Hise-tag is clearly visible (compare pre and post sample) and the size of the protein
band is in good agreement with the expected molecular weight of 39.73 kDa. Most
RnPRMT1-1 is in the flow-through fraction and wash fractions 1-3. Those fractions
were combined, and the protein further purified using size exclusion chromatography
(SEC).
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Figure 3-12 RnPRMT1-1 Purification.

A) Affinity chromatography: 10 uL aliquots of different fractions were analysed by 10 % SDS-
PAGE gels and stained with instant blue stain. The arrows indicate the location of the
RnPRMT1-1 protein band which has an expected molecular weight of 39.73 kDa. B) Elution
fractions E1-E3 were pooled (Pre) and the tag removed via 3C-protease treatment (Post).
Tagged and untagged protein were separated via affinity chromatography. Most of the protein
was in the flow-through and wash fraction 1-3. The fractions were pooled and further purified.
FT: Flow through; W: Wash; E1-E5: Eluted fraction; L: Lysate; CL: Cleared Lysate. Protein
ladder: PAGE Ruler Pre-stained (ThermoFisher). C) Chromatography profile: Cleaved
RnPRMT1-1 was analysed by SEC using a HiLoad 16/60 Superdex 200 column pre-equili-
brated with SEC buffer (600 mM NacCl, 10 mM imidazole, 40 mM HEPES pH 7.5, 1 mM TCEP,
5 % (v/v) glycerol, buffer) at a flow rate of 0.3 mL/min. The absorbance at 280 nm (blue line)
was monitored. The large spikes at the beginning of the run, are most likely caused by the fact
that the column was pre-equilibrated at room temperature and then moved to 4 °C. D) SDS-
PAGE analysis of SEC fractions: The protein in 1 mL of each fraction was concentrated via
StrataClean Resin and 10 pL aliquots of each fraction sample were analysed by 10 % SDS-
PAGE and stained with Instant Blue stain. The PRMT-containing fractions 18 and 19 were
pooled and concentrated to 80 L at 1.1 mg/mL. The arrows indicate the RnPRMT1-1 protein
band with an expected molecular weight of 39.73 kDa.

Prior to loading the sample was filtered and unfortunately, one third of the total
protein was lost during this step. Large protein aggregates of Hise-RnPRMT1-1 have
been reported in the literature and the most likely explanation for this loss is that such
aggregates were retained on the filter membrane (Lakowski and Frankel, 2009). The

~gG ~



remaining protein was analysed by SEC using a HiLoad 16/60 Superdex 200 column
(Figure 3-12 D). A peak corresponding to RnPRMTL1 eluted at a volume of 54-
68 mL/fraction 16-20. SDS-PAGE analysis (Figure 3-12 C) subsequently showed that
the fractions corresponding to the void volume did not contain any RnPRMT1 suggest-
ing that there were no higher order oligomers present at this stage of the purification

process.

The void volume of the HiLoad 16/60 Superdex 200 column is 45 mL, the elution
volume of the major peak containing RnPRMT1-1, was 60.6 mL. Using the online cal-
ibration tool (http://proteincrystallography.org/protein-purification/superdex-200-cali-
bration.php) with the calibration curve Ve/Vo vs log MW an estimated molecular weight
for RNnPRMT1-1 of ~170 kDa was calculated. The predicted molecular mass for
RnPRMT1-1 is 39.7 kDa. Comparing these values would suggest that the protein
elutes as a tetramer. This is in good agreement with the literature, where it was re-
ported that the protein can exist minimally as a dimer, and mostly as higher oligomers
(Zzhang and Cheng, 2003). The protein containing fractions (18-19) were pooled and

concentrated to 1.1 mg/mL and further analysed by mass spectrometry.

The intact mass of the purified RnPRMT1-1 protein was confirmed by Jonathon
Renshaw at AstraZeneca (Alderley Park, UK) using a Quadrupole Time-of-Flight
(Q-TOF) LC/MS instrument (Agilent Technologies). The final measured mass was
39,736.44 Da, compared to the ProtParam tool calculated mass for the protein of
39,730.59 Da (Gasteiger et al., 2005). The measured mass agrees with the predicted

mass within the accuracy of the mass spectrometry experiment.
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Figure 3-13 Mass Determination of Purified RnPRMT1-1 Sample by Q-TOF LC/MS.

The graph at the bottom shows the deconvoluted mass spectra in which all multiply charged
species are recalculated into a single-charged form and clustered according to m/z value and
peak width. The final measured intact mass of RnPRMT1-1 (predicted mass of 39,730.59 Da)
is 39,736.44 Da.

3.4.2 Large Scale Purification of GST-RnPRMT1-1

In the next step GST-RNPRMT1-1 expressed in E. coli BL21(DE3) was purified in order
to analyse if a GST-tag compared to a Hise-tag influences protein expression yields.
Figure 3-14 shows the SDS-PAGE analysis of the gravity affinity purification of GST-
RnNPRMT1-1. Elution fractions E1-E5 show two bands close to 70 kDa. The expected
size of the tagged protein is 68.2 kDa. To analyse if the lower band is the target protein
the elution fractions were selected, pooled and subsequently a small fraction was sub-
jected to protease cleavage of the GST-tag and analysed again by SDS-PAGE (Figure
3-14 B). From this analysis it becomes clear that the upper band is shifting to a lower
molecular weight after tag removal and therefore it is very likely that this is the band
corresponding to RNnPRMT1-1. Compared to the other lower bands (most likely chap-
erone containing) the intensity of the band is very low. The total protein concentration
estimated by SDS-PAGE was less than 1 mg RnPRMT1 which is very low compared
to the Hiss-tagged RNPRMT1-1, and therefore no further purification steps were con-
ducted.
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Figure 3-14 SDS-PAGE Analysis of the GST-RnPRMT1-1 Purification.

A) Affinity chromatography: 10 pL aliquots of different fractions were analysed by 10 % SDS.
The arrow indicated the band corresponding to GST-RnPRMT1-1. B) The Elution fractions E1-
E5 were combined (Pre) and an aliquot was cleaved with 3C-protease overnight and run on
the gel (Post). The arrows indicate the protein bands belonging to GST-RnPRMT1-1 (65.7
kDa) and RnPRMT1-1 (39.7 kDa) after tag removal. The bands at 70 kDa are most likely chap-
eronins. FT: Flow through; W: Wash; E1-E5: Eluted fraction; WC: Whole Cell; S: Soluble. The
arrows indicate the protein bands belonging to GST-RnPRMT1-1 and RnPRMT1-1 after tag
removal. Protein ladder: PAGERuler Pre-stained (ThermoFisher).

3.4.3 Analysing the Oligomeric State of PRMT1 Using Analytical SEC

Previously it has been reported that PRMT1 can exist as homo-dimer but also as oli-
gomers with sizes reaching from 300 kDa up to 1000 kDa (Zhang and Cheng, 2003).
The oligomeric state is the more active state of the enzyme compared to the homo-
dimer (Feng et al., 2011). It was also shown that the oligomerisation state of PRMT1
depends not only on protein concentration and temperature but also on the presence
or absence of the cofactor SAM or product SAH. In the concentration range below
0.5 uM, an increase in PRMT1 concentration increases the extent of oligomerisation
and positively affects enzyme activity (Feng et al., 2011). On the other hand the addi-
tional pre-incubation of the protein with SAM or SAH reduced the size of the PRMT1
oligomers from 500 kDa to 320 kDa (Zhang and Cheng, 2003). In order to analyse the
oligomerisation state of our purified RnPRMT1-1 protein, 10 uM PRMT1 samples were
pre-incubated for 30 min on ice with either 25 uM SAM or SAH, and then analysed by
analytical Superdex 75 10/300 GL column. In the first step a calibration curve was
prepared to allow the calculation of the molecular weight from the elution volume of the
tested samples (Section 2.17.7, Appendix G). Analysis of the different PRMT1 samples



is shown in Figure 3-15. In contrast to literature reports, the addition of substrate or
product had only a small effect on the PRMT1 oligomerisation state and a shift in peak
onto a 200 kDa peak can be observed. Even without the addition of SAM or SAH, the
predominant oligomerisation size of the protein is between 130 and 380 kDa.

PRMT1 + SAH
PRMT1 only
— PRMT1 + SAM

T 1.41 104 kDa
179 kDa

363 kDa 137 130 kDa

383 kDa 1.77 15 kDa

1.29 176 16 kDa
200 kDa 1 231

1.16 1.41
————————" 404 kDa 104 kDa

Absorbance at 280 nm [mAU]

0.0 05 10

\70Iume [mLL]

3.4.4 Large Scale Purification of GST-HsPRMT2-9

In the next step, the remaining GST-HsPRMT2-9 pellet was purified because it showed
some soluble expression in the large-scale expression tests (Figure 3-10 B). Cleared
lysate from 0.7 L E. coli Rosetta(DE3)pLysS culture was incubated with 50 % (v/v)
GSH-Sepharose slurry overnight at 4 °C and applied onto a gravity column. After elu-
tion, the PRMT2-containing fractions were identified using SDS-PAGE (Figure 3-16 A).
Elution fractions E1-E5 were combined, and the GST-tag was removed by treatment

with 3C-protease overnight at 4 °C.
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SDS-PAGE analysis of the cleaved and tagged protein samples (Figure 3-16 B)
showed that the band corresponding to GST-HsPRMT2-9 (75.2 kDa) is the faint band
at ~90 kDa and not the strong band at ~70 kDa, which is most likely heat shock protein
70 (Hsp70). The cleaved protein was concentrated to 0.5 mL and loaded onto 10/300
Superdex 200 GL column. The chromatogram can be seen in Figure 3-16 D. PRMT-
containing fractions were identified by SDS-PAGE (Figure 3-16 B). In most PRMT2
containing fractions, a band at ~70 kDa which most likely corresponds to the Hsp70 is
visible. This indicates that HSPRMT?2 is associated with chaperone proteins and might
have a partially unfolded structure. Moreover, HSPRMT2-containing fractions eluted in
two different peaks, at 10.6 mL which corresponds to a molecular weight of ~505 kDa,
the other eluted at 14 mL corresponding to 105 kDa, which might be indicative of two
potential oligomeric states of HSPRMT2. The calibration curve for the 10/300 Superdex
200 column can be found in Appendix F. The HSPRMT2-9 concentration was very low,

and as a result the whole fraction was used for SDS-PAGE analysis.
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Figure 3-16 SDS-PAGE Analysis of GST-HsPRMT2-9 Purification.

A) Affinity chromatography: 10 uL aliquots of different fractions were analysed by 10 % SDS.
The arrow indicated the band corresponding to GST-HsPRMT2-9. The Elution fractions E1-E5
were combined (Pre) and an aliquot was cleaved with 3C-protease overnight and B) run on
the gel (Post). The arrows indicate the GST-HsSPRMT2-9, HsPRMT2-9 after tag removal, and
3C-protease. The bands at 70 kDa are most likely chaperones. FT: Flow through; W: Wash;
E1-E5: Eluted fraction; WC: Whole Cell; S: Soluble. C) Chromatography profile: HSPRMT2-9
was analysed on a 10/300 Superdex 200 column pre-equilibrated with SEC buffer (300 mM
NaCl, 40 mM HEPES pH 7.5, 20 mM imidazole, 1 mM TCEP, 5 % (v/v) glycerol) with a flow
rate of 0.3 mL/min. The absorbance at 280 nm (blue line) was monitored. The PRMT-contain-
ing fractions were identified by SDS-PAGE. D) SDS-PAGE analysis of SEC fractions: Each
fraction (0.5 mL) was concentrated via StrataClean Resin and 10 pL aliquots of each fraction
sample were analysed by 10 % SDS-PAGE. The upper arrow indicates the band which most
likely corresponds to the 49.2 kDa target protein PRMT2. The strongly stained band below it
is most likely 3C-protease, the band close to 25 kDa, GST. Protein ladder: PAGE Ruler Pre-
stained (ThermoFisher).
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3.5 Changing the Expression System from E. coli cells to the MultiBac™ Sys-

tem

Recombinant protein expression in E. coli cells did not yield sufficient amounts of sol-
uble protein despite testing different protein constructs across a variety of strains and
expression conditions. Therefore, the expression system was changed from E. coli
cells to insect cell expression using the Bac-to-Bac Baculovirus Expression System

(Invitrogen Life Technologies).

Baculoviruses are insect viruses that carry a large double stranded DNA mole-
cule that can be edited to encode additional foreign genes. The gene encoding the
polyhedron protein is expressed at high levels during the late stage of the viral replica-
tion cycle but is not needed if the virus is replicated in cultured insect cells. Thus, it can
be replaced with the target gene, which will then be under the control of the polyhedrin
promoter. The Bac-to-Bac Expression system generates recombinant baculoviruses
with the help of the E. coli strain DH10Bac (Ciccarone et al., 1997, Luckow et al., 1993).
A donor plasmid (pFastBacl vector), in which the gene of interest is cloned via site-
specific transposition, is transfected into the E. coli host stain DH10Bac that carries a
bacmid baculovirus shuttle vector. Bacterial colonies which carry the recombinant bac-
mid are identified via antibiotic selection and white-blue screening. The isolated bacmid
DNA is then transfected into Sf9 or Sf21 insect cells.

The principle of the expression system is shown in Figure 3-17. The genes of
interest for this project were cloned into a pFastBac1 vector, in which the genes are
under the control of the strong Autographa californica multiple nuclear polyhedrosis
virus (AcMNPV PH) promoter. The vector carries a gentamycin resistance gene, the
bacterial target site-specific transposon Tn7 and a Simian Virus 40 (SV40) polyadenyl-
ation signal which allows the formation of Mini-Tn7 transposons. The pFastBac1 plas-
mid is transformed into DH10Bac cells that contain a bacmid carrying a target site for
attachment of the bacterial transposon (mini-attTn7), a Kanamycin resistance gene,
and a gene encoding the LacZa peptide from a pUC-based cloning vector. The LacZa
peptide together with the LacZQ peptide, which is encoded by the bacterial chromo-

some, forms the functional enzyme B-Galactosidase (Schneemann and Young, 2003).
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The bacterial cells contain a helper plasmid, that carries a tetracycline resistance
gene and encodes the transposase. After transformation, a recombinant bacmid is
generated with the help of the transposase which enables the transposition between
the Mini-Tn7 elements of the pFastBac1 vector and the target site on the bacmid. The
insertion disrupts the expression of the LacZa peptide allowing identification of cells
containing the recombinant bacmid via blue-white screening (Section 2.9.2). Next, the
bacmid DNA is isolated and transfected into insect cells. A recombinant baculovirus in
generated, amplified and used to infect insect cells for recombinant protein expression
(Chapter 2.9.4 and 2.9.5). In addition to the GST- and Hiss-tags, a N-terminal Hisio-
Maltose-binding protein (MBP) tag was chosen because it was shown that GST and

MBP can increase protein solubility (Esposito and Chatterjee, 2006).

3.5.1 Small Scale Expression Tests in Sf9 Cells

Small-Scale expression tests in Sf9 cells were performed as described in Section 2.10.
Tested constructs included Hisio-MBP-HSPRMT2-6 (82.8/39.7 kDa), Hisio-MBP-
HsPRMT2-8 (80.6/37.5 kDa), Hisio-MBP-MmPRMT2-1 (93.7/50.6 kDa), and Hise-
MmPRMT2-1 (55.8/ 50.6 kDa). Each construct was tested in duplicate, and samples

were analysed for soluble expression via spin column purification (Section 2.13). After
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elution from the affinity resin, the samples were analysed by SDS-PAGE before and
after incubation with 3C-protease. The SDS-PAGE analysis can be seen in Figure 3-
18. The black arrows indicate bands of the expected molecular weight that shifted after
tag removal. In particular, for Hisio-MBP-HsSPRMT2-6 and Hise-MmPRMT2-1 a strong
band was visible. They were both expressed at larger scale. Unfortunately, no expres-
sion was seen for MMPRMT2-1, but HSPRMT2-6 expression looked more promising,

and the purification is described in Section 2.16.7.
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Additionally, His-HsPRMT2-1 and His-HsCARM1-1 were directly tested at a
larger scale (300 mL Sf9 cells) as described in Section 2.15. The cleared lysate was
purified using Ni**-IMAC (Figure 3-19 Gel A 1). In both cases, bands of the expected
molecular weight are visible. Elution fractions E1-E3 were combined, dialysed into low
imidazole buffer and the tag removed with His-3C-protease overnight. A small shift of
the bands corresponding to PRMT2-1 and CARM1-1 is visible in the post sample after
tag removal (Gel B). In the final step, the samples were applied to Ni>*IMAC column

to separate cleaved and tagged proteins. Protein containing fractions (FT, W1 and W2)

were pooled and concentrated.
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Figure 3-19 Large Scale Expression Test in Sf9 Cells.

Large scale expression tests of His-HsPRMT2-1 and His-CARM1-1 were performed in Sf9
cells. Cells were grown for 48 h at 27 °C. A) SDS-PAGE Analysis of Ni2*-IMAC. Fractions: 1:
Whole cell; 2: Soluble fraction; 3: Flow-through, 4: Wash; 5-9: Elution 1-5. B) Gel 1: Pre and
Post 3C- protease tag removal. Gel 2: Subtractive Ni>*-IMAC Analysis. Flow-through and Wash
fractions containing the protein were combined and concentrated. Expected MWs are: Hise-
HsSPRMT2-1: 49.2/43.3 kDa; Hiss-HsCARM1-1: 46.4/ 39.8 kDa. Protein ladder: PAGERuler
Pre-stained (ThermoFisher).

The final yield was 0.50 mg HSPRMT2-1 and 0.46 mg HSCARM1-1 from 300 mL
cell culture. Intact mass for both proteins was confirmed by MS (Appendix I). Analysis
was performed by Dr Jonathan Renshaw (AstraZeneca, UK). Based on the positive
results, it was decided to express Hise-HSPRMT2-1 at larger scale as described in
Section 2.16.8.
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3.5.2 Small Scale Expression Tests in Sf21 Cells

A small-scale expression test with 11 different viral stocks was performed in Sf21 cells
as described in Section 2.11. Tested constructs included N-terminal Hisio-MBP-, Hiss-
and GST-tagged RnPRMT1-1, HsPRMT2-1 and HsCARM1-1 and Hisio-MBP- and
Hiss-tagged HSPRMT2-2. Each construct was tested in duplicate, and samples were
analysed for soluble expression via PhyNexus automated purification (Section 2.14).
After elution from the affinity resin, the samples were analysed by SDS-PAGE (Figure
3-20).

Protein bands with the correct molecular weight were only seen in the case of
Hise-CARML1 (Figure 3-20, A lane 4-6, 46.4 kDa) and Hisio-MBP-tagged CARM1 (Fig-
ure 3-20, B lane 6-8, 82.9 kDa) as indicated by a red arrow. No protein expression was
detected for Hiss-RNnPRMT1-1 (Figure 3-20, A lane 7-9) or Hisio-MBP-RNnPRMT1-1
(Figure 3-20, A lane 1-3). Furthermore, none of the GST-tagged proteins were detect-
able by SDS-PAGE (Figure 3-20, D). There was a faint band at the expected molecular
weight of Hise-HSPRMT2-2 (Figure 3-20, B lane 1 and 2). Based upon these results, it
was decided to express Hisse-HSPRMT2-2 and Hisio-MBP-CARML1 at a large scale.
Unfortunately, no Hiss-HSPRMT2-2 expression was detected. The results of the

CARML1 purification will be discussed in the next section.
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Figure 3-20 SDS-PAGE Analysis of Protein Expression Tests in Sf21 Cells.

Small scale expression tests of different viral stocks (V1) were performed in Sf21 cells. Cells
were grown for 48 h at 27 °C and 140 rpm. After purification, the elution samples (15 yL) were
analysed by SDS-PAGE. Gel A) Lane 1-3: His;o-MBP-RNPRMT1-1 (82.8 kDa)
100/200/400 pL; Lane 4-6: Hisse-HSCARM1-1 (46.4 kDa) 100/200/400 pL V1; Lane 7-9: Hiss-
RnPRMT1-1 (46.3 kDa) 100/200/400 uL; Lane 10: Hise-HsSPRMT2-2 (53.6 kDa) 100 pL; Lane
12: BSA (1 ug). Gel B) Lane 1-2 Hisig-HsPRMT2-2 (53.6 kDa) 200/ 400 pL; Lane 3-5: Hisio-
MBP-HsPRMT2-1 (92.3 kDa) 100/200/400 pL; Lane 6-8: Hisio-MBP-HsCARM1-1 (82.9 kDa)
100/200/400 pL; Lane 9/10: Hiss-HSPRMT2-1 (55.8 kDa) 100/200 pL, Lane 11: BSA (1 pg).
Gel C) Lane 1: Hise-HsPRMT2-1 (55.8 kDa), 400 uL; Lane 2-4: Hisio-MBP-HsPRMT2-2 (90.1
kDa) 100/200/400 pL; Lane 5-7: positive control (31 kDa); Lane 8: negative control (no virus).
Gel D) Lane 1-3: GST-HsPRMT2-1 (75.2 kDa) 100/200/400 pL; Lane 4-6: GST-RnPRMT1-1
(65.7 kDa) 100/200/400 pL; Lane 7-9: GST-HsCARM1-1 (65.8 kDa) 100/200/400 pL; Lane 10:
BSA (1 pg); Lane 11: negative control.
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3.5.3 Large Scale Purification of Hisio-MBP-HsCARM1

The Hisio-MBP-tagged CARML1 expression construct yielded the highest amounts of
soluble protein. Fresh V2 virus was generated as described (Section 2.9) and 1 L of
Sf21 cells were infected. A 3 mL sample was taken prior to harvest and analysed for
soluble expression via PhyNexus automated purification (Section 2.14). SDS-PAGE
analysis of the sample (Figure 3-21) demonstrated significant protein expression at the
expected mass of Hisio-MBP-CARM1 (82.9 kDa).
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2: MBP-HsCARM1

An exemplary Hisio-MBP-CARML purification can be seen in Figure 3-22. First,
the cleared cell lysate was incubated with TALON resin, followed by purification via
immobilised nickel-affinity chromatography and imidazole elution. After Hisio-MBP-
CARML1 elution, the Hisio-MBP tag was removed with 3C-protease treatment and the
protein dialysed into low imidazole buffer. Subtractive nickel IMAC was used to sepa-
rate the tags and any excess uncleaved protein from the cleaved CARM1. However,
the HisTrap column was not able to remove the Hisio-MBP impurities (Figure 3-22 A).
Later analysis of the intact mass of the co-eluting protein via mass spectrometry con-
firmed that it is MBP from which the Hise-tag had been removed. MBP was finally suc-
cessfully separated from CARM1 by size exclusion chromatography (Figure 3-22 A).
The purified CARM1 was >95 % pure and stable as judged by SDS-PAGE. The amount
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of CARM1 were sufficient for crystallisation trials (8.45 mg/500 mL of Sf21 cell culture)
and fragment-screening assays.
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Figure 3-22 Example Purification of Hisio-MBP-tagged Human CARM1 from Sf21 Cells.

After incubation of the cleared lysate with TALON resin and IMAC purification, the fusion pro-
tein was cleaved and dialysed into low imidazole buffer. Separation of the cleaved protein from
uncleaved protein and Hisi1o-MBP tags was attempted by subtractive Nickel-IMAC. However,
another SEC step was needed for separation of CARM1 and MBP. The absorbance at 280 nm
(blue line) was monitored. Purity was assessed after every step by SDS-PAGE analysis. The

gels were stained with Instant Blue Stain. Protein ladder: PAGERuler Pre-stained (Ther-
moFisher).
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3.5.4 Large Scale Purification of Hise-HsPRMT2-1

Hise-HSPRMT2-1 (51.2 kDa) was expressed in 1.2 L of Sf9 cells and lysed via soni-
cation (Section 2.16.1) and purified as described in Section 2.16.8. In the first step, the
cleared lysate was applied onto a Talon column and flow-through, wash, and elution
fractions were collected and analysed for expression. The SDS-PAGE analysis can be
seen in Figure 3-23 A. A strong band is visible in the first elution fraction which is in the
right molecular weight range near 55 kDa. The elution fractions were combined, and
the His-tag was removed with His-3C-protease cleavage and the protein dialysed into
a low imidazole buffer. Two bands are visible, one at 100 kDa and one near 55 kDa.
The later corresponds to HSPRMT2-1 (49.2 kDa) and a shift after tag removal is clearly
visible (Gel 2, Figure 3-23 A). The His-tags and the protease were removed by a sub-
tractive Ni2*-IMAC step (Gel 3, Figure 3-23 A). Bands corresponding to HsSPRMT2-1
are clearly visible in the flow-through and wash fraction. Both were combined, concen-
trated, and applied to a Superdex 200 ag 10/300 column. The chromatogram and SDS-
PAGE gel are shown in Figure 3-23 B. PRMT2 eluted as a symmetrical peak. Beside
the bands corresponding to HSPRMT2-1, a few high-molecular weight bands are visi-
ble. Fractions A10-B1 were pooled (orange bar), concentrated to 5.5 mg/mL. The final

yield was 0.83 mg/L cell culture.
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Figure 3-23 Example Purification of Hise-tagged Human HsSPRMT2-1 from Sf9 Cells.

A) After incubation of the cleared lysate with TALON resin and IMAC purification, the His-tag
was removed via 3C-protease treatment and the protein dialysed into low imidazole buffer.
Separation of the cleaved from uncleaved protein and Hise-tags was conducted by subtractive
Nickel-IMAC. B) SEC: The sample was loaded onto a Superdex 200 ag 10/300 column. The
chromatogram and SDS-PAGE gel are shown. The absorbance at 280 nm (blue line) was
monitored. HSPRMT2-1 eluted as a single peak, fractions A10-B1 (orange bar) were pooled
and concentrated. Purity was assessed after every step by SDS-PAGE analysis. Protein lad-
der: PAGERuler Pre-stained (ThermoFisher). The gels were stained with Instant Blue Stain.
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3.5.5 Large Scale Purification of Hisio-MBP-HsSPRMT2-6

Hisio-MBP-HSPRMT2-6 was expressed in 2.5 L of Sf9 cells as described in Section
2.16.7. After cell lysis, the cleared lysate was applied onto a 5 mL Talon column, and
flow-through, wash and elution fractions were collected. The SDS-PAGE analysis of
the affinity purification is shown in Figure 3-24 A. The elution fractions were combined,
and the tag was cleaved off using Hiss-3C-protease while dialysing the protein in a low
imidazole buffer. Next, subtractive Talon IMAC was conducted to remove the tag and
3C-protease. The SDS gel is shown in Figure 3-24 A. After tag removal two bands are
visible in the post cleavage sample, the upper band is most likely the Hisio-MBP-tag
which has a molecular weight of 43.1 kDa and the lower band HsSPRMT2-6 (39.7 kDa).
It had been observed during the CARML1 purification that the Hisio-MBP-tag was not
able to bind to Talon resin. The flow-through and wash were concentrated to 2 mL and
loaded onto a Superdex 200 16/60 column. The SDS-PAGE analysis is shown in Fig-
ure 3-24 B. Unfortunately, it was not possible to separate the protein from the MBP-
tag and both bands can be seen in most of the elution fractions (blue bar). Fractions
containing HsSPRMT2-6 were pooled, diluted with buffer to a salt concentration of
50 mM, and loaded onto a Mono Q 5/50 GL column. The IEX chromatogram is shown
in Figure 3-24 C. HsSPRMT2-6 eluted as a symmetric single peak, fraction 36 (orange
bar) was concentrated to 3.6 mg/mL, aliquoted and stored at -80 °C.
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Figure 3-24 Example Purification of His10-MBP-tagged HsPRMT2-6 from Sf9 Cells.

A) After TALON IMAC purification, elution fractions E1-2 were combined, and the fusion pro-
tein was cleaved with His-3C-protease and dialysed into low imidazole buffer. Separation of
the cleaved protein (39.7 kDa) from uncleaved protein (82.8 kDa) and Hisio-MBP tags (43.1
kDa) was attempted by subtractive TALON-IMAC, but MBP was not separated from the sample
B) FT and Wash were loaded onto a Superdex 200 16/60 column and elution fractions ana-
lysed by SDS-PAGE. However, another purification step was needed for separation of
HsPRMT2-6 and MBP. C) IEX: The sample was loaded onto a Mono Q 5/50 GL column, the
protein eluted as a single peak and Fraction 36 (orange bar) was concentrated to 3.6 mg/mL.
The absorbance at 280 nm (blue line) was monitored. Purity was assessed after every step by
SDS-PAGE analysis. The gels were stained with Instant Blue Stain. Protein ladder: PAG-
ERuler Pre-stained (ThermoFisher).
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3.6 Limited Proteolysis to optimise HSPRMT2 Construct Design

Limited proteolysis can be a useful tool to identify protein sequences that show high
backbone flexibility or are highly disordered regions (Fontana et al., 2004). Proteolysis
mainly occurs at flexible loops or disordered regions (Fontana et al., 1986). Limited
proteolysis with human PRMT2-1 was performed to identify possible domain bounda-
ries, disordered regions, or flexible loops. The results of this analysis were used to
design new protein expression constructs in which those regions were removed and

that could result in better expression yields due to increased protein stability.

The human PRMT?2 protein was incubated with different proteases which cleave
at specific peptide bonds to create protein fragments. Proteases used were endopro-
teinase Asp-N from Pseudomonas fragi that cleaves N-terminally to aspartic and glu-
tamic acid residues and chymotrypsin from bovine pancreas that cuts C-terminally to
lysine and arginine residues. A different range of protease:PRMT?2 ratios, incubation
times and temperatures were tested in order to identify stable fragments that cannot
be further cleaved because they have been reduced to a compactly folded domain
(Figure 3-25).
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The samples were further analysed by mass spectrometry to identify the cleav-
age sites. Following chymotrypsin digestion, a PRMT2 fragment comprising residues
44-433 was produced after 1 h incubation at 4 °C (Gel 1, Lane 2). If incubated at RT
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an even shorter fragment of residues 64-433 was visible (Gel 1, Lane 4). Three differ-
ent fragments were produced following digestion with endoproteinase for 1 h. At 4 °C
two different fragments, spanning residues 42-418 (Gel 3, lower band, Lane 1) and 42-
433 (Gel 3, upper band, Lane 1) were identified. At 37 °C, a shorter fragment encom-
passing residues 75-418 (Gel 3, Lane 3) was produced. The upper band that was seen
in the control sample (indicated by a red star) was identified as full-length HSPRMT2.
The results indicate that proteolysis mostly occurred within the N-terminal region where
the SH3 domain (residues 30-89) is located. Additional cleavage occurred within the

C-terminal sequence. However, no internal cleavage sites could be identified.

This analysis indicates that the core of the protein is most likely properly folded
and structural ordered. The smallest expression construct that was already tested for
protein expression is even shorter than the smallest identified fragment and comprises
residues 88-414. Adding some sequence to the shortest expression construct could
have been tested to see whether this could increase stability and thus enable crystal-
lisation. However, this was not done as the first full-length MMPRMT?2 crystal structure

was published and it was decided to focus on this specific construct (Cura et al., 2017).

3.7 Buffer Optimization for HSPRMT2 and RnPRMT1 using Thermal Melt As-

says

Buffer screens were performed using thermal denaturation assays. Different buffers,
pHs, and ionic strength were screened to find the optimal buffer compositions for
RnNPRMT1-1 and HsSPRMT2-1. The assay principle can be seen in Figure 3-26.

Optimising buffer conditions can potentially increase yields due to higher protein
stability. In total, 45 different buffer and salt combinations were tested plus the control

buffer. The block layout and buffer composition can be seen in Appendix C.
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Figure 3-26 Principle of Thermal Denaturation Assay.
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A thermal denaturation assay can be used to measure the thermal stability of a protein under
different conditions. The fluorescence of the protein-binding dye SYPRO Orange is quenched
in agueous environments. However, upon binding to hydrophobic protein core regions which
are exposed when the protein unfolds, it undergoes a significant increase in quantum yield
(Aex 470 nm /Aem 570 nm). The SYPRO Orange fluorescence emission can be monitored
while increasing the temperature to obtain the melting temperature of the protein (Tm).

The Tm and thus stability of RnPRMT1-1 was greatly improved in MOPS bulffer,
whereas different NaCl concentrations had only little effect on its thermostability. An
exemplar melting curve is shown in Figure 3-27. The upper panel shows the RnPRMT1
melting curves in MOPS, pH7.2 buffer with either 0, 200 mM, or 300 mM NaCl. The
lower panel shows the melting curves of the protein in its original buffer. Switching to
MOPS buffer pH 7.2 increased the Tm by 18 °C to 70 °C. Changing the buffer to PIPES,
pH 6.8, 300 mM NaCl increased the melting temperature by 22 °C from 52 to 74 °C.
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Figure 3-27 Exemplary Thermal Denaturation Assay of RnPRMT1-1.

The raw fluorescence of RNnPRMT1 in different buffers was measured as a function of temper-
ature to identify buffer conditions that increase its stability. A) Denaturation curve using MOPS
pH 7.2 buffer with 0 (blue), 100 mM (red) and 300 mM (green) NaCl. B) RnPRMT1 was tested
at different concentrations (10, 15, 20 uM) in the original RNnPRMT1 purification buffer (40 mM
HEPES, pH 8.0, 600 mM NaCl, 0.5 mM TCEP, 5 % (v/v) glycerol).

Table 3-3 summarizes the buffers that stabilised RnPRMT1-1 and increased the
melting temperature. The results show that the protein is most stable in a pH range
from 6.1- 7.2. The original buffer had a pH of 8.0, so it would be useful to lower the pH
in the future. For RnPRMT1, one transition is observed, which indicates a single un-

folding event.
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Buffer Composition Tm! (°C) | ATw?!
MOPS, pH 7.2, 0 mM NaCl 70 18
MOPS, pH 7.2, 100 mM NacCl 71 19
MOPS, pH 7.2, 300 mM NacCl 72 20
PIPES, pH 6.8, 0 mM NaCl 715 195
PIPES, pH 6.8,100 mM NacCl 73.5 215
PIPES, pH 6.8, 300 mM NacCl 74 22
BES, pH 7.0, 0 mM NacCl 71 19
BES, pH 7.0, 100 mM NaCl 73 21
BES, pH 7.0, 300 mM NaCl 65 13
MES, pH 6.1, 0 mM NaCl 69 17
MES, pH 6.1, 100 mM NacCl 71 19
MES, pH 6.1, 300 mM NacCl 72 20

In the case of HSPRMT2-1, two transition states were visible in most buffer con-
ditions (Figure 3-28). It could be speculated that this is caused by two domains that
have different thermal stabilities and unfold at different time points, such as the SH3
and PRMT domains. This observation would be in good agreement with the results
from the limited proteolysis of HSPRMT2-1 that showed that the N-terminal SH3 do-
main is less stable or has greater flexibility than the rest of the protein (Section 3.6).
Another possibility would be that the protein exists in different oligomeric states and
that for example the monomer and dimer denature at different temperatures or that an
impurity is present. In order to compare the effect of different buffers on thermal stabil-
ity, the second melting temperature was used. In the previously used buffer, the Tm (2)
was 52 °C. The melting temperature for mouse PRMT2 that was reported in literature
is 53 °C, which is in good agreement with the measured Tm (2) values for human
PRMT2 (Cura et al., 2017).
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Figure 3-28 Exemplary Thermal Denaturation Assay of HSPRMT2-1.

The raw fluorescence of HsSPRMT2-1 in different buffers was measured as a function of tem-
perature to identify buffer conditions that increase its stability. A) Denaturation curve using BES
pH 7.0 buffer with 0 mM (red), 100 mM (purple) and 300 mM (green) NaCl. B) HSPRMT2-1
was tested in the original purification buffer (40 mM HEPES pH 8.0, 0.5 mM TCEP and 5 %
(v/v) glycerol 600 mM NacCl).

None of the tested buffers had a large effect on the stability of HSPRMT2-1.
Only two buffers increased the melting temperature slightly (Table 3-4). The pH range
in which HsSPRMT2-1 seems to be the most stable spans from pH 7.0- 8.1. The current
buffer is in this range with a pH of 8.0. However, the protein did not seem to be very
stable in any of the tested buffers. The next step would be to test other buffer compo-
sitions with different additives that might stabilize the protein further, for example glyc-
erol (Vagenende et al., 2009). Unfortunately, protein yields did not allow for further
buffer screens.

Table 3-4 Summary of Buffers that increased HsPRMT2-1 Stability in Thermal Denatur-
ation Assay.

Buffer Composition Tm(2)1(°C) | AT
BES, pH 7.0, 300 mM NacCl 58 6

Tris, pH 8.1, 300 mM NacCl 57 5

The melting temperature (Tm) and the increase in T (ATm) in comparison with its original
purification buffer is shown.
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3.8 Purification of GST-MmPRMT2-10

The first high-resolution crystal structure of mouse and zebrafish PRMT2 was pub-
lished by Cura and colleagues (Cura et al., 2017). The mouse sequence of the crys-
tallised protein (UniProtkKB: Q3UKX1) differs from our mouse protein sequence (Uni-
ProtKB: Q9R144), they share a sequence identity of 90 %. The sequence alignment
can be seen in Figure 3-29. The differences are all located within the C-terminal do-
main. Additionally, the crystallised construct (PDB: 5FUL) carried a point mutation at
the last amino acid residue (R445W).

Analysis of the two different MMPRMT2 full-length gene sequences (GenBank
BC122563.1 and AF169620.1) is shown in Appendix E. The sequences have 99.3 %
sequence identity, with nine DNA base differences and two gaps, which resulted in the
protein sequence differences and different protein length due to different stop codons.
At the start of the project, we choose the gene sequence AF169620.1 and not
BC122563.1 as it is reviewed by UniProtKB/Swiss-Prot.

Q3UKX1 Q3UKX1 MOUSE 1 MEAPGEGPCSESQVIPVLEEDPVDYGCEMOLLQDGAQLQLOLOPEEFVAIADYTATDETQ 60

Q9R144 ANM2 MOUSE 1 MEAPGEGPCSESQVIPVLEEDPVDYGCEMOLLQDGAQLQLOLOPEEFVAIADYTATDETQ €0
ool e ke o o o e o o ol o e ol o e o ol i o o e o o o o e o o e o o o o o o e o o e o o e o o o o o o e o o e o

Q3UKX1 Q3UKX1 MOUSE 61 LSFLRGEKILILRQTTADWHWGERAGCCGYIPANHLGKQLEEYDPEDTWODEEYFDSYGT 120

Q9R144 ANMZ MOUSE 6l LSFLRGEKILILRQITADWWWGERAGCCGYIPANHLGKQLEEYDPEDIWQDEEYFDSYGT 120
FRE R AR RN AR RN A AR R AN AR RN A IR RN AR R AN AR R R AR R R R R R R R R R R R R R R

Q3UKX1 Q3UKX1 MOUSE 121 LKLHLEMLADQPRTTKYHSVILQNKESLKDKVILDVGCGIGIISLFCAHHARPKAVYAVE 180

Q9R144 ANM2 MOUSE 121 LKLHLEMLADOPRTTKYHSVILQNKESLKDKVILDVGCGIGIISLFCAHHARPKAVYAVE 180
o e o o R e o o R o o R o o e e o o o R o o o R o e o o o o o R R o o o o o e o R o o o R R o e o o R R

Q3UKX1 Q3UKX1 MOUSE 181 ASDMAQHTSQLVLONGFADTITVFQOKVEDVVLPEKVDVLVSEWMGTCLLFEFMIESILY 240

Q9R144 ANM2_ MOUSE 181 ASDMAQHTSQLVLQNGFADTITVFQQKVEDVVLPEKVDVLVSEWMGTCLLFEFMIESILY 240
o v e gk o vk ke o o gk o e vk ok o e ke o o o o e ok ok o o e ok o o o ol o o o o o o o o e o o o o o o o o o o e o o R e o

Q3UKX1 Q3UKX1 MOUSE 241 ARDTWLKGDGIIWPTTAALHLVPCSAEKDYHSKVLFWDNAYEFNLSALKSLAIKEFFSRP 300

Q9R144 ANM2_ MOUSE 241 ARDTWLKGDGIIWPTTAALHLVPCSAEKDYHSKVLEWDNAYEFNLSALKSLAIKEFFSRP 300
LA A R R R R R S R R A R S R R R S R R R R R R R R R R R R R R R R R R R R R R R RS

Q3UKX1 Q3UKX1 MOUSE 301 KSNHILKPEDCLSEPCTILQLDMRTVQVPDLETMRGELRFDIQKAGTLHGFTAWFSVYFQ 360

Q9R144 ANM2 MOUSE 301 KSNHILKPEDCLSEPCTILQLDMRIVQVPDLETMRGELRFDIQKAGTLHGFTAWFSVYFQ 360
o e o o e e e ok o o e ok o o e e o o o R o o o o o e ok o o o e o o R o o R o e o ok o o R R o o R R e o R R o

Q3UKX1 Q3UKX1_MOUSE 361 SLEEGQPQQOVLSTGPLHPTTHWKQILFMMDDPVEVHTGDVVIGSVVLQRNPVWRR-HMSV 419

Q9R144 ANMZ MOUSE 3€l1 SLEEGQPQQVVSTGPLHPTTHWKQTILFMMDDPVPVHIGDVVHGFCCVIKKSGMEKAHVCL 420
*iﬁ*ﬁ*tﬁ’*:**ﬁ*!i*i**i*ii’*iﬁiﬁii*iﬂ*t*ﬁ*i * s 3 -s i:.:

Q3UKX1 Q3UKX1 MOUSE 420 SL-—--—-- SWVVTSALDPTSQRVGEKVEPIWR 445

Q9R144 ANMZ MOUSE 421 SELGCHVRTIRSHVSTELETGSFRSGGDS-=-=--~- 448
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Figure 3-29 MMPRMT2 Protein Sequence Alignment.

Both Mouse PRMT2 sequences (UniProtKB: Q9R144 and Q3UKX1) were aligned using the
Clustal Omega program (Sievers et al., 2011). The overall sequence identity is 90 %. Asterisks
show positions with a single, fully conserved amino acid residue, colons high sequence con-
servation between groups, a period low sequence conservation. The red square highlights the
Arg445 residue, which is mutated to a tryptophan in the literature construct that was success-
fully crystallised (PDB: 5FUL).
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In the next step, the MMPRMT2 wild-type sequence and the sequence carrying the
point mutation were synthesised from Eurofins Genomics and both were cloned into
three different pACEBac expression vectors (described in Section 2.4.2 and 2.4.5) to
yield N-terminal Hiss-, Hisio-MBP- and GST-tagged expression constructs (Table 3-5).

Small-scale expression tests were performed in duplicate in Sf9 cells (Section
2.10). The SDS-PAGE analysis of the elution fractions before and after 3C-protease
tag cleavage did not look very promising and only faint bands were visible in some
fractions. However, to rule out that the yields on a small-scale experiment where too
little to be visible by SDS-PAGE gel, the literature construct MmPRMT2-10 which was
purified with a GST-tag was expressed in large-scale (1 L). The large-scale expression

of GST-MmPRMT2-10 was successful and will be described in the following section.

Name Residue Number N-terminal Tag Notes
MmPRMT2-9 1-445 Hise-
MmPRMT2-9 1-445 His1o-MBP-
MmPRMT2-9 1-445 GST-
MmPRMT2-10 1-445 Hise- R445W
MmPRMT2-10 1-445 His1o-MBP- R445W
MmPRMT2-10 1-445 GST- R445W

GST-MmPRMT2-10 was expressed in 3 L of Sf9 cells, the cells were lysed by
sonication and purified as described in Section 2.9 and 2.16.4. The cleared lysate was
incubated with GST-resin and applied onto a gravity column, the flow-through, wash,
and elution was then collected. The SDS-PAGE analysis of the affinity purification is
shown in Figure 3-30. A strong band above 70 kDa is visible in the elution fraction
corresponding to GST-MmPRMT2-10 (76.7 kDa).

~122 7



kDawCS FTW E

-_—

-
100
70
55 :
40 o

354
250

= GST-MmPRMT2-10

——

158

10

Next, the GST-tag was removed via His-3C-protease cleavage. The protein was
concentrated to 2.2 mg/mL and loaded onto a Superdex 200 16/60 column to separate
the His-3C-protease and the GST-tags from the protein. The chromatogram and the
SDS-PAGE analysis of the pre- and post-cleavage sample and the elution fractions
can be seen in Figure 3-31 A and B. The band shift after tag removal is clearly visible
(B, Lane 1 and 2). Unfortunately, it was not possible to separate the GST-tags and the
other impurities from the protein MMPRMT2-10 (50.7 kDa) were visible in most of the
elution fractions of the four elution peaks but in the first elution fractions (green bar)
high-molecular weight impurities are visible and in the last peak it co-elutes with GST

(orange bar).

Fractions A2-C3 (green bar) and C4-D11 (orange bar) were pooled. The latter
was loaded onto a GST-column to remove the GST-tags. The SDS-PAGE analysis
after this purification step can be seen in Figure 3-31 C. The GST-tag was successfully
removed from the fractions. The samples were combined, concentrated to 5 mL and
diluted with IEX buffer without salt to lower the final NaCl concentration to 50 mM. The
sample was then applied onto an IEX column and eluted with a NaCl gradient from 50-
500 mM. The chromatogram and corresponding SDS-PAGE gel can be seen in Figure
3-32. A small peak containing MMPRMT2-10 eluted at the beginning at low NaCl con-

centrations (green bar), the rest eluted in a larger peak at ~83 mM NaCl (orange bar).
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MmPRMT2-10 is very clean after the purification step, only small high-molecular im-
purities near 70 kDa are visible at low salt concentrations. The purest fractions A10-
C4 and C5-D7 were pooled and each concentrated to 3.5 mg/mL and used for crystal-
lisation trials. The other fractions A1-A9 were concentrated to 2 mg/mL and frozen.

Absorbance at 280 nm [mAu]

B
C
1: A2-C12
2: FT+W post GST
column

Figure 3-31 SEC and SDS-PAGE Analysis of MmMPRMT2-10.

After GST-tag removal, the sample was applied onto a Superdex 200 16/60 column. The chro-
matogram is shown in A, the SDS-PAGE analysis in B. PRMT2-10 co-eluted with GST in the
last peak (orange bar). C) Fractions A2-C12 (green bar) were pooled and concentrated, frac-
tion C4-D11 (orange bar) was purified via subtractive GST-IMAC prior to concentration. The
absorbance at 280 nm (blue line) was monitored. HSPRMT2-1 eluted as a single peak, frac-
tions A10-B1 (orange bar) were pooled and concentrated. Purity was assessed after every
step by SDS-PAGE analysis. Protein ladder.: PAGERuler Pre-stained (ThermoFisher). The
gels were stained with Instant Blue Stain.
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Figure 3-32 IEX Chromatography of MmMPRMT2-10.

The concentrated MMPRMT2-10 sample was loaded onto a HiTrap Q FF column and eluted
with a 0- 500 mM NaCl gradient. The chromatogram and SDS-PAGE analysis are shown.
Fractions A10— C4 and C5- D7 were pooled and concentrated to 3.5 mg/mL and used for
crystallisation trials. The other fractions 3A.1-A9 were concentrated to 2 mg/mL. Protein lad-
der: PAGERuler Pre-stained (ThermoFisher). The gels were stained with Instant Blue Stain.

3.9 Summary

At the beginning, a variety of different expression constructs were designed for rat
PRMT1, human PRMT2, and human CARML1 for expression in E. coli cells. Different
E. coli strain and expression conditions were screened using small-scale expression
tests, but no soluble protein expression was detected for any of the tested constructs.
Selected constructs were expressed in a larger scale to rule out that differences in
aeration between small-scale and large-scale expression could affect protein produc-
tion amounts. Rat PRMT1 was successfully expressed and purified. The protein can
be used at a later stage for selectivity screening.
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Next, the expression system was changed to the Bac-to-Bac Baculovirus Expression
System (Berger et al., 2004) with the hope that changing the expression host would
help to increase protein solubility and yields.

Again, different CARM1 and PRMT2 constructs were tested in small- and large-
scale expression tests in Sf9 and Sf21 cells and the catalytic domain of human
CARM1, full-length human PRMT2 and a shorter PRMT2 construct that is missing the
N-terminal SH3 domain were successfully expressed and purified. CARM1 purification
yields were very high, sufficient for the development of biophysical assays and crystal-
lisation studies. In contrast, PRMT2 yields were very low. Buffer optimisation screens
were conducted to identify more suitable buffers for PRMT2 that stabilise the protein
during purification. However, none of the buffers increased protein stability for PRMT?2.
Additionally, limited proteolysis studies were performed with human PRMT2 to identify
more stable constructs that could be used for future protein expression and crystalli-
sation trials. Simultaneously, the first high-resolution crystal structures of mouse and
zebrafish PRMT2 were published (Cura et al., 2017). Thus, it was decided, to focus on
the expression of the crystallised literature construct. Mouse PRMT2 was successfully

expressed in insect cells and purified but protein yields were still limited.

In the future, PRMT2 construct with different tags, including C-terminal tags or
different insect cell strains (Sf21, High Five™) as expression host or alternative ex-
pression systems such as eukaryotic cell-free systems could be used to increase
PRMT2 expression yields (Thoring et al., 2019). However, the observed varying and
in general low protein yields of PRMT2 do not make it a very promising drug target as

its production is very costly and time consuming.
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Chapter 4 Enzyme Activity Assay Development and Evaluation

The identification and characterisation of new small molecules that bind the target of
interest selectively and with high affinity are very useful tools to assist target validation
studies and provide starting points for drug development (Rees, 2016). Traditionally,
the interactions of large libraries with thousands to millions of small molecules (<500
Da, up to 30 heavy atoms) were analysed using in vitro high-throughput screening
(HTS) assays often combined with structural relationship studies and virtual screening
to identify so called hits, molecules which influence the protein function upon binding.
The aim is to identify drug-like molecules that possess binding affinity of 1 uM or lower
and that can be a starting point for lead identification and optimisation (Scapin, 2006,
Shoichet, 2004). However, in recent years, fragment-based drug design (FBDD) is
gaining more and more importance. In FBDD, screening libraries are much smaller in
size (hundreds to thousands) but the molecules also have no drug-like character but
instead are smaller (< 300 Da, less than 20 heavy atoms) and thus the possibility of
identifying hits is higher (Erlanson et al., 2016). The aim is to identify effective but low
affinity binders with binding affinities in the high uM or mM range, which can then be
optimised and developed into larger fragments (Mannhold et al., 2015). The advantage
of slowly growing the fragment into the chemical space is that it is possible to control
important drug properties including solubility and toxicity which can lead to the devel-
opment of better molecules with better pharmaceutical properties (Hajduk and Greer,
2007, Meanwell, 2015). Due to the lower binding affinities of the fragments, screening

assays need less sensitivity and are more robust (Erlanson et al., 2016).

Regardless of which approach is chosen, the biochemical assays used for the
identification and quantification of the target enzyme’s activity and its modulation by
inhibitors are of great importance. An effective assay reports the authentic protein ac-
tivity while using a system of reduced complexity. The issue with in vitro assays is often
that the enzymes show reduced or no activity. Possible reasons are for example dif-
ferences between the chosen protein construct and the wild type protein, missing bind-
ing partners that are present in the cell environment, reduced protein stability, and the

usage of inappropriate enzyme substrates (Acker and Auld, 2014).

As already discussed, PRMTs belong to the class of transferase enzymes that

catalyse the transfer of a methyl-group from a donor to an acceptor molecule. In the
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case of PRMTs the methyl-donor is SAM generating the by-product SAH and the ac-
ceptor is the substrate arginine residue. A variety of different in vitro methylation assay

exist for PRMTSs, an overview is given in Figure 4-1.
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Figure 4-1 Overview of PRMT Activity Assays.

Different assays exist that either measure the amount of methylation on the intact protein,
production of the co-product SAH or the amount of methylated product. Radiometric (red ar-
rows), antibody-based (green arrows) and enzyme-coupled (blue arrows) assays are available.
Abbreviations: RFA: Radiometric Filter Assay; RGA: Radiometric Gel Assay; SPA: Scintillation
Proximity Assay. SAHN: SAH Nucleosidase. ADA: Adenine Deaminase. ELISA: Enzyme-
Linked Immuno-Sorbent Assay; HRP: Horseradish Peroxidase; DELFIA: Dissociation-En-
hanced Lanthanide Fluorescent Immunoassay; TR-FRET: Time-Resolved Fluorescence Res-
onance Energy Transfer; SAHH: SAH Hydrolase. Figure reproduced, with permission, from Hu
et al. (2016).

Most of the existing PRMT activity assays measure either the formation of the
methylated product or the by-product SAH rather than depletion of the substrate due

to the slow turnover of the reaction.
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Assays include direct assays, where the methylated substrate is detected, such as
radiometric assays and antibody-based assays but many other indirect assays exist.
At the start of the project, the direct detection of methylation by using radioactively
labelled SAM, which allows the quantification of radiolabelled methylated substrate by
autoradiography or liquid scintillation counting, was the most sensitive and reliable
method to measure in vitro PRMT activity (Hu et al., 2016). PRMT2 activity has also
been studied using radioactive assays (Cura et al., 2017, Lakowski and Frankel, 2009).
Another advantage is that no labelling or antibodies are needed, and the assay can be
used for a broad number of PMTs without the need of modifications. However, the
method has a number of drawbacks. First, the production of radioactive waste is not
environmentally friendly and does not allow differentiation between MMA, ADMA and
SDMAs. Moreover, washing steps are needed prior to quantification to remove the
radioactively labelled SAM from the reaction. This step can be achieved by using re-
versed-phase resin-filled pipette tips (ZipTips) (Hevel and Price, 2020), radiometric gel
assays (RGA) (Bissinger et al., 2011) or filter-binding assays (RFA) (Alinari et al.,
2015).

To overcome this problem, Scintillation Proximity Assays (SPA) were developed
in which biotinylated peptides and radiolabelled SAM are used as PRMT substrates.
After completion of the reaction, the methylated peptides are immobilised using strep-
tavidin-coated scintillants (plates or beads), the proximity between them causes the
scintillation signal, which is not affected by the presence of unreacted SAM (Luo,
2012). The SPA-based assay has been successfully applied for activity measurement
of PRMT1 and other methyltransferases and is also HTS compatible (Wu et al., 2012,
Rathert et al., 2007).

Furthermore, different antibody-based assays that detect the methylated sub-
strates are available and a variety of antibodies exist that detect the different methyla-
tion types. Used formats include Enzyme-Linked Immunosorbent assays (ELISA)
(Cheng et al., 2004) and Dissociation-Enhanced Lanthanide Fluorescent Immunoas-
says (DELFIA) (Bissinger et al., 2011), in which the antibody is labelled with HRP or a
lanthanide probe, respectively. Moreover, Amplified Luminescence Proximity Homo-
geneous Assays (Alpha) and Time-Resolved Fluorescence Resonance Energy assays
(TR-FRET) have been used (Xie et al., 2014). Most of them are available in an HTS
format. Disadvantages include that cross-reactivity or non-specificity of antibodies can
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occur. In addition, different antibodies for each methylation site would be needed which

is expensive and the format cannot be used for full-length histones.

The reaction by-product SAH can be directly detected via anti-SAH antibodies
or indirectly by further conversion to different derivates using colorimetric, fluores-
cence, and luminescence based coupled enzyme assays (Luo, 2012). To avoid expo-
sure to radioactivity, an indirect bioluminescence-based assay was selected that
measures the production of the by-product SAH. A common drawback of indirect as-
says is that many different steps are needed involving coupling enzymes which can
interfere with the assay and result in false signals. However, in its favour, the assay
does not involve radioactivity, it is antibody-free, and it can also be employed to meas-
ure the enzyme activity of other members of the methyltransferase family over a broad
concentration range. Another advantage is that the assay already existed in a high-
throughput format (Hsiao et al., 2016). In the next section, this assay will be explained

in more detalil.

4.1 The MTase Glo Assay

A luminescent assay to measure methyltransferase activity that indirectly detects SAH
formation (Promega MTase Glo™) was used as a first assay to analyse the enzyme
activity of the purified PRMTs (Hsiao et al., 2016). The assay principle is shown in
Figure 4-2. After completion of the methyltransferase reaction, SAH is enzymatically
converted into adenosine, AMP and then ADP, using the three enzymes SAH hydro-
lase, adenosine kinase (AdK) and polyphosphate-AMP phosphotransferase (PAP).
ADP is converted into ATP and then quantified via luminescence using the lucifer-
ase/luciferin reaction (Hsiao et al., 2016). The assay has the advantage that it is com-
mercially available, cost-effective, uses only small amounts of protein, and could be
used for CARM1, PRMT2 and other potential PRMTs for compound counter screening
at a later stage. However, as with any enzyme-coupled assay, a counter assay is
needed to detect false-positive hits. Another problem with using SAH detection for
PRMT activity measurement is that the cofactor SAM can spontaneously decompose
to SAH, which can result in high background signals. For this reason using ultra-pure
SAM is very important (Lakowski and Frankel, 2010). The same is the case if the
PRMTs show high auto-methylation activity or SAH contaminations are present (Luo,

2012). The decomposition of SAM to SAH is only very slow and thus could only affect
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measurements with PRMT that have a low enzyme activity and thus produce only low

amounts of SAH (Lakowski and Frankel, 2010).
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Figure 4-2 Principle of the Bioluminescence-based MTase-Glo Assay.

The assay is used to monitor the activities of PRMTs and their modulation by small molecule
inhibitors. 1) PRMTs catalyse the transfer of methyl groups from a donor molecule, S-adeno-
syl-methionine (SAM), to the terminal guanidino nitrogen of arginine residues, generating S-
adenosyl-L-homocysteine (SAH). 2) In the next step the MTase-Glo Reagent is added to con-
vert SAH to ADP. 3) Then the MTase-Glo Detection solution is added to convert ADP to ATP,
which can be detected via the luciferase reaction (4). The luminesce is proportional to the
amount of generated SAH/enzyme activity.

4.2 Substrates of CARM1 and PRMT2

In addition to the enzymes, other important assay components are cofactors and suit-
able enzyme substrates with high stability and purity. As already discussed above, all
PRMTs use SAM as methyl-donor, which is commercially available at very high purity.
As illustrated in Figure 4-3, CARM1 methylates different arginine residues on human
histone H3 (Schurter et al.,
Arg8 of histones H3 and H4 (Lakowski and Frankel, 2009).

2001), and PRMT2 was shown to have weak activity on

Additionally, other cytoplasmic and nuclear non-histone substrates exist for
many PRMTs (Lorton and Shechter, 2019). CARM1 for example methylates the
poly(A)-binding protein 1 (PABP1) (Lee and Bedford, 2002), the steroid receptor coac-
tivator SRC-3 (Frietze et al., 2008), the histone acetyltransferases p300 and CBP (Xu
2001, Feng et al., 2006) and a variety of splicing factors, for example U1C
2007). PABP1 is often used as a CARM1 substrate as it shows high

et al.,

(Cheng et al.,
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activity and is easy to produce and commercially available. However, the CARM1 con-
struct that is readily expressed comprises only amino acid residues 135-482 and is
missing both the N-terminal PH domain (residues 30-127 in HSCARM1) and the C-
terminal domain. The N-terminus of CARM1 was shown to directly interact with a large
number of substrates. The unique N- and C-terminal domains of CARM1 are not nec-
essary for methyltransferase activity, but their deletion can influence CARM1 substrate
recognition and often reduces or abolishes CARM1 activity. Although the CARML1 cat-
alytic domain alone is able for example to methylate histone H3 (Teyssier et al., 2002),
this is not the case for many substrates including BAF155 and PABP1 (Shishkova et
al., 2017).

At the start of this project, histone H4 and GST-GAR were the only reported
PRMT2 substrates. Thus, it was decided to first use these and the human full-length
histone H4 (UniProtKB: P62805) as substrates in the MTase Glo™ Assay. At a later
stage, a new substrate RSF-1 was published and produced together with GST-GAR,
which will be discussed below. Beside the purified HsSPRMT2-1, HsCARM1, and
RnNPRMT1-1, HsSPRMT5(MEP50) was also tested (kindly provided by Dr Paul Stupple,
Monash University, Australia). RnPRMT1 and HsPRMT5 both methylate Arg3 on His-
tone H4 (Zhao et al., 2009, Strahl et al., 2001). HSCARML1 is able to methylate different
arginine residues on histone H3 but not on H4 (Figure 4-3), which is why histone H3.1
(UniProtKB: P68431) was used as an assay substrate. For further details refer to Sec-
tion 1.8.
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To assess RnPRMT1, HsSPRMT2 and HsPRMT5(MEP50) activity, assays were
performed in a final volume of 4 uL using 1 uM SAM and 5 uM full-length histone H4
(Figure 4-4, A-B, E) and varying enzyme concentrations (HsSPRMT2-1: 0- 2.50 uM,;
RnPRMT1: 0- 0.32 uM; HsPRMT5(MEP50): 0- 2.74 uM) as described in Section
2.18.1. HsSCARM1 was assayed using 1 pM SAM and 1 uM full-length histone H3 (Fig-
ure 4-4 C) and 5 uM SAM and 5 uM H3 (Figure 4-4 D) with CARM1 concentrations
ranging from O- 1.57 puM per reaction using two different CARM1 preparations. A SAH
standard curve was prepared for each reaction, as described in Section 2.18.1, an
exemplary curve is shown in Figure 4-4 F. Data were plotted using Relative Lumines-
cence Unit (RLU) values and analysed in Excel/GraphPad Prism and are represented
as mean = standard error. Reactions were performed as technical replicates. The op-
timal assay enzyme concentration lies in the linear part of the curve, where the enzyme
concentration is proportional to enzyme activity and shows a significant luminescent

signal (Bisswanger, 2014).

In each assay, the luminescence signal was linearly dependent on the PRMT
concentration, suggesting that the activity observed is due to the enzyme activity of the
protein. In the case of PRMT1, CARM1 and PRMT5(MEP50) the activity curves are as
expected for an enzyme-dependent reaction being first linear and then reaching a plat-
eau due to the depletion of the histone substrate. When comparing the two CARM1
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titrations (Figure 4-4 C and D) it becomes evident, that the shape of the two curves are
different. The second titration (Figure 4-4 D) was performed with a different CARM1
preparation. The CARML1 activity is higher in the second titration than in the first that
used protein which was stored at -80 °C for longer.
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Figure 4-4: Measurement of PRMT Activity using the MTase Glo Assay.

A) PRMTL1 titration using 1 uM SAM and 5 uM H4; B) PRMT2 titration using 1 pM SAM and
5 uM H4; C) CARM1 titration using 1 uM SAM and 5 pM H3; D) CARML titration using 5 M
SAM and 5 uM H3; E) PRMT5(MEP50) titration using 1 uM SAM and 5 uM H4; F) SAH stand-
ard curve. Reactions were performed at room temperature for 30 min according to the kit pro-
tocol (two-step reaction). Luminescence was measured using a PHERAstar FS (BMG LAB-
TECH) plate-reader and data were analysed in GraphPad Prism using relative luminescence
units (RLU). Each point represents an average of two experiment. Technical replicates (n=2)
were performed using the same enzyme preparation at different days.
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Next, to find the optimal saturating substrate concentration, which should be between
10-100x the Km value to ensure 91-99 % occupation of the binding site (Bisswanger,
2014), histone titrations for RnPRMT1 (Figure 4-5) and HSPRMT2-1 (Figure 4-6) were
performed as described in Section 2.18.2. PRMT1 is known to methylate Arg3 on His-
tone H4. To determine a Km value for this substrate, a histone titration experiment was
performed with 10 uM SAM and 13 nM RnPRMT1 per reaction. PRMT1 showed typical
Michaelis—Menten kinetics as a function of H4 concentration with a Km of
0.11 + 0.03 pM calculated using GraphPad Prism 8.2 software (Prism, 2003). This is
much lower than the Km of 1.45 £ 0.37 uM previously reported in the literature (Osborne
et al., 2007). However, in the published assay, the SAM concentration was higher
(15 uM), a different assay format (gel based radioactive assay) with different buffer
conditions was used and the PRMTL1 still carried an N-terminal histidine tag. Thus, the
two results are difficult to compare, but a biological repeat should be carried out to

confirm the results.

50000
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0 T T T 1
0 10 20 30 40
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However, when H4 was titrated against PRMT2 in the presence of excess SAM,
no curve was observed, suggesting that PRMT2 has no or only very little activity to-
wards H4 (Figure 4-6). A very low PRMT2 activity on H4 has also been reported in
other kinetic studies (Lakowski and Frankel, 2009, Cura et al., 2017), and it has been
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suggested that the observed methylation activity could be due to auto-methylation
(Cura et al., 2017).
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To test whether PRMT2 shows enzyme activity in the absence of histone, a
PRMT?2 titration was performed in the presence of 10 uM SAM (Figure 4-7 B). A linear
curve was obtained but compared with the enzyme activity in the presence of histone
H4 (0.22 nM SAH/min/ng HsPRMT2-1), the activity is much lower (0.12 nM
SAH/min/ng HSPRMT2-1). The same experiment was performed with the shorter
PRMT2 construct HSPRMT2-6 which is missing its N-terminal SH3 domain (Section
3.2). An enzyme titration from 0-3.15 uM was performed in the presence of 10 uM SAM
and 0 or 5 uM histone H4, the results are shown in Figure 4-7 C. HsSPRMT2-6 also
showed activity in the MTase Glo™ assay without any histone substrate present, but
it was slightly lower than with histone H4 (0.13 vs 0.17 nM SAH/min/ng HSPRMT2-6).
However, t-test showed that the activity differences were not statistically significant
with t= 0.64, p> 0.05. Thus, the measured HSPRMT2-6 activity is most likely due to
auto-methylation and HSPRMT2-6 has no activity on histone H4 under the tested con-
ditions.
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Taken together, these results suggest that both PRMT2 constructs used in these as-
says have measurable auto-methylation activity. Moreover, HSPRMT2 shows methyl-
transferase activity also without the SH3 domain, but the activity is lower when com-
pared with the full-length enzyme.

To identify potential auto-methylation sites, 0.2 uM HsPRMT2-1 or HSPRMT2-
6 was incubated with 20 uM SAM over 2 h and samples were taken at specific time
points for analysis by mass spectrometry. Analysis was conducted by Dr Rachel Heap
(Newcastle University). In the case of HSPRMT2-1, two potential mono and di-methyl-
ation sites at Arg61 and Arg72 were detected. Both residues are located in the N-
terminal SH3 domain. Two additional potential methylation sites at Arg397 and Arg433,
located in the 3-barrel domain were detected in both HSPRMT2-1 and -6 constructs.
However, for these sites, methylation probability was only 57-59 %, which was low
compared to the sites located in the SH3 domain, which were methylated with 80-90 %
probability. In order to improve this data, assay and instrument replicates would be
needed, but unfortunately not enough protein was available to conduct those experi-
ments. The location of the potential HSPRMT2 auto-methylation sites identified using

mass spectrometry are shown in Figure 4-7 A.

Two other potential PRMT2 substrates have been identified in other studies that
showed much higher methylation activity compared to histone H4, namely GST-GAR
(Lakowski and Frankel, 2009) and RSF1 (Cura et al., 2017). Thus, it was decided to
produce and assay these two substrates.
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Figure 4-7 PRMT2 Auto-Methylation.

A) Schematic diagram illustrating four potential PRMT2 auto-methylation sites identified using
mass spectrometry. B) HSPRMT2-1 activity measured in the absence of protein substrate but
including 10 pM SAM. C) HSPRMT2-6 activity measured using 10 pM SAM with and without 5
UM H4 substrate. Activity was measured using the MTase Glo™ assay format.
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4.3 RSF1- a New PRMT2 Substrate?

In the absence of an authentic substrate, the enzyme activity of PRMT2 was ques-
tioned, until Cura et al. (2017) identified the repressor splicing factor 1 (RSF1) as a
potential new substrate that co-purified during recombinant protein expression in the
S. frugiperda host strain (Cura et al., 2017). The RNA binding protein RSF1, previously
known as ROX21 (Brand et al., 1995), has a size of 16 kDa and belongs to the highly
conserved serine/arginine (SR) family of splicing regulatory proteins (Brand et al.,
1995). Members of the SR family have two domains, one or two RNA-recognition mo-
tifs (RRMs) at their N-terminus and a C-terminal arginine- and serine-rich (RS) domain
(Long and Caceres, 2009).

RSF1 was shown to co-regulate alternative splicing events with other SR family
members (Bradley et al., 2015). This activity is in contrast to earlier research that indi-
cated that it antagonises splice-site recognition by other SR proteins (Labourier et al.,
1999). Figure 4-8 shows the RSF1 sequence and a RMM domain model which was
predicted using Phyre2 (Kelley et al., 2015). Two of the six methylation sites, Arg7 and
Arg24, identified by Cura et al. (2017) are highlighted. They are situated in the N-ter-
minal RRM domain (residues 1-77). Arg7 is located in a unique consensus sequence
(SxGGxRXxY). The remaining methylation sites are located in the disordered RS do-
main (residues 77-147) (Cura et al., 2017).
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Figure 4-8 S. frugiperda RSF1.

A) Amino acid sequence of RSF1 with the six identified MMPRMT2 arginine methylation sites
shown in orange. The RMM domain is highlighted in blue, the disordered RS domain in black.
The unique consensus sequence in which two methylation sites are located is boxed in green.
B) The RMM domain structural model was predicted using Phyre2 (Kelley et al., 2015). The
picture was generated using PyMol (DelLano, 2002). Two methylation sites are located in the
RMM domain, the rest lies in the disordered RS domain (not shown).

4.4 Expression Test of Hise-RSF1

The SfRSF1 sequence was synthesised by Eurofins Genomics, cloned into a pET3dM-
Hise expression vector and expression tests were performed in different E. coli strains
as described in Section 2.16.2. Hise-RSF1 was overexpressed in BL21(DE3) and
BL21(DE3)Star cells, purified by affinity chromatography, the tag was subsequently
removed via 3C-protease cleavage and the fractions dialysed into a low imidazole
buffer, followed by subtractive IMAC. The SDS-PAGE analysis of the purification is

presented in Figure 4-9.

~ 140~



Ni2*-IMAC BL21(DE3) Ni2*-IMAC BL21 Star(DE3)
_ PrePost WC S FT W E Pre Post WC S FT W E
- T EE =
70 - o - _
55 svd 7; s
40 , - 5
- 1= 40
——
2588 - . .}g_ oy
15— - e - ->. -
' ema 9 15 —2
108 ” —
10
c D Subtractive IMAC
Pre Post 3C onl
— Y - Pre FT W E .
708 — 708 - 74
55 55
40 . 40 .
35 - 35 -
e 25 ret
25 - — — -
HiSGJRSFl —p— p—
1568 @  qRskL 9 - .
. -t .
10 10

Figure 4-9 SDS-PAGE Analysis of Hise-RSF1 Purification.

Hise-RSF1 was expressed in E. coli BL21(DE3) and BL21 Star(DE3) and purified via Ni?*
IMAC. The SDS-PAGE analysis is shown in panel A and B. C) The elution fractions were
combined (pre) and the His-tag removed via His-3C-protease cleavage (post). D) Flow-through
and wash were combined, and His-tags removed via subtractive IMAC. The arrows indicate
Hise-RSF1 or RSF1 (MW= 16 kDa) after tag removal. FT: Flow-through; W: Wash; E: Eluted
fraction; WC: Whole Cell; S: Soluble. Protein ladder: PAGE Ruler Pre-stained (ThermoFisher).

Flow-through and wash were pooled, concentrated to ~ 4 mL and loaded onto
an S200 16/60 column. The chromatogram and the SDS-PAGE analysis can be seen

in Figure 4-10 A and B.
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Figure 4-10 Purification of RSF1 by SEC.

A) Chromatography profile: RSF1 was analysed on a Superdex 200 16/60 column pre-equili-
brated with SEC buffer (500 mM NacCl, 20 mM Tris pH 8.0, 0.5 mM TCEP) with a flow rate of
0.5 mL/min. The absorbance at 280 nm (blue line) was monitored. The RSF1-containing frac-
tions were identified by SDS-PAGE (38-42; blue bar) (B). Protein ladder. PAGE Ruler Pre-
stained (ThermoFisher).

Elution fractions containing RSF1 (Fraction 37-42) were identified by SDS-
PAGE, the band corresponding to RSF1 is indicated by a black arrow. Fraction 38-42
(blue bar) were pooled and concentrated to 390 pL at 0.5 mg/mL (final yield 0.2 mg).

The identity of RSF1 which has an expected molecular weight of 16111.80 Da
was confirmed by intact mass analysis. The dominant mass species detected was
16169.24 Da. Another species with a mass of 12.35 kDa was also detected, most likely
a co-purifying impurity (Appendix H). RSF1 was tested in the MTase Glo™ Assay with
10 yM SAM and 5 pM RSF1 and varying HSPRMT2-1 concentrations (Figure 4-11).
Although activity could be measured, it was low, and unfortunately there was insuffi-

cient material to repeat the assay in parallel with a no substrate control. Thus, it cannot
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be said with certainty if the measured PRMT2 activity in the presence of RSF1 is due

to auto-methylation of PRMT2 or actual methylation of the new potential substrate.
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45 PRMT Substrate GST-GAR

GST-GAR (glycine and arginine-rich) is a 41 kDa fusion protein comprising residues
1-145 of human fibrillarin (UniProtKB: P22087, 321 AA) and a glycine-rich region (AA
8-79) that contains 15 arginine residues. GST-GAR has previously been used as a
substrate to assay PRMT1 (Tang et al., 2000), PRMT2 (Lakowski and Frankel, 2009),
PRMT3 (Tang et al., 1998) and PRMT6 (Frankel et al., 2002). In contrast, CARML1 is
not able to methylate GST-GAR, as its substrates do not contain GAR methylation
motifs (Poulard et al., 2016). The aim was to express and purify sufficient amounts of
the fusion protein to use it as substrate in activity assays for PRMT1 and 2. The plasmid
containing GST-GAR was bought from Addgene (#34697, deposited by Dr Steven

Clarke, described in Tang et al. (1998) and was supplied in bacteria as an agar stab.

Small-scale expression tests of GST-GAR were performed in four different
E. coli strains, namely BL21(DE3)plysS, Rosetta(DE3)plysS, BL21Star(DE3) and
BL21(DE3)Gold as described in Section 3.3. The expression media tested were AIM,
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LB, TB, and 2YT medium. The samples were purified via spin columns using Glutathi-
one Sepharose 4B resin as described in Section 2.13. After elution from the resin,
samples were analysed for GST-GAR expression levels by SDS-PAGE. GST-GAR
was only detectable when expressed in BL21(DE3)pLysS cells grown in AIM. Figure
4-12 shows the corresponding SDS-PAGE analysis of the elution fractions after purifi-
cation. A strong band close to the expected molecular weight of 41 kDa is visible in all
elution fractions. However, many different bands are visible below the expected mo-
lecular weight of GST-GAR reaching from 25-40 kDa, which indicates that GST-GAR
is most likely not very stable and is proteolyzed into smaller fragments during expres-
sion or purification. This behaviour has been previously reported (Tang et al., 1998).

However, it could still be used as a substrate to test enzyme activity.
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Additional small-scale expression tests with GST-GAR were conducted at the
Newcastle University Protein and Proteome Analysis Facilities (NUPPA). Four expres-
sion strains, BL21-Al, BL21(DE3), BL21(DE3)Codon+, and BL21(DE3)pLysS, were
tested at two different temperatures (30, 37 °C). BL21-Al E. coli cells are especially
designed for the expression of very toxic recombinant proteins. However, no soluble
recombinant protein was detectable by SDS-PAGE analysis (Appendix J).

~ 144~



4.6 MALDI-ToF MS-based Methylation Assay

In 2017 a direct, label-free, and sensitive methylation assay was reported for PKMTs
(Guitot et al., 2017). This assay uses matrix-assisted laser desorption/ionization-time-
of-flight-mass spectrometry (MALDI-TOF-MS) to assess modification of peptide sub-
strates, and it was shown that it can be used for kinetic studies and also inhibitor
screening (Guitot et al., 2017, Guitot et al., 2014). Used in combination with a Mosquito
Liquid Handling System, the assay can run in HTS format. It has also been formatted
to monitor other post-translational modifications including phosphorylation (Heap et al.,
2017, Winter et al., 2018) and ubiquitination (Ritorto et al., 2014).

The label-free assay has many advantages compared with the MTase Glo™
Assay. The assay is a direct method that avoids the need for coupled enzymatic assays
reducing the risk of assay interference. Moreover, no internal standards are needed,
sample volumes are very small, and it is a very fast method (Guitot et al., 2017). There-
fore, it was decided to change the PRMT activity assay format to this method, where
the appearance of mono- and di-methylated histone peptides is directly monitored. The

assay principle is shown in Figure 4-13.
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After the methyltransferase reaction is stopped, a 1:1 mix of enzyme assay sample
and matrix is deposited onto a MALDI plate and analysed via MALDI-ToF Mass Spec-
trometry. The peak area of the [M+H]+ signals of the unmethylated peptides (Aunmet)
and the methylated peptides (Amet) is recorded and the methylation ratio R is calculated

using the following equation (Guitot et al., 2017):

A
R = met x 100

Aunmet + Amet

Human histone H3 (residues 22-45) and H4 (residues 2-22) peptides were cho-
sen as substrates for PRMT2 and CARM1. Both were supplied with an N-terminal ac-
etyl and C-terminal amide group and synthesised by Severn Biotech Ltd. (UK).
HsSPRMT2 has previously been shown to be active on an N-terminal tail of an H4 pep-
tide via UPLC-MS/MS and thin-layer chromatography (TLC) (Lakowski and Frankel,
2009). For the catalytic domain of CARM1, that contains the homo-oligomerization do-
main, reduced but efficient methylation activity towards histone H3 has been reported
(Teyssier et al., 2002). Full-length CARML1 is able to methylate histone H3 at Arg2
(weak activity), Argl7, Arg26 and Arg42 (Schurter et al., 2001, Casadio et al., 2013),
which is why the H3(22-45) peptide was chosen as substrate.

4.7 Purity Assessment of H3 and H4 Peptide

In the first step, the purity of the commercially supplied histone peptides was tested to
ensure that they have > 95 % purity. Purity analysis was performed by Dr Rachel Heap
(Newcastle University) and was determined via MALDI and ESI analysis. From the
spectra (Figure 4-14), the purity of the H3 peptide was estimated to be <30 % which
did not agree with the supplier’s data (Appendix K). Different peptide degradation prod-
ucts or precursors for the peptide synthesis can be seen, for example shorter peptides
missing the first (Ala, -71 Da), last (Gly, -57 Da) or both residues were detected. Upon
arrival, the peptide was dissolved in sterile water, aliquoted and stored at -80 °C as
instructed by the supplier. For analysis one aliquot was thawed on ice before spotting
it directly on the MALDI plate. One explanation might be contamination and enzymatic
digestions. However, after a new peptide from the same batch was supplied by the
company, it was made up fresh and directly analysed but gave the same results. The

assay substrate needs to be very pure to be able to detect and especially quantify the
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amount of product. As a consequence, the peptide could not be used in this assay

format.
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Figure 4-14 Purity Analysis of H3 (22-45) Peptide.

The MALDI (A) and ESI (B) spectra reveal a mass species at 2546.31 Da and 2546.44 Da
corresponding to the full-length H3 peptide, which is N-terminally acetylated and C-terminally
amidated and has an expected molecular weight of 2545.436 Da. The estimated purity is be-
tween 30-40 %.

Despite its low level of purity, the peptide was suitable for assay development
while an alternative peptide source was identified. For the enzyme assay, the assay
buffer previously used in the MTase Glo™ assay (20 mM Tris, pH 8.0, 50 mM NacCl,
1 mM EDTA, 3 mM MgClz, 0.1 mg/ml BSA, 1 mM DTT) was chosen but without the
addition of DTT and MgCl2 which are needed in the Glo Assay to ensure the stability
and activity of the coupled enzymes. The original assay buffer contains 50 mM NacCl
but salt can significantly affect peptide ionisation. Thus, the effect of different salt con-
centrations (0-40 mM NacCl) on the detection of 500 fmol H3 peptide was analysed

(Figure 4-15 A). The results show that the assay is very sensitive, and, at the tested
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peptide concentration, peptide intensity was almost not affected by the salt concentra-
tion. In addition, a peptide titration with and without 50 mM NaCl in the buffer was
performed to obtain the detection limit of the H3 peptide (Figure 4-15 B). The peptide
could be detected at a concentration of 128 amol if no NaCl was added to the buffer
(blue curve). On the other hand, with 50 mM NacCl in the buffer (red curve), the detec-
tion limit was 16 fmol. However, as the salt concentration did not seem to affect the
detection at higher peptide concentrations that will be used in the assay, 50 mM NaCl
can be used in the assay buffer.
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Despite the purity issues, the substrate was tested in a methylation assay using
CARML1. The final reaction volume was 4 pL and the reaction contained 800 nM
CARM1, 10 uM SAM and 1 pM H3 peptide. Assay samples were analysed at two dif-
ferent time points, after 10- and 60-min incubation. The resulting MS spectrum can be
seen in Figure 4-16. Methylation would result in a mass shift of 14 Da in the case of
mono-methylation and 28 Da in the case of di-methylation. Moreover, the peak corre-
sponding to the unmethylated H3 peptide (2544.592 Da) is expected to decrease with
progression of the reaction. Two peaks were visible at the expected mass of the mono-
methylated (2558.581 Da) and di-methylated (2572.594 Da) H3 peptides. Their inten-
sity slightly increased over time, indicating that the purified catalytic domain of CARM1
is most likely active. Nonetheless, substrate conversion is low, even at high enzyme
concentrations (800 nM). Despite the fact that methylation of the substrate occurred,

all precursors of the peptide synthesis are present, and they seem to be methylated as
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well. As a consequence, although the peak area ratio of the unmethylated and meth-
ylated full-length peptide substrate can be calculated, it does not represent all the mod-
ified peptides present and as a result the CARM1 activity cannot be quantitated. More-
over, it could be possible that the enzyme is not very active in the MS assay buffer, as
it does not contain any salt, in contrast to the assay buffer used in the MTase Glo™

Assay.
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Figure 4-16 MALDI-TOF MS Spectra of CARML1 Activity Assay with H3(22-45).

A) lllustration of H3(22-45) peptide, putative arginine methylation sites are shown in yellow. B)
1 uM of the H3 peptide (m/z 2544.592) was incubated with 800 ng CARM1 and 10 uM SAM at
RT in assay buffer (20 mM Tris pH 8.0, 1ImM EDTA, 1 mM DTT, 0.1 mg/mL BSA). Samples
were analysed after 10- and 60- min incubation time. Mono- (m/z 2558.581) and di-methylated
peptide (m/z 2572.594) were detected.

To analyse the effect of salt in the reaction buffer on CARM1 activity, the assay
was performed with and without 50 mM NaCl. The spectra after an incubation time of
1 h can be seen in Figure 4-17. The peptide is methylated in both assay conditions but

there is more conversion of substrate if using the assay buffer containing salt.
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Figure 4-17 Effect of Sodium Chloride on CARM1 Activity.

1 pM of the H3 peptide (m/z 2544.592) was incubated with 800 ng CARM1 and 10 pM SAM at
RT in assay buffer (20 mM Tris pH 8.0, 1 mM EDTA, 1 mM DTT, 0.1 mg/mL BSA) with and
without 50 mM NaCl. Samples were analysed after 60 min incubation time. Mono- (m/z
2558.581) and di-methylated peptide (m/z 2572.594) were mainly detected if salt was present
in the buffer.

The assay was repeated with HSPRMT2-1 using the H4 peptide as the sub-
strate. However, PRMT2 methylation activity could not be detected. Because of the
limited amounts of purified PRMTZ2, it was decided to first focus the assay development
using CARM1. A new H3 peptide was ordered which showed a much higher purity
(Figure 4-18).

~ 150~



]
3

2844 EQISDNS H3 peptice 100 nM 0-X47Y03 MS, BaselineSublracted, Smoocthed

Ac-ATKAARKSAPATGGVKKPHRYRPG-NH2

Intens. [au

Full-length peptide

Intensity

2507.205

2491849

: , 2582 504

X _'\J:"wl"' ‘Jll... U . o

2100 2200 2300 2400 2500 2600 2700 2800 2900

m/z

Figure 4-18 Purity Analysis of H3(22-45) Peptide.

The spectrum reveals a mass species at 2544.58 Da corresponding to the full-length H3 pep-
tide, which is N-terminally acetylated and C-terminally amidated and has an expected molec-
ular weight of 2545.436 Da. The estimated purity is >90 %.

The effects of different NaCl concentrations in the assay buffer on H3 peptide
ionisation were again analysed (Figure 4-19 A) and in addition a peptide titration in
water and buffer with and without 50 mM NaCl was performed (Figure 4-19 B). Only a
small amount of the peptide was sodiated, even at high NaCl concentrations and the
salt concentration of the assay buffer only slightly affected the H3 peptide peak

arealionisation. Thus, it was decided to use 50 mM NacCl in the assay buffer.
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Figure 4-19 Effects of Sodium Chloride on H3 Peptide lonisation.

A) MS spectrum of histone H3(22-45) peptide in buffer containing 50 mM NacCl, indicating
sodiated species at m/z 2566.947 for [M +Na]+. The percentage of the sodiated species is low,
even at high NaCl concentrations. B) Effect of different assay buffers on the ionisation of the
H3 peptide.

However, despite testing it with the same protein preparation under the previ-
ously used assay conditions, no methylated H3 peptide could be detected in the
MALDI-ToF assay samples. The assay was repeated with freshly purified enzyme, at
two different temperature points (25 °C and 37 °C), and over a time course of 60 min
but still no methylation could be detected. The peptide was then tested in the MTase
Glo™ assay and compared with full-length histone H3. The results can be seen in

Figure 4-20. MMCARML is known to auto-methylate at a single site, Arg551 (Arg550
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in HSCARM1) (Kuhn et al., 2010), however, the assayed CARM1 construct does not
include this residue.
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To see whether the CARML1 catalytic domain has activity towards histone H3
Argl7, a commercially available H3(1-22) peptide with an expected molecular weight
of 2623.536 Da, carrying a C-terminal amide group, was bought from Anaspec and
tested in a methylation assay with HSCARM1. Assay samples were analysed with tar-
geted MS/MS by Dr Claire Jennings. The substrate H3 peptide was identified with a
mass of 2624.531 Da and also peaks corresponding to the mono- and di-methylated
H3 peptide at 2638.5467 Da and 2652.562 Da were detected. Assay development is

currently ongoing.

4.8 Production of a Catalytical Inactive HSPRMT2 Mutant

In order to prepare a catalytical inactive PRMT2 enzyme, the second invariant glutamic
acid residue of the double-E loop was mutated to glutamine (E223Q) as described in
Sections 2.16.6 and 2.4.7. Mutagenesis of this residue in other PRMTs including
PRMT1 leads to complete loss of enzyme activity while maintain SAM binding (Zhang
and Cheng, 2003).
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An SDS-PAGE analysis of the purification of Hise-HSPRMT2_E223Q and Hisio-MBP-
HsPRMT2_E223Q from 300 mL of Sf9 insect cell culture can be seen in Figure 4-21.
The cells were lysed via freeze-thaw cycles, and the cleared lysate purified with
TALON IMAC (panel A). The eluted tagged protein was then cleaved with His-3C-pro-
tease, followed by subtractive TALON IMAC (panel B). In the case of Hisio-MBP-
PRMT2_E223Q there was no detectable expression. However, for Hiss-tagged protein,
protein bands with the expected molecular mass were visible, indicated by a black
arrow. The flow through and wash was concentrated to 1 mg/mL resulting in a final
yield of 0.32 mg from 300 mL Sf9 cells. LC-MS analysis was carried out and an intact
mass of 49195.15 Da detected (Figure 4-22). This is in good agreement with the ex-
pected mass of HSPRMT2_E223Q of 49195.35 Da. Additionally, a species with a mass
of 49271.58 Da was detected. The mass difference of 76.2 Da suggests that the pro-
tein was post-translational modified and mono-acetylated (+42.0376 Da). Due to on-
going assay development the inactive mutant has not yet been tested in the activity

assay.
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Figure 4-21 SDS-PAGE Analysis of the Purification of HSPRMT2_E223Q.

A) SDS-PAGE analysis of TALON-IMAC purification. The bands corresponding to Hise-
PRMT2_E223Q in the elution and wash fractions are highlighted by an arrow. No protein was
observed for the Hise-MBP-tagged protein (A, Gel 2). His-tags were removed with His-3C-
protease cleavage (B, Gel 1). After tag removal, the cleaved protein, highlighted by an arrow,
was separated from the tags and uncleaved protein via subtractive TALON-IMAC (B, Gel 2).

Flow-through and Wash fractions were combined and concentrated.
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4.9 Summary

Alteration of the enzyme activity or aberrant expression of PRMTSs, proteins that cata-
lyse the methylation of arginine residues on histones and non-histone proteins, has
been observed in many human diseases including cancer (Yang and Bedford, 2013).
As a consequence, different PRMT family members have emerged as potential drug
targets and inhibitors are being developed (Smith et al., 2018). Despite the interest in
PRMTs, the knowledge about their biology, regulation, and action is still limited. This
Is especially the case for the lesser studied family members which include PRMT2.
One of the reasons is that selective, cell-permeable chemical probes that can act as

tools for target validation and potential start points for drug discovery are missing.

The project’s aim was to develop such chemical probes for PRTM2, which are
selective against other family members. In a first step, a commercial luminescence
based enzymatic activity assay, the MTase Glo™ assay (Hsiao et al., 2016), was used
to characterise the activities of the enzymes. For all previously purified enzymes, full-
length PRMT2, PRMT1, and the catalytic domain of CARM1, enzyme activity was suc-
cessfully demonstrated using full-length histones as substrates. Interestingly, a shorter

PRMT2 construct, that is missing its N-terminal SH3 domain, also showed enzyme
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activity in the MTase Glo™ assay. Previously, it had been suggested that the SH3

domain of PRMT2 is necessary for enzyme activity (Lakowski and Frankel, 2009).

One drawback of the MTase Glo Assay was that high background signals were
observed for PRMT2 and CARM1, most likely due to auto-methylation activity. For
characterisation of PRMT1 and 2, Ka measurements for the histone substrates were
performed, but were only successful for PRMTL1. It was not possible to measure any
Ka for PRMT2 and histone H4. This might suggest that PRMT2 has no activity on his-
tone H4 and that the measured enzyme activity is due to auto-methylation activity,

which has been previously observed in other activity studies (Cura et al., 2017).

Four potential new methylation sites on PRTM2 were identified but experimental
repeats were not possible due to limited protein amounts. Recently, it has also been
shown that PRMT?2 is able to di-methylate Arg8 on histone H3 (Dong et al., 2018). This
modification was not known when the enzyme activity assays were performed but it
would make sense to assay PRMT2 with the full-length histone H3 or the H3 peptide
used for CARM1 and PRMTS5 activity assessment in the future. Additionally, two other
potential PRMT2 substrates, GST-GAR and a newly identified protein RSF1 were suc-
cessfully produced and PRMT2 activity was observed using RSF1 as substrate in the
MTase Glo™ Assay. Unfortunately, limited protein amounts made further activity quan-

tification and assay development of PRMT2 impossible.

Next, the development of a MALDI-TOF based activity assay for direct detection
of arginine methylation on histone peptides was attempted. This technique distin-
guishes substrate from auto-methylation activity. However, assay development was
complicated by purity issues of the histone peptides. Moreover, CARM1 activity was
only seen for the first histone H3 peptide but not when using the purer second peptide.
To rule out that buffer differences are the reason for the inactivity, the CARM1 should
be tested in the MS assay with the same buffer used in the MTase Glo Assay. Addi-
tionally, full-length CARM1, which is commercially available, could be tested to see
whether the assay set up inhibits enzyme activity or if the CARM1 catalytic domain is

not active on the H3 peptides.
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Chapter 5 Structural Characterisation of PRMT2

Protein Arginine Methyltransferase 2 (PRMT2) belongs to the Type 1 PRMT family
class that is capable of mono-methylating and asymmetrically di-methylating arginine
residues (Bedford, 2007). In addition to its catalytic domain, it contains an N-terminal
SH3 binding domain (Figure 1-7). The PRMT2 gene HRMT1L1 was first identified by
Katsanis et al. in 1997 as a homolog of rat PRMT1 when screening the database for
expressed sequence tags (EST) (Katsanis et al., 1997). Five distinct isoforms of
PRMT2 have since been identified, the full-length protein and four truncated isoforms
produced by alternative splicing at the 3' end of the pre-mRNA in exon 7-10 or alterna-

tive polyadenylation (Figure 5-1, Baldwin et al., 2014).

PRMT2 has weak methyltransferase activity on histone H4 in vitro (Lakowski
and Frankel, 2009) and is able to asymmetrically di-methylate Arg8 of histone H3 in
vivo after recruitment to target promoters by (B-catenin (Dong et al., 2018). PRMT2
downregulation positively influences several oncogenic signalling pathways such as
PISK-AKT, MAPK, JAK-STAT, and Wnt/B-catenin pathways (Dong et al., 2018).
PRMT2 expression was shown to be upregulated in glioblastoma. Inactivation of
PRMT?2 inhibited glioblastoma cell growth and stem cell renewal in vitro and also su-
pressed tumour growth (Dong et al., 2018). The methylation activity of PRMT2 is low
compared to PRMT1, but more research is needed to identify more specific in vivo
PRMT?2 substrates (Lakowski and Frankel, 2009).

PRMT2 has been identified as a potentially interesting target for oncology as it
can interact with a number of receptors including the androgen receptor (AR) (Meyer
et al., 2007), estrogen receptor alpha (ERa), progesterone receptor (PR), peroxisome
proliferator-activated receptor y (PPARYy) and retinoic acid receptor (RARa) (Qi et al.,
2002) where it acts as transcription co-activator. Moreover, it was shown that PRMT2
inhibits NF-kB signaling and induces apoptosis (Ganesh et al., 2006). Additionally,
PRMT?2 is thought to have a regulator role in Wnt/B-catenin (Blythe et al., 2010) and
leptin signaling (lwasaki et al., 2010). Nuclear loss of PRMT2 has also been linked to
tumor grade and overexpression of cyclin D1 in breast cancers (Zhong et al., 2014).
The PRMT2-ERa interaction will be described in more detail as an example of its in-

volvement in receptor signaling pathways.
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Two studies conducted by Zhong et al. (2012, 2011) identified additional
PRMT2 isoforms beside the original full-length form identified in 1997 by Katsanis et
al., named PRMT2L2, PRMT2a, PRMT2(3, and PRMT2y. An overview of the different
isoforms is given in Figure 5-1. The isoforms differ in their sequence in exon 7-10. The
first alternatively spliced PRMT2 variant reported was PRMT2L2 that is produced via
alternative polyadenylation which results in an early transcription termination after exon
7 (Zhong et al., 2011). The three truncated isoforms PRMT2a, PRMT2R, and PRMT2y
are a result of exon deletions and were isolated from breast cancer cells (Zhong et al.,
2012). Two of the splice variants, PRMT2a and 3 have unique C-terminal sequences
as a result of the frame shifts. All four truncated PRMT2 isoforms lack the THW-loop
and PRMT2a, PRMT2[3, and PRMT2y also lack the conserved motif Il but all contain
the N-terminal SH3 domain. As described earlier (Section 1.4), the THW-loop is in-
volved in cofactor binding and motif Ill is important for fold stability (Figure 1-9). Thus,
loss of these motifs most likely results in the loss of their methyltransferase activity.
However, enzyme activity has not been assessed yet. Studies with GFP-tagged
PRMT?2 isoforms showed that PRMT2, PRMT2a and PRMT2y are mainly found in the
nucleus, but not in the nucleoli (Baldwin et al., 2014). PRMT2L2 is predominately lo-
calised in the cytoplasm and PRMT2R is evenly distributed (Zhong et al., 2011).
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Expression levels of each isoform differed across different breast cancer cell lines and
were increased in ER and PR-positive breast cancer cells (MCF7, BT474, ZR-75-1)
compared to double-negative cells (MDA-MB-231, MDA-MB-453 and SK-BR-3)
(Zhong et al., 2011, Zhong et al., 2014). Moreover, mRNA levels of all PRMT2 splice
variants were increased in breast tumour tissue compared to normal breast tissue,
accompanied by an increase in overall PRMT2 protein expression level (Zhong et al.,
2012). Additionally, PRMT2 expression levels were higher in ER-positive tumour sam-
ples compared to ER-negative samples. Protein-protein interaction studies by Zhong
et al. showed that all PRMT2 isoforms were able to bind the ERa receptor via their N-
terminal SH3 domain in vitro and in MCF7 cells in the presence of estrogen. Moreover,
binding to the AR receptor was also observed in HepG2 cells in the presence of dihy-
drotestosterone (Zhong et al., 2011). The transcription factor Snail is known to repress
E-cadherin which results in epithelial to mesenchymal transition (EMT) (Batlle et al.,
2000), and upregulation of Snail is often found in ovarian carcinoma (Elloul et al.,
2006). It was also shown that Snail can act as a repressor of E-cadherin upon estro-
gen-induced tumour cell migration and invasion in ovarian cancer cells (Barrallo-
Gimeno and Nieto, 2005). To assess whether the PRMT2 variants have effects on ERa
target genes, luciferase promoter assays with Snail and E-cadherin were performed. It
showed that all isoforms enhance promoter activities of Snail in the presence of estro-
gen, and decrease promoter activity of E-cadherin in the presence of estrogen and in
the case of PRMT2a and PRMT2y also without estrogen (Zhong et al., 2012). The fact
that the isoforms not only differ in their subcellular location but also in binding affinity
and transcriptional activity of receptors, might indicate that they have different func-

tions.

Knockdown of all four truncated isoform mRNAs increased cell proliferation, cell
formation and E2 factor (E2F) expression in ERa-positive breast cancer cells and
PRMT?2 depletion in a xenograft mouse model increased tumour growth (Zhong et al.,
2011). This is in agreement with an earlier study, which showed that full length PRMT2
can repress E2F transcriptional activity in a retinoblastoma gene product (RB)-depend-
ent manner (Yoshimoto et al., 2006). The subsequent study (Zhong et al., 2014)
showed that the tumour growth suppression in ERa positive breast cancer cells is reg-
ulated by PRMT2 via the E2F/cyclin D1 pathway. PRMT2 downregulates cyclin D1 and
decreases the affinity between ERa and its activator protein 1 (AP-1) site through indi-
rect binding to the AP-1 site on the cyclin D1 promoter. Additionally, it was shown that
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nuclear loss of PRMT2 correlates with increased cyclin D1 levels and therefore PRMT2
might drive breast tumour cell proliferation. An additional study by the same group
(Zhong et al., 2017), confirmed that the splice variant PRMT2[3 has anti-tumour effects.
PRMT2M3 supressed cell proliferation and colony formation of breast cancer cells and
it was able to inhibit Akt/GSK-33 signalling activity resulting in suppression of cyclin

D1 expression.

More research is needed to determine the specific function of each isoform and
its involvement in cancer. However, alternative splicing of PRMT2 and nuclear loss
might be involved in breast tumorigenesis. The fact that these alternative splice vari-
ants are lacking different conserved motifs from the catalytic domain including motif 111
and the THW-loop and thus are most likely inactive, might suggest an involvement of
their SH3-domain which is present in all isoforms (Figure 5-1). Despite the involvement
of PRMT2 in many different cellular processes the protein is still not well characterised

and not much is known about its substrate recognition.

5.1 Overall Structure of PRMT2

The first crystal structures of mouse and zebrafish PRMT2 were published in 2017 by
Cura et al. (2017). However, although the full-length proteins were crystallised, subse-
guent structure determination revealed no electron density to support the presence of
the N-terminal sequences that include the SH3 domain. The structures of mouse (PBD:
5FUL) and zebrafish (PDB: 5FUB) PRMT2 include residues 107-445 and 72-408 re-

spectively.

Structure based sequence alignment of PRMT2 with other known family mem-
bers showed that the catalytic core is highly conserved (Figure 5-2). The core consists
of the cofactor-binding domain (green) comprising residues 107-254 (MmPRMT2 num-
bers) and includes the three invariant motifs. It is followed by the B-barrel domain (res-
idues 255-265 and 299-455, yellow) that includes the THW loop and which is inter-
rupted by the dimerisation arm (residues 266-298, purple). The catalytic core of
PRMT2 shares the highest sequence identity with PRMT6 (39 %) but is also very sim-
ilar to the other Type 1 PRMTs including PRMT8, PRMT1, PRMT3, and CARML1 reach-
ing from 35-37 % (Cura et al., 2017). In contrast to PRMT6, PRMT2 contains an addi-
tional N-terminal SH3 domain. In the following paragraphs the SH3 domain of PRMT2
will be discussed after a short general overview of the domain type
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Figure 5-2 Structure-based Sequence Alignment of the Catalytic Core of Different
PRMTs.

Sequence alignment was prepared using the crystal structures of RnPRMT1 (PDB: 1R08),
HsPRMT3 (PDB: 2FYT), MMCARM1 (PDB: 5K8V), HsPRMT5 (PDB: 4X61), MMPRMT6
(PDB: 6P71), MMPRMT7 (PDB: 4C4A), HsPRMTS8 (PDB: 5DST), AtPRMT10 (PDB: 6PDM),
DrPRMT2 (PDB: 5FUB) and MmPRMT2 (PDB: 5FUL). The secondary structure of the cofactor
binding domain (green), B-barrel domains (yellow) and the dimerisation arm (purple) is shown
above the sequence. MMPRMT2 residue numbers are shown below the sequence. The four
conserved motifs are highlighted. Amino acids are coloured according to their similarity: Invar-
iant (violet), similar (blue). Abbreviations: Hs= Homo sapiens; Mm= Mus musculus; Rn= Rattus
norvegicus; At= Arabidopsis thaliana. Figure taken, with permission, from Cura et al. (2017).

5.1.1 Overview of SH3 Domains

The first SH3 domain was described in 1988 as a region of high sequence similarity
within different signalling proteins including the Src family of tyrosine kinases, the Crk
adaptor protein, and phospholipase C-y (Mayer et al., 1988). The first crystal structure
of an SH3 domain, that of human tyrosine-protein kinase Fyn, was solved by Noble et
al. in 1993 (Noble et al., 1993). Until now, many SH3 domain structures have been
identified in signalling proteins and many of their structures have been solved by NMR
and X-ray crystallography, as reviewed by Kaneko et al. (2008). SH3 domains are 55-
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70 amino acid residues in size and are involved in a variety of cellular processes in-
cluding signal transduction mechanisms and cell-cell communication (Pawson, 1995,
Kurochkina and Guha, 2013). They all share a common fold consisting of five [3-
strands which form two anti-parallel 3-sheets (Figure 5-3). The loops connecting these
strands are named the Arginine-Threonine (RT) loop, the neuronal Src (n-Src) insertion
point loop and the distal loop (Koch et al., 1991, Kurochkina and Guha, 2013).

n-Src loop

(Sghil

Distal loop RT loop

n-Src loop

Figure 5-3 Structural Architecture of SH3 Domains.

The topology of secondary structure elements (A) and the tertiary fold (B) of SH3 domains is
shown. The SH3 domain consists of a B-sandwich consisting of five 3-strands that are con-
nected by three loops and a short 310 helix. Figure adapted, with permission from Kurochkina
and Guha (2013).

SH3 domains facilitate protein-protein interactions by recognizing seven to nine
amino acid long proline-rich core regions on cellular proteins (Saksela and Permi,
2012). Most SH3 domains bind to proteins harbouring a PxxP motif where P is proline
and x represents any amino acid and mainly those that have a left-handed helix with
three residues per turn, known as polyproline type 1l (PPII) conformation (Yu et al.,
1994, Saksela and Permi, 2012). It was shown that the PxxP motif binds in distinct
hydrophobic binding pockets on the SH3 domain surface, illustrated in Figure 5-4.
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Figure 5-4 SH3 Domain Binding to a Class | or Class Il Peptide.

A) SH3 domain crystal structures in complex with Class | (PDB: 2D1X) or Class Il ligands
(PDB: 3U23). The side chains of the peptides that interact with the hydrophobic SH3 domain
binding pockets are shown as coloured sticks. Residues that interact with the peptide are
shown as spheres. The relative peptide orientation is shown with a “plus” (+) or “minus” (-) and
the amino- (N) and carboxyl-termini (C) are indicated. B) Schematic representation of the bind-
ing sites. Class | peptides bind in a plus orientation (C < N), whereas Class Il ligands bind in
a minus orientation (N = C). The PxxP motif of the consensus sequence is underlined. Figure
adapted, with permission, from Teyra et al. (2017).

The first specific and closest to the N-terminus located proline residue of the
motif is named Pro®, and its binding site S°. The other specific proline residues/binding
sites are named negatively toward the N-terminus and positively towards the C-termi-
nus. Two different orientations of the peptide containing the PxxP helix are possible
due to its pseudo-symmetry. They depend on the position of a positively charged res-
idue R (R is arginine or lysine), which interacts with a negatively charged third binding
pocket also known as the specificity pocket (Feng et al., 1994). This pocket is formed
by residues from the RT loop and n-Src loop (Yu et al., 1994). The target proteins and
peptides of SH3 domains can be grouped into three classes according to their consen-
sus motifs or canonical sequences: Class | domains bind ligands that conform to the
consensus motif “*RxxP°%xP* in a plus (+) orientation. In this orientation the proline
residues interact with two external hydrophobic sites near the RT loop, the S° site is

proximal and the S*3 site distal to the specificity site. In contrast, Class Il SH3 domains
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recognise peptides with a °PxxP*3xR*®> motif in a minus (-) orientation. The proline res-
idues interact with two internal hydrophobic sites near the n-Src loop and the 310 helix,
the S*3is proximal and S° site distal to the to the specificity site (Yu et al., 1994, Feng
et al.,, 1994, Lim et al., 1994).

The human genome encodes more than 300 SH3 domains, all with a similar
fold and with only mediocre binding affinities ranging from 1-100 uM (Mayer, 2001, Lee
et al., 2002, Karkkainen et al., 2006). Thus, the question arises how the high target
specificity of SH3 domains observed in vivo is achieved. It was shown that other non-
consensus ligands do exist (Saksela and Permi, 2012). An analysis of more than 100
human SH3 domains showed that more than 50% of them exhibit such non-canonical
specificities (Teyra et al., 2017). In some cases, the ligands were still recognised by
the SH3 domains via two proline residues but the spacing between the two differed
from the canonical sequence (Hoelz et al., 2006). Other SH3-ligands exists that only
have one proline residue but additional binding sequences, such as the SH3 domain
of GRAP2 that interacts with LCP2 (Lymphocyte Cytosolic Protein 2) via a 3
RxxP%xxP*4(+) motif (Liu et al., 2003). It was also shown that SH3 domains are able
to bind proteins or peptides that lack the PxxP motif (Mongiovi et al., 1999, Kang et al.,

2000) and can interact with two ligands at the same time (Douangamath et al., 2002).

For example, the SH3 domain of tyrosine kinase FynT binds the SH2 domain of
SAP (SLAM-associated protein) only via non-canonical surface interactions (Chan et
al., 2003). Moreover, the peroxisomal Pex13p SH3 domain was shown to bind two
ligands at the same time, one via the PPIl helix, the other one via its a-helix
(Douangamath et al., 2002). Additionally, protein dimerisation via the SH3 domains
has been observed (Nishida et al., 2001, Levinson et al., 2009). Thus, a number of
different factors outside the known PxxP motif influence specificity and affinity of SH3

domains (Teyra et al., 2017).

Protein-protein interactions that are mediated by SH3 domains have also been
involved in a variety of diseases, including cancer and neurodegenerative diseases,
such as Huntington disease (Gao et al., 2006). For example, different proteins that are
implicated in Alzheimer’s disease interact through their SH3 domain with the PxxP
motifs of the Tau protein which is strongly implicated in the disease (Lee, 2005). One
of these proteins is Fyn kinase and the protein-protein interactions is a potential drug
target (Lau et al., 2016). Very recently, a peptide inhibitor of the Tau-SH3 interactions
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has been reported that reduced amyloid-f toxicity (Rush et al., 2020). Another example
for targeting SH3 domain interactions, is the CT-10 regulator of kinase protein Il (Crk
I1), which is involved in a large number of cancers including aggressive lung, breast,
and ovarian cancers (Bhatt et al., 2016). Crk Il has an N-terminal and C-terminal SH3
domain and the N-terminal domain interacts with proline rich motifs of cAbl kinase pos-
itively influencing cancer metastasis (Donaldson et al., 2002, Bhatt et al., 2016). Suc-
cessful targeting of a SH3 domain with a covalent inhibitor has been shown for the
growth factor receptor-bound 2 (Grb2). Binding of the peptide inhibited the protein in-
teractions of Grb2 and the Ras guanine nucleotide exchange factor Sosl which is a

drug target for cancer therapy (Yu et al., 2017).

5.1.2 The N-terminal SH3 Domain of HSPRMT2

PRMT?2 can interact via its SH3 domain with proline-rich PRMT2-binding proteins, in-
cluding two proline-rich sequences in the N-terminal domain of PRMT8 (Sayegh et al.,
2007) and the heterogeneous nuclear ribonucleoprotein (hnRNP) E1B-AP5
(Kzhyshkowska et al., 2001). Furthermore, it was shown that PRMT2 can interact and
most likely forms oligomers with PRMT1 (Pak et al., 2011). Interaction of PRMT2 with
PRMT1 increased the methyltransferase activity of PRMTL1. Interestingly, inhibition of
methylation by adenosine dialdehyde prevented the interaction of PRMT1 with full-
length PRMT2 (Pak et al., 2011). However, PRMT2 mutants lacking the SH3 domain
were still able to bind PRMT1, which might indicate that the SH3 domain facilitates
PRMT1/PRMT?2 interaction in a methylation-dependent manner (Pak et al., 2011). Cur-
rently, it is not clear whether the SH3 domain of PRMT2 is necessary for its in vitro or
In vivo enzyme activity, as the literature results are inconsistent. In some enzyme ac-
tivity studies with PRMT2 full-length and a truncated construct that was missing the
SH3 domain, activity was completely abolished upon SH3 deletion (Lakowski and
Frankel, 2009), whereas in another study reduced enzyme activity was still measurable
(Cura et al., 2017). In the present study using the MTase Glo™ assay, PRMT2 activity
was also detected without the SH3 domain (Section 4.1) supporting the findings by
Curaetal. (2017). PRMT2 was also shown to interact with the actin nucleator Cobl via
its SH3 domain and methylation of Arg1226 and Arg1234 of Cobl by PRMT2 caused
the formation of new actin filaments (Hou et al., 2018). Moreover, the SH3 domain of
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PRMT?2 interacts with a number of splicing factors including SAM68 and is involved in

alternative splicing (Vhuiyan et al., 2017).

So far, no crystal structure has been determined for the SH3 domain of PRMT2.
However, an NMR structure has been previously solved (PDB: 1X2P, Figure 5-5). It
adopts the typical SH3 domain fold with 5 3-sheets that forms two antiparallel B-sheets:
B1 (Glu9-Ala12); B2 (Lys30-Arg35); B3 (Trp41l-Glu46) and B4 (Gly51-Pro55). The
3-sheets are connected by the RT (llel3-Glu29), n-Src (GIn37-Asp40) and distal
(Arg47-Cys50) loops. It needs to be noted that 35 shows a very high degree of flexibility
in the NMR structure.

Distal loop
RT loop n-Src loop Distal loop
— R1 32 R3 R4 — R5 —
_.Bl TT TT —Dﬁz —>B3 TT _.F“ B-SD

1 10 20 30 40 50 1)

1X2P_A GSSGSSGEEFVAIADYAATDETQLSFLRGEKILILRQTTADWWWGERAGCCGYIPANHVGKHSGPSSG
Clelagy ___________ EEE B B E =EBBaa 2 Eaaa 2 2 EaBaE 2 EBaaaa aas |
hyd [ ] - - - ]

Figure 5-5 NMR Structure of HSPRMT2 SH3 Domain.

ESPript output obtained from HsSPRMT2 sequences (Gouet et al., 1999). Secondary structure
elements are presented on top: 3 strands are shown as arrows, turns with TT letters. Accessi-
bility of the SH3 domain is rendered by a bar below: blue is accessible, cyan is intermediate,
white is buried. Hydropathy is rendered by a second bar: pink is hydrophobic, cyan is hydro-
philic. The UniProtKB sequence region (orange) that is included in the PDB entry is shown
underneath.

~ 168 ~



A structural overview of the PRMT2 SH3 domain and its binding surface is shown in
Figure 5-6. The two xP binding pockets are mainly hydrophobic and are lined by aro-
matic residues Tyr16, His58, Trp43 and Pro55. The RT-loop is involved in formation of

the specificity pocket, which is mostly negatively charged.

From the structural alignment, it became evident that the canonical negatively
charged acidic residue located in the specificity pocket of the SH3 domain is replaced
by a neutral glutamine residue (GIn/Q23) in PRMT2. Changes at this position have
been observed in other SH3 domain containing proteins including Abelson kinase (Abl)
(Pisabarro et al., 1998), Insulin receptor tyrosine kinase substrate (IRTKS) (Aitio et al.,
2010) and B-PAK-interactive exchange factor (3P1X) (Hoelz et al., 2006). They all bind
Class | ligands but their ability to bind RxxPxxP ligands in the specificity pocket was
weakened. However, all of them had additional specificity areas to enhance ligand af-
finity and thus ligand binding. Without further structural studies of the PRMT2 SH3
structure in complex with binding partners it is not clear whether other specificity areas

outside of the “traditional pocket” do exist for PRMT2 as well.
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Figure 5-6 Structural Analysis of the HSPRMT2 SH3 Domain and its Binding Surface.

The secondary structural elements are labelled and coloured: 3-sheets cyan, loop regions or-
ange. The key residues that form the conserved xP pockets are shown as stick models (A14+
Y16 + H58 and W43 + P55). Q23 of the specificity pocket is also shown. A structure-based
sequence alignment of HSPRMT2 and some selected SH3 domains is shown underneath. 3
strands are shown as arrows, turns with TT letters. Accessibility of the SH3 domain is rendered
by a bar below: blue is accessible, cyan is intermediate, white is buried. Hydropathy is rendered
by a second bar: pink is hydrophobic, cyan is hydrophilic. The residues that are involved in
formation of the two xXP pockets are highlighted with a star. HSPRMT2 (PDB: 1X2P), HSITSN2:
intersectin 2 (PDB: 1UDL), Ggc-Src: Gallus Gallus c-Src (PDB: 1PRL), HSFYN: Fyn tyrosine
kinase (PDB: 4ZNX), AcMIB: Acanthamoeba myosin | (PDB: 2DRM).
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5.2 Aims

At the beginning of this project the structure of PRMT2 had not been determined. Thus,
the aim was to determine the first 3-dimensial structure of PRMT2. Knowledge of the
structure can be used to characterise the protein and to study its substrate recognition
behaviour and can assist the identification of new substrates and interaction partners.
Until now, only one in vivo PRMT2 substrate, histone H3, has been identified (Dong et
al., 2018). Moreover, a number of interaction partners including PRMT8 have been
reported but the interaction mechanism is not known. As already discussed, whether
the SH3 domain is required for the enzyme activity of PRMT2 is still questionable.
Molecular details of cofactor and potential substrate binding pockets could be used to

answer this question.

A high-resolution crystal structure would also benefit studies to develop bio-
chemical probes to specifically target PRMT2. One of the aims of the thesis was to
develop selective chemical probes for PRMT2 that can act as tools for target validation
and potential start points for drug discovery using fragment-based screening by X-ray
crystallography. This approach requires target protein in sufficient amounts and purity
to produce crystals that diffract to high resolution. These crystals need to be stable and
robust to be used in ligand soaking. They need to diffract to at least ~2.5 A to allow the
correct placement of the ligand into the electron density and analysis of the binding
mode. After the successful production of human and mouse PRMT2 protein (Chapter
3), the next step was to identify and optimise crystallisation conditions for PRMT2 and

produce a good crystal system for crystallographic fragment screening.

Additionally, it would be very helpful to determine a crystal structure of PRMT2
where the SH3 domain is visible. Structural studies of the SH3 domain in complex with
different peptides could help to identify and characterise interaction partners of
PRMT?2. If it would be possible to identify specific binding pockets, they could poten-
tially be used for drug targeting of PRMT2 isoforms where the disease might be caused
by protein interactions via their SH3 domain as might be the case for some of the
truncated PRMT2 isoforms that are suspected to have no enzyme activity. However,
more research is needed to clarify how these isoforms contribute to cancer develop-

ment and to confirm that they possess no enzyme activity.
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5.3 Crystallisation Trials of HSPRMT2 and MmMPRMT2

Heterologous expression of human and mouse PRMT2 in insect cells yielded sufficient
pure protein to carry out crystallisation trials (Chapter 3.5.1). However, in the case of
human PRMT2 these trials were limited: of all tested HSPRMT2 constructs only
HsPRMT2-1 and HSPRMT?2-6 yielded sufficient amounts of pure protein. For crystalli-
sation trials with HSPRMT2-6, the purified protein was concentrated to 9.6 mg/mL and
incubated with 0.2 mM SAH for 3 h at 4 °C. Two Index crystal screens, one at 20 °C,
the other at 4 °C were prepared due to the limited amount of purified protein.
HsPRMT2-1 was concentrated to 3.8 mg/mL and incubated with 0.2 mM SAH on ice

for 1 h. Protein amounts were sufficient to prepare one Index crystal screen at 20 °C.
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The plates were analysed for crystal growth every few days for six weeks. How-
ever, no crystals were obtained. Unfortunately, the following purifications of HSPRMT?2

did not yield enough pure protein to perform further crystallisation screens.

Crystallisation trials with MMPRMT2 were more successful. MmMPRMT2 expres-
sion was also very limited, and from all the tested expression constructs (Chapter 3.3)
only MmMPRMT2-10 was taken forward into crystallisation trials. MmMPRMT2-10 is a full-
length construct (1-445) that harbours a point mutation at the C-terminal end (R445W)
and has been successfully crystallised in the literature (Cura et al., 2017). The purified

protein (Section 3.8) was concentrated to 3.5 mg/mL and for co-crystallisation with
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Sinefungin (SNF) it was subsequently incubated with 1 mM SNF for 1 h at 4 °C. Both
samples (+/- SNF) were centrifuged at 10 000 g for 10 min at 4 °C before setting up
the trays to remove insoluble particles. Different crystallisation screens including IN-
DEX, Pact, PEG and JCSG+ were prepared as described in Section 2.22 and the
plates were stored at RT. MMPRMT2-10 with/without SNF did not crystallize in any of
the PEG Screens. However, the first crystal hits appeared after a few days in JCSG+
and Pact Screens for MMPRMT2-10 with and without SNF (Table 5-1 and Figure 5-8).
In total 12 crystals were harvested and tested at Diamond Light Source, UK.

Table 5-1 Growth and Harvest Conditions for MmPRMT2-10 Crystals used for Structure
Determination.

Protein complex Ligand Growth conditions Harvest conditions

MmPRMT2-10 None 0.2 M Magnesium chloride hexa- | 20 % (v/v) PEG400
hydrate, 0.1 M HEPES pH 7.0, 20
% (w/v) PEG 6000

MmPRMT2-10 SNF 0.2 M Calcium chloride dihydrate, | 20 % (v/v) PEG400
0.1 M MES pH 6.0, 20 % (w/v)
PEG 6000

MmPRMT2-10 SNF 0.02 M Magnesium chloride, 0.1 25 % (viv) EG
M HEPES pH 7.5, 22 % (w/v)
PAA 5100

MmPRMT2-10 SNF 0.2 M Calcium chloride hexahy- 20 % (v/iv) PEG400
drate, 0.1 M HEPES pH 7.0, 20 %
(w/v) PEG 6000

Figure 5-8. MMPRMT2-10 Crystallisation Trials with/without Sinefungin.

A) MmMPRMT2-10 no SNF, PACT Screen: C10: 0.2 M MgCl,x 6H-0, 0.1 M HEPES pH 7.0,
20 % PEG 6000, B) MMPRMT2-10 with SNF, PACT Screen: B11: 0.2 M CaClz, 0.1 M MES
pH 6.0, 20 % PEG 6000, C) MmMPRMT2-10 no SNF, JCSG+ Screen: G2: 0.02 M MgCl,, 0.1 M
HEPES pH 7.5, 22 % PAA 5100.

Three of the crystals diffracted to a resolution of 2.3-2.7 A and the crystal struc-
tures have been determined. The data was collected at the Diamond Light Source
(Didcot, UK) on the 103 beamline by Dr Arnaud Basle (Newcastle University, UK).
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5.4 Overall Crystal Structure of MMPRMT2 in Complex with Sinefungin

Diffraction images were processed using Xia2 with 3dii using XDS and XSCALE
(Kabsch, 2010).The data was then processed using CCP4i2 (Potterton et al., 2018).
The crystal structure of full-length MMPRMT2-10 in the presence of the known PRMT
inhibitor, the SAM analogue Sinefungin (SNF), was solved by molecular replacement
using Phaser (McCoy et al., 2007) and the published high resolution MMPRMT?2 struc-
ture (PDB code: 5FUL). Model building was conducted in COOT followed by refine-
ment in REFMACS5 (Murshudov et al., 2011). MMPRMT2 in complex with SNF crystal-
lised in the space group C2221(93.37 % probability by Pointless) and the structure was
refined to a resolution of 2.3 A with an R-factor of 18.8 % and an R-free value of 24.6 %.

The statistical details for data processing and refinement are provided in Table 5-2.

The full-length protein comprising residues 1-445 was used for the crystallisa-
tion experiments, however, the first 106 N-terminal residues including the SH3 domain
were not visible in the electron density map. The structure starts at Asp107 and ends
at Trp445. MMPRMT2 shows the typical Type 1 PRMT structural features as described
in detail in Section 1.3. Briefly, the protein is arranged as a head-to-tail dimer. The
SAM-binding domain adopts the typical Rossmann-fold (green, residues 107-254, Fig-
ure 5-9). The Rossmann fold is a structural motif, in which two units consisting of alter-
nating B-sheets and a-helices are sandwiched together (Hanukoglu, 2015). In the
MmPRTM2 structure it consists of four a-helices and five [3-strands. The N-terminal
region consists of three a-helices named a-X, a-Y and a-Z, of which a-X and a-Y (res-
idues 107-120 and 121-140, red) fold over the cofactor mimic. The Rossmann fold is
connected to a 3-barrel domain via a conserved proline residue (Pro254). The R-barrel
domain consists of 11 R-strands and comprises residues 255-266 and 300-445 (cyan,
Figure 5-9). The inserted dimerisation arm (residues 267-299) that interacts with the
Rossmann domain of the other monomer is shown in blue. The dimerisation arm con-

sists of two a-helix segments that are separated by a loop.
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Figure 5-9 Structural Overview of MMPRMT2 in Complex with Sinefungin.

The PRMT2 head-to-tail dimer is shown as cartoon. The SAM binding domain that adapts a
Rossman fold is shown in green, its N-terminal a-helix in red. The 3-barrel domain (cyan) is
interrupted by the dimerisation arm (blue) that interacts with the Rossman fold of the other
monomer. One monomer shows the transparent surface. The bound inhibitor Sinefungin is
represented as spheres. The figure was generated using Pymol (DeLano, 2002). A schematic
illustration of the modular architecture of PRMT2 and the invariant motifs is shown at the bot-
tom. Dashed lines indicate regions that were not visible in the electron density map.
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5.5 The Sinefungin Binding Site of MMPRMT2

The cofactor mimic Sinefungin is a known pan-inhibitor of SAM-dependent methyl-
transferases that was isolated from the bacterium Streptomyces griseolus (Borchardt
et al., 1979). In Sinefungin, the SAM sulphur is replaced by a CH-group and an amine
group is present in place of the SAM methyl-group (Figure 5-10). Sinefungin competes
with SAM by binding to the cofactor binding pocket of the catalytic domain of PRMTS,
which is well conserved (Zhang and Zheng, 2016).

SAM Sinefungin

CHy

H,N/(.\/sﬁw@<N ] N )

Figure 5-11 shows an overview of the SNF binding site of MMPRMT2. As al-
ready seen in other PRMT-SNF structures, the ligand binds in the cofactor binding
pocket that is formed by three 3 sheets (31, 2 and 4) and the three a-helices (a-X-2)
that are located at the N-terminus. The ligand is buried in a deep pocket that is formed
by the N-terminal a-helix (residues 107-130). All of the four invariant PRMT motifs are
located in close proximity to the ligand. Protein-ligand interactions in the active site
were analysed within 4 A of SNF using CCP4mg and PoseView (Stierand and Rarey,
2010b) and are shown in Figure 5-12 A and B. The electron density for the ligand was
well defined and SNF could be easily modelled into it. In previously obtained crystal
structures of Type 1 PRMTs in complex with SNF, the binding mode of SNF to the
cofactor pocket is very similar to SAH, and SNF forms interactions with active site res-
idues of which most are highly conserved across all PRMT enzymes. This is also the
case for PRMT2. Figure 5-12 A and B show the SNF binding site and the ligand inter-
actions of two of the previously obtained crystal structures of zebrafish PRMT2 (PDB:
5G02) and human CARM1 (PDB: 5DXJ) for comparison. A glutamine residue Glu180
(CARML1: Glu215) which is located at the end of the 32 strand forms hydrogen bonds
with the hydrogen oxygens of the ribose moiety. In MMPRTM2 and CARM1, a serine
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residue (Serl82 or Ser217, respectively) also interacts with one of the two oxygens.
Another glutamine residue located in a loop after the B3 sheet, Glu209 (CARML1:

Glu244), forms a hydrogen bond with the amino group of the adenine.

Figure 5-11 Overview of the SNF-binding Domain of MmMPRMT2.

The SAM/SNF binding domain is shown in green and SNF as a stick model in yellow. The N-
terminal a-helix consisting of the two element a-X and a-Y is shown in red. The 3-barrel domain
is coloured in cyan, whereas the dimerisation arm is shown in blue. The four PRMT maotifs I,
I, Il and IV are highlighted in pink.

Additional interactions made by MmMPRMT?2 include Val208 that interacts with
the nitrogen of the adenine moiety. The glutamine residue Glu223 (CARM1: Glu258)
interacts in all structures with one of the nitrogen atoms of the Sinefungin. However, in
MmPRMT2, the nitrogen atom has a different orientation to that seen in the other struc-
tures. It also interacts with Gly157 which is part of motif 1l (Asp155-Val156-Gly157-x-
Gly159-x-Gly161).
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Figure 5-12 The Sinefungin Binding Pocket of Type 1 PRMTs.

A) Active site residues of MmMPRMT2 within 4 A of SNF and hydrogen binding interactions as
calculated in CCP4mg (McNicholas et al., 2011). The electron density of SNF (yellow) is dis-
played as a blue mesh and contoured around the ligand at 1 . The final map was calculated
using gA-weighted coefficients (2mF,—DF.) as calculated by the programme SigmaA (Read,
1986). B) Protein-ligand interaction diagram for PRMT2 derived from PoseView (Stierand and
Rarey, 2010b). Hydrophobic interactions are represented as green smooth contour lines. Hy-
drogen bonds are shown as black dashed lines and follow the measures implemented by
Desiraju and Steiner (2001), with an optimal hydrogen bond distance of 1.9 A + 0.5 A and the

condition that the acceptor-hydrogen—donor angle must not fall < 120 °. C)-D) Active site res-
idues of DrPRMT2 (PDB: 5G02) and HSCARM1 in complex with SNF (PDB: 5DXJ). Dr= Danio
rerio/zebrafish.

The structural comparison of our MMPRMT2-SNF structure and the previously
published MMPRMT2-SAH structure (PDB: 5FUL) is shown in Figure 5-13. As for our
MmPRMT2 structure, the N-terminal domain (AA 1-106) is missing in the electron den-
sity map, even if the full-length protein was crystallised, most likely due to high flexibility
of the domain. The two structures align very well with an overall RMSD of 0.30/0.20 A,
calculated in Pymol (without/with outlier rejection). However, the different binding mode
of SNF, which in other known PRMT structures occupies the SAH binding site, can
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easily be seen. Moreover, two calcium ions are visible in the published MMPRMT2-
SAH structure, one occupies the space where the guanidine group of the arginine sub-
strate usually sits. The addition of calcium to the crystallisation drop was needed to
obtain well diffracting crystals in the case of MmMPRMT2-SAH (Cura et al., 2017). In
our MMPRMT2-SNF structure no calcium ion was observed but the space is occupied
by SNF.

Figure 5-13 Structural Comparison of MMPRMT2 in Complex with SNF and SAH.

Structural alignment of MMPRMT2 (green cartoon) in complex with SNF (yellow sticks) and
MmPRMT2 (cyan cartoon) and SAH (purple sticks) with a close-up of the SAH/SNF binding
pocket. The structures align well but the two ligands adopt different binding positions. The two
calcium ions in the MMPRMT2-SAH structure are shown as purple spheres. PDB code of
MmPRMT2-SAH: 5FUL.

It is evident that the SNF molecule in the mouse PRMT?2 structure determined
in this study does not bind in the same position as SNF or SAH bound to zebrafish
PRMT2, human CARM1 (PRMT4) or mouse PRMT2. Instead, the homocysteine moi-
ety extends into the substrate arginine binding site. Usually, the guanidine moiety of

the substrate arginine would be located in this position as shown in Figure 5-14.

In the other PRMT structures, the carboxylate atoms of the cysteine moiety in-
teract with an arginine residue (CARM1: Argl69) located in the a-Z helix, that also
interacts with one of the already mentioned glutamine residues (Glu258) of the double
E-loop. In contrast, in MMPRMT?2 the carboxylate group interacts with the histidine

residue (His381) of the THW-loop. The other nitrogen atom of the adenine ring moiety
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that interacts with another glycine residue of motif Il in CARM1 (Gly193) interacts with
a tyrosine in MMPRMT2 (Tyr118). This tyrosine is part of one of the four PRMT2 motifs
called motif | (Tyr114-Phel115-x-x-Tyr118) which is located on the a-X helix.

A MmPRMT2 + SNF B MmPRMT2 + SNF

Figure 5-14 Cofactor and Substrate Binding Pockets of Different PRMTSs.

A) In the case of MMPRMT2, SNF (pink sticks) reaches into the arginine substrate pocket
visualised by a blue shell. B) SNF Binding Site in MmPRMT2 with SNF fitted in common PRMT
orientation. Electron density maps are shown as chicken wire. The negative different density
map is shown in red (-3 o), positive different density map in green (+3 o). The contour map of
the ligand is shown in blue (1.5 0). C) HsSCARM1 structure (PDB: 2Y1W) in complex with the
substrate competitor CMPD-1 (blue sticks) and the cofactor competitor SNF (pink sticks) that
occupies the cofactor binding pocket (pink shell). D) MMCARML1 structure (PDB: 5DXJ) co-
crystallised with SNF that occupies the cofactor binding pocket.

Both tyrosine residues of the a -helix interact with the catalytic Glu223 residue
of the double E-loop which is located in the substrate arginine pocket and facilitate the
proper formation of the substrate binding pocket. Glu223 is essential for enzyme ac-
tivity (Lee et al., 2002). Similar binding has been observed for a number of nucleoside
inhibitors of PRMT5 which interact with the Glu residues of the E-loop and reach into
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the arginine substrate channel. As a result, some of the SAM-competitive PRMT5 in-
hibitors also compete with the substrate, as it is the case for INJ64619178, a selective

active PRMTS5 inhibitor that is in clinic trials for different cancers (Wu et al., 2018a, Lin
and Luengo, 2019).

5.6 Comparison of the Mouse MMPRMT2 Apo and SNF-bound Structures

The apo MmMPRMT2-10 structure was successfully crystallised in the space group
C2221(86.6 % probability by Pointless) and was refined to a resolution of 2.2 A with an
R-factor of 19.5 % and an R-free value of 23.5 % (Table 5-3). A structural overview of
one PRMT2 apo monomer is shown in Figure 5-15.
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Figure 5-15 Structural Overview of Apo-MmPRMT2.

The PRMT2 monomer is shown as cartoon. The SAM binding domain that adapts a Rossman
fold is shown in green, its N-terminal a-helix in red. Only the a-Y element of the helix was
visible in the electron density map. The 3-barrel domain (cyan) is interrupted by the dimerisa-
tion arm (blue). The four invariant PRMT motifs I-IV are labelled. There is one Na+ ion (purple
sphere) in the apo MMPRMT2 structure. A schematic illustration of the modular architecture

of PRMT2 and the invariant motifs is shown at the bottom. Dashed lines indicate regions that
were not visible in the electron density map.
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Superposition of the apo and SNF-bound structures shows that the overall fold of both
MmPRMT2 structures is very similar (Figure 5-16). Both structures align well with an
overall RMSD value of 0.89/0.40 A as calculated using Pymol (without/with outlier re-

jection).

Figure 5-16 Structural Comparison of Apo-MmPRMT2 and MmMPRMT2 in Complex with
SNF.

A) Structural alignment of MMPRMT2 in complex with SNF (green) and apo PRMT2 (red) and
a close-up of the a-helix. B) B-factor diagram of Apo-MmPRMT2 and MMPRMT2 in complex
with SNF. The B-factor values are illustrated by colour; low (blue) to high (red). Both analysis
were performed in Pymol (DeLano, 2002). C) Structural alignment of both MMPRMT2 struc-
tures. The Rossmann fold is shown in green with the n-terminal a-helix in red, the 3-barrel
domain is coloured in cyan and the inserted dimerisation arm in blue. The SNF-bound structure
is shown in paler colours. The motifs I-1V that surround SNF (yellow) are highlighted in pink.
There is one Na+ ion (purple sphere) in the apo MMPRMT?2 structure.
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However, in contrast to the superposition with the SAH bound MmMPRMT?2 structure
(Figure 5-13), where no large structural differences could be seen, three structural
changes were observed. Two loop regions, indicated by black arrows, one located in
the dimerisation arm (Leu275- Lys289) between a-E and a-G, the other in the B-barrel
domain (Phe359- GIn369) between two B-sheets, differ in their location. The RMSD
value of the first loop is 0.91 A, the second is 1.03 A. B-factor analysis seen in Figure
5-16 B, showed that they are also the most flexible regions of the protein and show a

higher degree of flexibility in the apo structure.

The biggest structural difference between the apo- and SNF-bound structures
is at the N-terminal a-helix that consists of two elements a-X and a-Y. In the SNF bound
PRMT?2 structure, both a-helix elements are visible (Figure 5-9), whereas in the apo-
structure the a-X element comprising residues 107-120 is missing in the electron den-
sity map. The apo-structure starts at Leul21 and ends at Trp445. Figure 5-17 shows
the electron density maps of the last visible N-terminal residues of the MMPRMT2

structure in complex with SNF (Figure 5-17 B) and in its apo state (Figure 5-17 A).

Figure 5-17 Observed Electron Density at the N-terminus of MMPRMT?2.

The MmMPRTMZ2 structures are shown as green ribbon, the 2mF,-DF. maps are shown as a
blue mesh and contoured at 1 0. The MmMPRMT2 apo structure (A) starts at Leul21, whereas
the MMPRMT?2 structure in complex with SNF (B) starts at residue Aspl107.

This a-helix is a very important structural feature of Type 1 PRMTSs, as it not

only buries the cofactor upon binding but also participates in the binding and orientation
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of the substrate arginine residue in the active site. And as previously mentioned con-

tains motif 1V, that interacts with Glu223 of the double E-loop, which is an essential

residue for catalytical activity.
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0.976

Data processing

Resolution Range (A)

58.03-2.20 (2.26-2.20)

Space Group C2221
Unit cell (A, °) 67.13, 115.45, 131.0
90, 90, 90

Number of total reflections

193449 (16918)

Number of unique reflections

26269 (2251)

Multiplicity 7.4 (7.5)

Completeness (%) 100

l/o (1) 14.4 (2.2)

Resolution 2.2

Rmeas 0.072 (0.873)

CCu 0.996 (0.888)
Refinement

R factor 0.195

R free 0.235

Number of non-hydrogen atoms:

Protein 2598

Ligands 0

Water 95
Validation

RMS Bonds (A) 0.0145

RMS Angle (°) 1.89

Ramachandran favoured (%) 97.52

Ramachandran Outliers (%) 0

Average B factor (A?) 56.61

Rotamer Outliers (%) 3.08

~ 185~




As seen in Figure 5-18, in the apo-structure, the a-X element is not structured, the
cofactor binding site is exposed and accessible for potential ligands including SNF and
SAM. Upon SNF binding the a-X helix, shown in red, folds over the ligand, which is
then deeply buried in the cofactor binding pocket.

PRMT2 + SNF Apo PRMT2

Cofactor
pocket

Figure 5-18 Surface Representation of the PRMT2 Structures.

The absence of the a-X helix in the apo-form has also been observed in other
PRMT structures including the published apo-CARML1 structure (Boriack-Sjodin et al.,
2015). Figure 5-19 shows a comparison of the structural dynamics of the a-helix of the
here solved PRMT2 structure in the SNF- and apo-bound state and the published SNF-
CARML1 (PDB: 5DXJ) and apo-CARML1 structure (PDB: 3B3J). In the PRMT2 structure
the position of the N-terminal a-helix in the SNF bound state (Figure 5-19 C) is very
similar to the one observed in CARM1, in which the helix folds over the ligand (Figure
5-19 D). In the PRMT2 apo structure the a-X element of the a-helix is not visible and
most likely disordered. The cofactor binding pocket is accessible for SAM. Upon bind-
ing structural changes are induced and the a-X element of the a-helix (red) folds over

the cofactor, which is buried deep inside the generated pocket.

However, this is not the case for the CARML1 structures. The location of the a-Y
element of the helix differs in apo CARM1 (PDB code: 3B3J) and in the apo PRMT2
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structure (compare Figure 5-20 A and B). Moreover, in the apo-state of PRMT2 the a-
X element is missing which indicates a high degree of flexibility. In the inactive apo-
form of CARM1 only the a-Y element of the helix is present, the a-X element is partially

transformed into a B-sheet (Figure 5-19 A and B).

PRMT2_Apo PRMT2_SNF

: -
CARM1_Apo CARM1_SNF

Figure 5-19 Structural Dynamics of the a-helix in PRMTs.

The dynamic a-helix that forms the cofactor binding pocket, consist of two units, a-Y and a-X,
which are shown in red in (C) and (D). In the PRMT?2 apo structure its a-X segment is not
visible most likely due to its flexibility. However, the a-Y is present (A). In contrast, in case of
CARML1 the cofactor binding pocket is not present in its apo state structure (PDB code: 3B3J)
(B), whereas both a-helical segments are visible in the Sinefungin bound state of PRMT2 (C)
and CARM1 and (D; PDB: 5DXJ).

A structural mechanism induced by cofactor binding has been suggested
for CARM1 in which this element assembles upon cofactor binding into an a-helix. At
the same time, a-Y moves by 180° so that the cofactor gets buried in a deep pocket
(Schapira and de Freitas, 2014).

In the case of CARML1 the structural rearrangement of the a-helix would result
in a repositioning of the N-terminal domain of the protein, which is a PH domain in
CARML1 (Schapira and de Freitas, 2014). In contrast, in the PRMT2 apo-state the a-Y

element of the N-terminal helix stays in the same location as in the active cofactor or
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SNF-bound state (Figure 5-19 A). This observation would suggest that the regulatory
mechanism proposed for CARM1 and other PRMTs in which SAM binding and thus
methyltransferase activity correlates with repositioning of the N-terminal domain and
its binding partners into proximity of the catalytic core, would not be conserved in
PRMT?2. Figure 5-20 shows the structural dynamics of the a-helix of both proteins and
in the case of CARM1, the reorientation of its N-terminal domain that is caused by

structural changes induced upon cofactor binding.

+ cofactor

@& @

Apo-Inactive Cofactor bound —Active?

Figure 5-20 Structural Dynamics of the a-helix of CARM1 and PRMT2.

The a-helix of CARML is very dynamic and undergoes drastic conformational changes upon cofac-
tor binding. The structural changes from the apo-CARM1 state (PDB: 3B3J) and the cofactor
bound/active state, repositions the N-terminal PH domain of the protein. In contrast, no structural
changes of the a-Y element of the helix were observed for PRMT2 upon cofactor binding.

In both mouse PRMT2 structures the N-terminal SH3 domain is missing in the
electron density map. The Matthew coefficient and solvent content have been calcu-
lated for both structures using MATTPROB (Adams-Cioaba and Min, 2009). The sol-
vent content for the full-length mouse PRMT2 (1 monomer per asymmetric unit) was
50.81 % (Vm= 2.5x A3 Dal) for the apo structure, and 49.87 % (Vm= 2.45x A3 Da'l) for
the SNF bound structure. Thus, it should not be problematic to fit the N-terminal domain
into the unit cell. Its absence is most likely due to the high flexibility of the domain and

not degradation and has been reported in previous structures (Cura et al., 2017).
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5.7 Summary

The aim was to solve the crystal structure of PRMT2 and to establish a stable crystal
system, which could be used to characterise the protein and to study its substrate
recognition behaviour and could also be used in the future to identify and optimise new

substrates and interaction partners.

Full-length mouse PRTM2 was successfully crystallised in complex with the
known pan-inhibitor Sinefungin. Surprisingly, the binding conformation differed from
the position usually observed in other PRMT family members. The SAM-mimic reaches
into the arginine binding channel, which has been previously observed for different
SAM-competitive PRMT5 inhibitors (Lin and Luengo, 2019). Moreover, the first apo-
structure of PRMT2 was solved. It was suggested that cofactor binding is needed for
formation of the substrate binding pocket. However, this seems not to be the case for
PRMT2. Additionally, the orientation of the a-helix, which is located N-terminal to the
Rossmann fold and buries the cofactor SAM, differs in the PRMT2 apo structure from
other published PRMT apo structures (Cura et al., 2017).

The N-terminal SH3 domain was not visible in the electron density of both solved
structures, this was also observed in other known PRMT2 structures, suggesting that
it is disordered. However, to eliminate the possibility that the missing parts are due to
proteolysis, the crystals would have to be dissolved and analysed by SDS-PAGE to
estimate their molecular size. Unfortunately, no more MmMPRMT2-10 crystals were

available to perform this experiment.

In the future, it would be interesting to try co-crystallisation experiments with
known SH3 domain binding partners. Structural data of the SH3 domain with ligands
could help to identify potential interactions and might be also used as a start point for
drug discovery with the aim to disrupt PRMT2 SH3 domain mediated protein-protein

interactions that are involved in different diseases.

Unfortunately, it was not possible to further optimise PRMT2 crystallisation or
establish a stable crystal system for screening due to the limited amount of PRMT2

protein.

~189~



~ 190~



Chapter 6 Development of Small-Molecule Inhibitors of CARM1

The Coactivator Associated Arginine Methyltransferase 1 (CARM1), also known as
PRMT4, was the first identified PRMT that regulates gene transcription. It was identi-
fied in 1999 in a two-hybrid screen as a binding partner of the p160 steroid receptor
co-activator, glucocorticoid receptor-interacting protein-1 (GRIP1) (Chen et al., 1999),
and was later shown to activate transcription together with the histone acetyltransfer-
ase p300 (Lee et al., 2002). CARML1 can also influence gene transcription by adding
histone methylation marks or acting as a co-activator for several other transcription
factors and co-regulators, including c-Fos (Fauquier et al., 2008), NF-kB (Miao et al.,
2006), oestrogen receptor and E2F1 (El Messaoudi et al., 2006), 3-catenin (Koh et al.,
2002), and p53 (An et al., 2004), reviewed by Bedford et al. (2009). CARM1 can also
methylate the C-terminal domain of RNA polymerase Il (Sims et al., 2011). As dis-
cussed in Section 1.9, methyl-marks are recognised by Tudor-domain-containing pro-
teins. As an example, the effector molecule TDR3 binds to the asymmetrically di-meth-
ylated Argl7 residue of histone H3 and Arg3 of histone H4 - marks produced by
CARM1 (Yang et al., 2010).

Beside its role in epigenetic regulation, CARM1 also regulates splicing events
by methylation of different splicing factors (Cheng et al., 2007). It can also methylate
and influence the activity of other non-histone proteins such as the chromatin-remod-
elling factor BAG155 and the nuclear receptor coactivator 3 (NCOA3) (Feng et al.,
2006). Its importance in epigenetic and gene regulation is reflected by the fact that
CARM1-knockout mice and enzyme inactive CARM1-knockin mice die after birth
(Yadav et al., 2003, Kim et al., 2010a).

In human cells, two isoforms exist, the full-length CARM1 gene (CARM1FL)
which has 16 exons and CARM1A15, in which exon 15 is excluded through alternative
splicing (Wang et al., 2013a). Both isoforms, show methyltransferase activity, but in
the case of CARM1A15, the CARML1 auto-methylation site is missing. CARM1FL is
mainly expressed in brain, heart, skeletal muscle, and testis but CARM1A15 is the
main isoform in all other tissues (Wang et al., 2013a). The same study also identified
CARM1A15 as the main isoform in breast cancer tissue. However, it was previously
shown that CARM1A15 has impaired co-activator activity for ERa transcription regula-
tion for which auto-methylation is necessary (Kuhn et al., 2011).
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CARML1 is similar to other PRMTs in that they share a highly conserved catalytic core
domain which includes the SAM binding and MTase domains. However, compared to
other Type 1 PRMTs, CARML1 sequence conservation is lower: CARM1 shares only
34 % sequence identity whereas other members typically have almost 50 %
(Schluckebier et al., 1995a). Different crystal structures of the CARML1 catalytic domain
have been solved to collectively show that it adopts the typical Type 1 PRMT fold (Sec-
tion 1.4) but also has some unique structural features (Tewary et al., 2019, Boriack-
Sjodin et al., 2015).

The overall dimeric mouse CARM1 structure in complex with SAH (PDB: 5I1H3)
superposed with rat PRMT1 is shown in Figure 6-1.

Rossmann
fold
A

C-extension

R-barrel
|

o I | p

Loop B14-R15 Dimerization Arm Insertion

Figure 6-1 Unique Features of the Catalytical Domain of CARM1.

Superposition of rat PRMT1 (cream ribbon) and mouse CARMZ1 (pink ribbon) in complex with
SAH (green ball and sticks). In CARM1 nine additional amino acids are inserted in the dimeri-
sation arm and it has an additional extension at the C-terminus of the catalytic domain. There
are also differences in the loop between 314 and R15 (MmPRMT2: 5IH3, RnPRMT1: O1R8).

The catalytic CARM1 domain has an additional C-terminal extension which is
located after the last 3-strand of the 3-barrel domain and nine additional residues are
inserted in the dimerisation arm. Moreover, differences in the loop between 3-14 and
[3-15 can be seen. The C-extension changes the size of the central dimer cavity, which

~ 192~



is larger in CARML1 and the additional residues in the dimerisation arm increase the
overall dimer size compared to other Type 1 PRMTs (Yue et al., 2007). The C-exten-
sion incorporates a unique aromatic motif (Pro472-Phe473-Phe474-Arg475-Tyr476,
human CARM1 numbering) which interacts with residues of 37 and is conserved
across all CARM1 proteins (Yue et al., 2007). Deletion of this motif abolishes CARM1
methyltransferase activity on histone H3 Argl7 (Yue et al., 2007). Compared to
PRTM1 and PRMT3 that have a negative surface-charge due to the presence of 20
aspartate and glutamate residues on the protein surface, CARM1 only has 5 of the
acidic patch residues and as a result, is less negatively charged (Zhang and Cheng,
2003, Weiss et al., 2000).

The catalytic domain is sufficient for protein dimerisation (via the dimerisation
arm) and for GRIP1 binding. Moreover, methyltransferase activity and the N- and C-
terminal domains were shown to be necessary for CARM1's co-activator function
(Teyssier et al., 2002). The N- and C-terminal domains of CARM1 differ from other
PRMT family members (Figure 1-7) and, to date, there are no crystal structures for the
full-length protein as the domains are missing in the electron density maps and are
most likely disordered (Troffer-Charlier et al., 2007, Yue et al., 2007, Boriack-Sjodin et
al., 2015) The C-terminal domain of CARML1, also known as activation domain (AD),
has its own autonomous activation activity that is needed for CARML1’s coactivator
function but not for methyltransferase activity or specificity (Teyssier et al., 2006a). The
AD in the C-terminus of CARM1 was shown to interact with the transcriptional interme-
diary factor 1a (TIF1a) and, together with GRIP1, form a stable ternary complex. It was
speculated that the AD domain contributes to the co-activator assembly complex by
the formation of additional protein-protein interactions but more research is needed to

elucidate its role (Teyssier et al., 2002, Teyssier et al., 2006b).

The isolated N-terminal domain of mouse CARM1 has been crystallised (Figure
6-2 (Troffer-Charlier et al., 2007)). It crystallised as a dimer and is also a dimer in so-
lution (Figure 6-2, Troffer-Charlier et al., 2007). The N-terminal domain adopts a pleck-
strin homology domain (PH)-like fold. PH domains are approximately 100-120 amino
acids in size and are common in proteins involved in signal transduction pathways.
The common fold consists of 7 3-strands folded into two almost perpendicular 3-sheets
which form a R-barrel like structure, followed by a C-terminal amphipathic a-helix
(Lemmon et al., 1996, Lemmon, 2007). The three loops located between 3-strands 31
and 2 (VL1), 33 and 34 (VL2), and 36 and R7 (VL3) vary greatly in length. The dimer
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interface is formed by 35-7 of both monomers, these strands are known ligand binding
sites in all PH domains (Troffer-Charlier et al., 2007). Within the superfamily of PH
domain-containing proteins, CARML1 has very high similarity to the family of Drosoph-
ila-enabled/vasodilator-stimulated phosphoprotein homology 1 (EVH1) domains which
are found in many multi-domain signalling proteins (Ball et al., 2002). The EHV1 do-
mains are always N-terminal and bind proline-rich motifs with weak affinity but high
specificity via conserved surface exposed aromatic residues. These typical aromatic
cluster are missing in the CARM1 N-terminal domain (Ball et al., 2002, Troffer-Charlier
et al., 2007).

The CARM1 PH domain is required for the recognition and methylation of most
CARML1 substrates and can directly interact with substrates that contain proline-rich
motifs, for example BAG155, PABP1 and NCOA3 (Shishkova et al., 2017). The au-
thors of the study also speculated that the disordered PH domain, found in full-length
CARML1 crystal structures, might assist in CARM1 substrate capturing and fold into the
PH domain fold after substrate binding. Thus, it would be useful to try to co-crystallise
full-length CARM1 with substrates that bind the PH domain (Shishkova et al., 2017).

Figure 6-2 N-terminal PH-Domain of CARML.

A) CARM1 PH domain monomer. Seven anti-parallel 3-strands 1-7 (green) form a pseudo [3-
barrel fold followed by a C-terminal amphipathic a-helix (red). The loops between the [3-strands
highlighted in pink vary in size and conformation in known PH domains. B) Non-crystallo-
graphic dimer: During purification the PH domain of CARM1 behaves as a dimer. The dimeri-
sation interface is formed by 5 -37 of each monomer, hiding the ligand-binding site of other
PH domains (PDB: 200QB).
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CARML1 overexpression has been reported in a variety of different cancer types, in-
cluding prostate and colorectal cancer (Kim et al., 2010b), lung cancer (Elakoum et al.,
2014), and breast cancer (Morettin et al., 2015). Overexpression of the protein leads
to the activation of a variety of oncogenic pathways including E2F1, WNT—3-catenin
and AIB1 (Yang and Bedford, 2013). For this reason, a variety of different CARM1
inhibitors are currently being developed (Section 1.12.2). However, it needs to be as-
sessed whether direct PRMT inhibition is desired or if in vivo toxicity will be observed
considering the multiple roles of PRMTs in the cell (Yadav et al., 2003, Kim et al.,
2010a).

6.1 PRMT Inhibitor Design

A variety of PRMT inhibitors are currently being developed, the advances over the last
year have already been summarised in Section 1.12. The different mechanisms of ac-
tion of PRMT inhibitors are illustrated in Figure 6-3 (Luo, 2015). Most of them target
the enzyme substrate binding site and compete directly with substrate. SAM/SAH-un-
competitive (also known as SAM-dependent) and non-competitive inhibitors can be
distinguished. An example of a SAM-uncompetitive PRMT inhibitor is the PRMTS5 in-
hibitor GSK3368715 (Fedoriw et al., 2019). In contrast, the CARM1 inhibitor MS023
has a SAM/SAH-non-competitive mechanism of action (Eram et al., 2016).
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Figure 6-3 Mechanism of Action of PRMT Inhibitors.
Three different classes of PRMT inhibitors have been characterised: A Substrate-competitive,

B) SAM-competitive and C) Allosteric inhibitors. Substrate-un-competitive and SAM-un-com-
petitive mechanisms have also been observed for PRMT inhibitors.
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Fragments have also been developed that directly or indirectly target the SAM binding
site or occupy allosteric pockets. These compounds include a PRMT3 and PRMT6
inhibitor (Section 1.12.4). The locations of the distinct two binding sites are illustrated
using the structure of human CARM1 where the substrate binding pocket and cofactor
binding site are occupied by a histone mimic and by Sinefungin respectively (PDB:
2Y1W, Figure 6-4). As already described in detail in Section 1.5, the a-helix, located
at the N-terminus of the Rossmann fold, folds over the cofactor (mimic) and participates

in the formation of the substrate binding site.
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Figure 6-4 Targeting CARM1 Binding Pockets.

CARML1 catalyses the methyl-transfer from the cofactor SAM to the guanidino group of the
substrate arginine residue. Different CARML1 inhibitors target the peptide and SAM-binding
pocket. The dimeric crystal structure of the catalytic domain of CARM1 (PDB: 2Y1W) in com-
plex with the SAM-competitive inhibitor Sinefungin (green) and a substrate-competitive inhibi-
tor (yellow), and their binding pockets, is shown.

In the following sections the structural diversity of the two targeted CARM1 bind-

ing pockets will be discussed.
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6.2 Targeting the CARM1- Cofactor Binding Site

An overview of the cofactor binding site of human CARM1 (PDB: 2Y1W) in complex
with the SAM-mimic Sinefungin and analysis of its sequence conservation is shown in
Figure 6-5. The binding pocket of the very polar cofactor SAM is mostly hydrophilic,
but small lipophilic patches are present. The high hydrophilicity of the pocket will make
the design of cell-permeable inhibitors challenging, because they need to bind the SAM
pocket with high affinity but also need some lipophilicity to cross the cell membrane.
The cofactor SAM has a calculated partition coefficient (logP) value of -5.8 and a polar
surface area (PSA) value of 182.6 A2 (Ferreira de Freitas et al., 2019). The logP value
is defined as the ratio between the concentration ratio of the ligand in octan-1-ol: aque-
ous phase. Thus, positive logP values mean that the ligand is more hydrophobic, neg-
ative values more hydrophillic (Bhal, 2007). Traditionally, small molecule inhibitor de-
velopment aims for a logP value < 5, in agreement with “Lipinski’'s Rule of 5” (Lipinski
et al., 1997). However, fragments are most often assessed against the Astex “Rule of
Three” which proposes that fragments should have a mass <300 Da, <3 hydrogen bond
acceptors and donors, < 3 rotatable bonds, a logP < 3 and a PSA < 60 A2 (Congreve
et al., 2008, Congreve et al., 2003). SAM and the pan-inhibitor Sinefungin have similar
logP and PSA values (-5.1, 209 A2, calculated with ChemAxon), explaining the low cell-
permeability of both. Thus, it is important when designing new SAM-competitive inhib-

itors to target spaces which show higher logP and lower PSA values.

Figure 6-5 A shows the side-chains located within 5 A of the SAM-competitive
inhibitor Sinefungin in human CARM1 (PDB: 2Y1W). Figure 6-5 B shows the key resi-
dues that are involved in SAM binding (CARM1 numbering). A sequence alignment of
residues in the SAM binding pocket of different Type 1 PRMTs is shown in Figure 6-5 C
(Schapira and de Freitas, 2014). Sequence conservation in the pocket is generally
high, but a few positions including Phe137 (Phel138 in the CARML1 crystal structure),
Met163, and Ala215 are diverse and ligand interaction with the residues might drive
selectivity. The CARM1 crystal structure shows that Phel37 is located on the a-X ele-
ment of the a-helix that is located at the N-terminus of the Rossmann fold, and Met163
is on the a-Y element. In the position equivalent to human CARM1 Phel37, human
and mouse PRMT2 have a glutamic acid residue (Glu90/Glu102 respectively), which
is an arginine residue (Arg35) in human PRMT6, and a lysine (Lys41) in human
PRMT1. Analysis of the pocket geometry and hydrophobicity previously performed by
Campagna-Slater et. al, indicated that the cofactor binding site is druggable but in the
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case of CARM1 less than 5 % of the SAM surface is accessible to the solvent

(Campagna-Slater et al., 2011).
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Figure 6-5 Structural Diversity of the Cofactor Binding Pocket.

A) Human CARML1 structure (purple ribbon) in complex with Sinefungin (carbon atoms in
green). Residues with low sequence conservation are shown in yellow. The a-X helix is shown
as red ribbon. B) Position of the SAM Pharmacophore in the Active Site. Key residues are
highlighted (HsCARM1 numbering). The cofactor SAM is coloured in blue, the arginine residue
of the substrate peptide red. Figure adapted, with permission, from van Haren et al. (2017). C)
Sequence diversity of the SAM-binding pocket of the PRMT family. Via structure-based multi-
ple sequence alignment the side-chains in 5 A proximity of the cofactor SAM were analysed
(Schapira and de Freitas, 2014). Selected CARM1 residues are highlighted. The asterisk indi-
cates residues that form direct hydrogen bonds with SAM (pink= high sequence similarity;
green = low; yellow = medium).

The SAM pocket shows little sequence diversity across the wider SET domain-
containing PMTs (Section 1.2). When PMTs were clustered based on the conforma-
tional diversity of SAM/SAH as observed in structures deposited in the PDB, the con-
formation of the bound cofactor was highly similar to that seen in other DNA and RNA

methyltransferases including the histone methyltransferase DOT1L (Campagna-Slater
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etal., 2011). As a consequence, obtaining selective inhibitors for the PRMT SAM bind-
ing site could be difficult and the risk of off-target effects is high, similar to the kinase

ATP binding sites for which selective inhibitors exist (Rees, 2016).

Developing ligands that target the SAM binding site is also challenging because
the intra-cellular concentration of the cofactor is very high (approx. 20-40 uM)
(Copeland, 2018). The high SAM concentration needs to be taken into account when
designing cell-free ligand screening assays, otherwise apparent binding affinities could
be drastically reduced when testing the ligands in a cell-based assay where the SAM
concentrations are higher than under in vitro assay conditions (Copeland, 2018). How-
ever, potential initial fragment hits that bind with uM affinity to the binding site might
not be detected if the concentration of the authentic cofactor is too high (Rees, 2016).
Consequently, PRMTs with low binding affinity for the cofactor might be better targeted

with peptide-site directed or bisubstrate competitive inhibitors.

However, selective, cell-permeable SAM-competitive inhibitors have been suc-
cessfully developed for a few PMTs including Tazemetostat (TAZVERIK, Epizyme,
Inc.) a first-in-class inhibitor of the PKMT Enhancer of Zeste Homolog (EZH) 2 which
was recently approved by the FDA for advanced epithelioid sarcoma treatment
(Knutson et al., 2014, Italiano et al., 2018). Other SAM-competitive inhibitors that have
entered clinical trials target EZH1/2 (Toshiki Watanabe, 2016), and DOT1L (Daigle et
al., 2013, Stein et al., 2018). Three potent and selective PRMT5 inhibitors that share a
deazapurine ring and show cell-activity have already been mentioned (LLY-283, JNJ-
64619178, and PF-06939999). JNJ-64619178 has very high potency (ICso circa
0.13 nM; ECso circa 0.25 nM) and in the absence of a structure a recent modelling
study proposed that the inhibitor not only occupies the SAM pocket but also extends
into the arginine side channel in a pseudo-irreversible binding mode (Lin and Luengo,
2019). If this is the case, it is likely that it is also substrate-competitive. In contrast,
LLY-283 does not reach into the substrate pocket (Lin and Luengo, 2019).

Virtual screening has been successfully used to identify SAM-competitive lig-
ands which are non-nucleosides (Mao et al., 2017). These compounds were less po-
tent but they show higher logP and lower PSA values, which is very promising (Ferreira
de Freitas et al., 2019). In summary, development of selective SAM competitive inhib-
itors, even if challenging, is achievable.
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6.3 Targeting the CARM1-Substrate Binding Site

A multiple sequence alignment of residues within 5 A of a potent human PRMT6 inhib-
itor that occupies the substrate-binding pocket (PDB: 5EGS) showed high sequence
conservation within the substrate arginine channel, but significant diversity at the distal

region of the pocket (Figure 6-6 B).
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Figure 6-6 Structural Diversity of the Substrate-Binding Pocket.

A) Crystal structure of human PRMT6 (PDB: 5EGS, grey ribbon) in complex with a substrate
competitive inhibitor (carbon atoms in yellow). High sequence diversity at position 50 (cysteine
in PRMT®6), should drive selectivity: serine residue in PRMT2 (PDB: 5FUL), phenylalanine in
CARML1 (PDB: 3B3F). Important binding site residues are shown with carbon atoms coloured
green. The a-helix is shown as a red ribbon. B) Sequence diversity of the substrate-binding
pocket of selected PRMT family members. Via structure-based multiple sequence alignment
the side-chains in 5 A proximity of the substrate inhibitor were analysed. Residues that make
direct hydrogen bonds with the inhibitor are marked with an asterisk, they include the two glu-
tamic acid residues of the “Double-E-loop” (Glu257 and Glu266, CARM1 numbering) and
His414 of the THW-loop.

The position equivalent to Cys50 in HSPRMT6 is occupied by Serll7 in
MmPRMT2 and Phel52 (Phel53 in the crystal structure) in HSCARM1. The substrate
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binding sites of PRMTs are not only much more diverse than the SAM binding pocket
they are also more hydrophobic. Thus, the development of less polar compounds with

higher target-specificity is more likely.

In the next section, the production of the CARM1-SAH crystals that were used
for ligand soaking experiments is described, followed by a short overview of the SPR
binding assay that was used to rank the designed fragments. Thereatfter, the results of
the characterisation of the fragments that were designed to target either the SAM or

substrate binding sites, or both sites simultaneously will be presented.

6.4 Crystallisation Trials of the Catalytic Domain of HSCARM1

Heterologous expression of human CARML1 in insect cells yielded sufficient pure pro-
tein to carry out crystallisation trials (Figure 6-7, Section 3.5.3). For initial crystallisation
trials, the purified protein was used at 2.4 and 7 mg/mL and incubated +/- 0.2 mM SAH
for 2 h at 4 °C. Hampton Index crystal screens were performed at 20 °C and 4 °C. All
samples were centrifuged at 10 000 g for 10 min at 4 °C to remove insoluble particles

before setting up the trays.

kDa

180 w
130
100 W=

70 W
55 W

40 (W HsCARM1-1
35 @

25
15 [

The HsCARM1-1 construct comprises only the catalytic domain (amino acids
135-482) and thus will be named HSCARM1®AT it has been successfully crystallised

previously (Sack et al., 2011). The plates were analysed for crystal growth every few
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days and the first crystals appeared after two days. In total, eight crystals were har-
vested and tested at the Diamond Light Source, UK. All CARM1°AT crystals incubated
with SAH diffracted, the best to 1.96 A. In contrast, crystals with no SAH bound showed

only weak diffraction to a resolution of 2.7-3.4.

Table 6-1 Growth and Harvest Conditions for HSCARM1 AT Crystals used for Structure
Determination

Protein Com- Ligand Growth Conditions Harvest Condi-
plex tions
A CAT 0.2 M Ammonium sulfate, 0.1 M
HSCARMI SAH | HEPES pH 7.5, 25 % (w/v) PEG 15 % (v/v) Glycerol
(2.4 mg/mL) 3.350
B HSCARM1CAT 0.2 M Lithium sulfate monohydrate,
SAH | 0.1 M HEPES pH 7.5, 25 % (w/v) 20 % (v/v) Glycerol
(2.4 mg/mL) PEG 3.350
C | HSCARMI1CAT None 0.1 M BIS-TRIS pH 6.5, 28 % (w/v) i
(7 mg/mL) mPEG 2,000
D CAT 0.2 M Ammonium sulfate, 0.1 M
HSCARML SAH | BIS-TRIS pH 6.5, 25 % (w/v) PEG 15 % (v/v) Glycerol
(7 mg/mL) 3,350
E | HSCARM1CAT 0.1 M BIS-TRIS pH 5.5, 25 % (w/v) o
(7 mg/mL) SAH PEG 3,350 20 % (v/v) Glycerol
CAT 0,
F H?;:ﬁ:;l/\:lnll_) SAH gég)l\(/)l HEPES pH 7.5, 25 % (w/v) PEG 20 % (viv) Glycerol

Figure 6-8 HSCARM1“AT Crystallisation Trials with and without SAH.

CARML1 crystals were observed after a few days in different buffer conditions (Table 6.1 A-F).

Structures were determined for CARML in the presence and absence of added
SAH. The data was collected at the Diamond Light Source (Didcot, UK) on 103 beam-
line by Dr Arnaud Basle (Newcastle University, UK). However, despite adding no SAH
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to the protein, all structures showed density for SAH in the cofactor binding pocket,
which is most likely a result of intracellular SAH uptake during heterologous expres-
sion. It is often reported that substrate-competitive inhibitors are only able to bind and
inhibit the PRMT if SAH or SAM is bound in the cofactor pocket. One reason is that
especially in the case of CARM1, SAM or SAH binding is needed for structural re-
arrangements and the formation/stabilisation of the substrate-binding pocket (Section
1.4). Additionally, some inhibitors were shown to interact directly/indirectly with the co-
factor or with the reaction by-product SAH (Ferreira de Freitas et al., 2019). One ex-
ample is the PRMT5 inhibitor EPZ015666 (Chan-Penebre et al., 2015): cation-11- in-
teractions are formed between its phenyl ring and the sulfonium methyl-group of the
cofactor. This observation highlights that crystal studies which are commonly per-
formed in the presence of SAH should is some cases also be done using SAM (Ferreira
de Freitas et al., 2019).

In the initial CARML1 crystal screen, crystals grown in either 0.1 M BIS-TRIS
pH 5.5, 25 % (w/v) PEG 3350 or 0.1 M HEPES pH 7.5, 25 % (w/v) PEG 3350 using
the higher CARM1 concentration, diffracted the best. In the next step, optimisation
screens were performed. One screen varied PEG 3350 (21- 31 %) and AmSO4 (0-
0.3 M) concentrations in 0.1 M HEPES buffer pH 7.5, another screened pH (from 7.5-
5.5 with 0.1 M HEPES or Bis-Tris buffer), against PEG 3350 (21- 31%). However,
crystal diffraction did not improve, so the original conditions were used to grow
CARM1-SAH crystals for ligand soaks (Section 2.22.4).

Prior to performing crystal-ligand soaks, the DMSO tolerance of the CARM1-
SAH crystals was determined, as described in Section 2.22.3. Diffraction quality was
not affected by a DMSO concentration up to 15 % and it was decided to use ligand
solutions with 10 % DMSO for the soaking experiments. Beside structural studies, the
fragments were screened via SPR, the principle will be discussed in the next section.

6.5 SPR Analysis

Surface Plasmon Resonance analyses binding between two non labelled molecules in
real-time. One of the binding partners is immobilised on a sensor chip surface, while
the other is free in solution and is flown over the chip surface. The technology is based
upon a quantum physical phenomenon that occurs on the sensor chip and which is

visualised by an optical detector (Figure 6-9). The sensor chip consists of a glass
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surface which is covered with a thin gold layer. The CM5 chip has a carboxymethylated
dextran surface which forms a hydrophilic matrix that can covalently bind biomolecules.
The optical detection unit consists of a electroluminescent diode, prism and a
photodiode array. An integrated flow channel that has direct contact with the chip
surface is used to transport the injected sample to and from the chip surface. The
monochromatic and polarised light is positioned is such way, that it passes through the
glass prisms (medium with higher refractive index) into the gold foil covered flow cell
(medium with lower refractive index), and a total internal reflection occurs. Under total
internal reflection conditions, so called evanenscent waves are produced in the lower
refractive index medium. At a specific wavelength and incident angle of the light beam,
the waves excite a surface plasmon at the surface of the metal film named surface
plasmon resonance (SPR). This leads to a decrease in the intensity of the light which
is reflected at a specific angle from the sensor surface. Binding of molecules at the
chip surface, causes a change of the refractive index and causes an alteration of the
angle of minimum reflected intensity (resonance angle).
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Figure 6-9 Principle of Surface Plasmon Resonance Analysis.

The optical unit consists of a light source that produces a monochromatic light beam that
passes through a glass prism and is totally reflected at the sensor surface. At a specific wave-
length and incident angle, the evanescent waves, excite the valence electrons of the sensor
chip surface and a surface plasmon is produced (Surface Plasmon Resonance). The SPR
causes a decrease in reflected light beam intensity. The detector records the intensity of re-
flected light and calculates the resonance angle. Binding of the analyte to the immobilised
ligand causes an increase in refractive index and thus a change in resonance angle. The
change of the resonance angle is detected by the SPR instrument in real-time.
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The sensor detects the change in refractive index that occurs during the interaction
reaction of the immobilised ligand and the mobile binding partner. The change in SPR
angle is proportional to the mass of material bound to the chip surface and is expressed
as resonance units (RU). One RU unit is defined as the mass of 1 pg/mm? and
corresponds to a change of resonance angle of ~0.00001°. The chip consists of four
cells, of which one is used as a reference cell. The reference signal which shows the
unspecific binding to the chip surface is then substracted from the measured binding
signal (Myszka, 1997, Jason-Moller et al., 2006, Tang et al., 2010). Measuring the
change in the SPR signal over time and plotting the RU against time, produces a graph,

a so called sensogram (Figure 6-10).
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A sensogram consists of three different phases: association, steady-state and
dissociation. After analyte injection the RU signal increases due to complex formation

by the binding partners.
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The complex formation between two binding partners A and B can be described with

the following equation:

A+ B < AB Equation 6.1

The curve flattens when the steady-state phase is reached, where the number
of molecules that form a binding complex equals the number of molecules that disso-
ciate. During the dissociation phase, the complexes dissociate. Analysis of the different
phases gives information about the association rate (ka), dissociation rate (kd) of the
molecules and their binding affinity (Kd). SPR assays are often used for initial fragment
screening but also for hit validation because they produce accurate and fast measure-
ments of binding affinities and kinetics and no labelling in required.

For SPR analysis of fragment binding to CARM1, the catalytic domain of
CARM1 (CARML1-1), purified as described in Section 3.5.3, was immobilised on a SPR
chip by amine coupling. The method protocol can be found in Section 2.20. An exem-
plary CARM1 immobilisation sensogram can be seen in Figure 6-11.
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One drawback of direct coupling via amine groups is that the ligand is immobilised in
a random position, which can result in some binding sites being inaccessible for ana-
lyte binding. Moreover, a low pH (pH 5.0-5.8) is needed during the coupling process
which could lead to the inactivation or denaturation of some of the ligand. Ligand

screening experiments were performed as described in Section 2.20.3.

6.6 Small-Molecules Targeting the Cofactor Binding Pocket

Different fragments that target only the cofactor binding pocket of CARM1 were de-
signed, and binding to CARM1 was analysed by SPR and by co-crystallisation and
ligand soaking into existing CARM1-SAH crystals. The chemical structures of SAM and
the fragment designed by Dr Edwige Picazo are shown in Figure 6-12. The aim was to
maintain the hydrogen bonding motifs of the aminopyrimidine of the adenine portion of
the SAM molecule but to modify or even delete the imidazole ring to be able to intro-
duce new substituents that can interact with the surrounding binding pocket residues.
The ring oxygen of the ribose moiety did not appear to make productive contacts; thus,
it was replaceable with a carbocyclic ring, increasing the stability and reducing the

polarity of the analogues.

The aim was to increase the potency of the fragments, once potent and selec-
tive warheads have been identified, by growing the molecule towards the methionine
binding region of the SAM site. Unfortunately, none of the initial fragments yielded a
CARM1-fragment co-crystal structure either by attempting soaking or co-crystallisation
experiments. Crystals appeared after a few days but SAH was always bound to the
cofactor pocket.

~ 208~



NHz
JRE O
OOCWS N Nf’
Q
NHa‘
OH OH
S-adenosyl-L-methionine

NH2
/”2" Nﬁ HN Mﬁ H,N |Nﬁ H,N N‘ﬁ ) H,N |N‘ﬁ\
}OLN If” OEN /ojifn “”\“: N\/\, Hoﬁu
HN I N, O HN__. A H
\“‘r"'\ -'\ -
Il_ _r> \[ / {f ] IL_

HN_ . A
\[ \: *-1'/ \;.
NCL-00024109 NCL-00024110 NCL-00024111 NCL-00024112 NCL-00024113 NCL-00024114

_/

HN__N_ HMN N HaN__N_ HaN._N_ HaN__N_
P . IS = DI ¢
- - g = HO/\M = \/\/’\\/‘\O = HO/\/\O gl
HN \T./\> HN \[L,.\.} ”NT"\I; H \r.\’ HN T.\P
L/ - - Bl l
@L—UOU24119 NCL-00024115 NCL-00024116 NCL-00024117 NCL-00024118 /

SPR experiments were performed with and without SAH in the buffer, but frag-
ment binding could not be detected indicating that they are either not binding or are
not able to compete and replace the bound cofactor. The exception was NCL-
00024109 (Figure 6-13). This fragment has an estimated Kq value of 72 yM measured
in the absence of SAH in the SPR buffer (Figure 6-13 A). One explanation could be
that the SAM binding pocket is not accessible during the SPR experiment due to the
immobilisation of CARML1 to the SPR chip. However, the SAM-competitive inhibitor
Sinefungin was used as a positive control and gave interpretable results with high re-
sponse units (Figure 6-13 B). The calculated Kq values for Sinefungin were 5.4 yM (no
SAH) and 2.0 uM (plus SAH) in the SPR buffer.
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To ensure that the co-crystallisation protocol was working, Sinefungin was co-
crystallised with CARM1 using both a literature protocol (Section 2.22.5) and the pro-
tocol used to co-crystallise CARM1 with SAM competitive ligands (Section 2.22.6). In
both cases, a co-crystal structure was obtained. The CARML1 catalytic domain in com-
plex with SNF crystallised in space group P21212 (94.2 % probability by Pointless) and
was refined to a resolution of 1.96 A with an R-factor of 20.2 % and an R-free value of
24.1 %. The crystallographic data and refinement statistics are presented in Table 6-2.
Sinefungin is bound to the SAM-binding pocket in the position usually occupied by
SAM/SAH (Sack et al., 2011, Boriack-Sjodin et al., 2015) as shown in Figure 6-14.
Sinefungin binding to CARM1 has already been discussed in detail in Sections 5.4 and
6.2, and thus will not be discussed here. The CARM1-SNF structure superposed with
the published structure very well (RMSD of 0.24 A over 342 Ca atoms). No conforma-
tional differences in the binding pocket could be observed and analysis of the

sidechains within 5 A of the inhibitor showed that they are all in the same orientation.

ITC was also used to confirm the binding of Sinefungin and SAH to CARM1
(described in Section 2.22, Figure 6-14 C and D). Unexpectedly, the number of binding

sites was not close to 1 as would be expected for a 1:1 binding interaction. In the case
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of Sinefungin titration the number of binding sites was 0.46 and for SAH 0.33. The
reason for this is most likely that SAH is already bound to the CARM1 cofactor pocket.
This result is in agreement with ITC titrations of SAH and SNF vs CARML1 reported in
the literature (Schapira and de Freitas, 2014).
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Figure 6-14 Characterisation of the CARM1-Sinefungin Complex.

A, B) CARM1-Sinefungin crystal structure. (A) Superposition of the solved CARM1-SNF struc-
ture (pink ribbon) with the published structure (cream ribbon, PDB: 2Y1W). The inhibitor is
shown with carbon atoms coloured green and yellow, respectively. (B) Close up of the residues
involved in ligand binding, key residues are highlighted with an asterisk. The 2mFo-DFc map
for the solved SNF structure is contoured around the ligand at 7 o. (C, D) ITC experiments
were performed at 20 °C with 20 yM CARML in the cell and 200 yM Sinefungin in the syringe
(C), or 15 pM CARML1 in the cell and 230 uM SAH in the syringe (D). Experiments were carried
out once.
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Ligand

Sinefungin

Wavelength (A)

0.980

Data processing

Resolution Range (A)

70.23- 1.96 (2.01-1.96)

Space Group P21212
Unit cell (A, °) 74.72,98.81, 205.68
90 90 90

Number of total reflections

774860 (38734)

Number of unique reflections

109868 (5417)

Multiplicity 7.05 (7.15)

Completeness (%) 100 (100)

I/o (1) 10.31 (1.5)

Resolution limit 1.96

Rmeas 0.121 (1.366)

CCir 0.859 (0.633)
Refinement

R factor 0.202

R free 0.241

Number of non-hydrogen atoms:

Protein 10987

Ligands 108

Water 240
Validation

RMS Bonds (A) 0.00089

RMS Angle (°) 1.63

Ramachandran favoured (%) 96.18

Ramachandran Outliers (%) 0

Average B factor (A?) 36.75

Rotamer Outliers (%) 4.36
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6.7 Fragments Targeting the Substrate Binding Pocket

The first set of fragments was based on three potent PRMT fragment inhibitors that
were discovered after deconstruction of a set of previously developed PRMT6 and
CARML1 inhibitors. These inhibitors are CMPD-1 and CMPD-2 (CARM1, ICso circa
0.027 uM) (Sack et al., 2011), and the PRMT6-selective inhibitor EPZ020411 (Mitchell
et al., 2015). Their chemical structures are shown in Figure 6-15.

CMPD-2 CMPD-1 EPZ020411

The fragments (Table 6-3, compounds 1-4) were shown to have inhibitory ac-
tivity against full-length CARM1 and PRMT6 and showed excellent ligand efficiency
values (Ferreira de Freitas et al., 2016). In fragment-based drug discovery, identified
molecules are usually small, which brings many advantages including that the possi-
bilities for fragment growing during optimisation are more diverse by which the chemi-
cal space around the fragment can be more efficiently used in contrast to the much
larger lead compounds identified in HTS screening (Bembenek et al., 2009). HTS hit
compounds often do not have optimal physiochemical characteristic, for example show
a poor solubility and instability, which is why the use of fragment-based drug discovery,
often combined with structural characterisation of the target-fragment complex, is in-
creasing in recent years (Lipinski, 2004). However, due to the small size and lower
number of interactions of the identified fragments, binding affinities are low, but they
can still be efficient binders. The ligand efficiency (LE) can be used to rank those frag-

ments according to their potency. LE is defined as the binding free energy for a ligand
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divided by its molecular size (Hopkins et al., 2004). The number of non-hydrogen at-
oms is used to define the fragment molecular size (Kuntz et al., 1999). LE is very useful
for fragment optimisation as it allows calculation of the impact on activity of the addition
of more molecular bulk (Reynolds et al., 2007). Further SAR studies conducted by
Shen et al. (2016) on the fragments identified fragment 5 and 6.

CARM1 PRMT6
No Ligand Structure NCL ID
ICso [MM] LE ICso [MM] LE
I
1 N~ 3+0.2 1.08 5+0.6 1.04
H
(@]
/\N (R)
H o RH,.Hel
2 5 105+ 7 0.68 >200 <0.63 NCL-00024058
NN
M RHuHe
3 N\/\H/ 0.2+02 0.83 1+0.3 0.71
N/\/NH2
4 ©\/© 1+ 0.04 - 0.3+0.04 056 NCL-00025069
5 ©/\©“\/\N/ 0.89 +0.14 - 0.17 + 0.04 - NCL-00024056
H

\
o~ NH-HCI
6 ©/© 6.3+0.28 - 934+182 -  NCL-00024057

lllH.HCI

@\ /O\l/\/ 0.15+0.02 - 0.09 +0.02 -
0

\‘

Fragments which appeared to give the best inhibitory concentration (ICso) val-
ues were ethylenediamine-based compounds. A first set of ligands was produced by
Jade lllingworth, including the S-stereoisomer of the literature fragment 2 (NCL-
00024058), 4 (NCL-00025069), 5 (NCL-00024056), and 6 (NCL-00024057). In the
case of fragment 2, both stereoisomers had been reported in the literature, and it was
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not clear which fragment was used for the SAR studies, thus the S-sterecisomer was

chosen.

Additionally, compound NCL-00025070, which was based on fragment 3, but
had the methyl-group removed was designed by Dr Edwige Picazo. An overview of the
structures of the alanine-based (NCL-00024052, NCL-00024053, NCL-00024058,
NCL-00024854, NCL-00024058, NCL-00025070) and ethylenediamine-based frag-
ments (NCL-00024055, NCL-00024057, NCL-00024860, NCL-00025069, NCL-
00024056) can be seen in the upper part of Figure 6-16.

Ethylenediamine and Alanine-Based Fragment Series
\ \N/\/l‘\IH.HCI

N~ NH ONN— (o NH-HC
e /NSy
o]
NCL-00025070 NCL-00024860 NCL-00024057 NCL-00024055
Ky > 55 pM Ky=9.1uM Ky >50 pM Kg = 5.9 uM
0 o o] o
N)-RS)/ NJT N)KS)/ NS
- H H - e
Q NH, H2 ©/\ NH, H NH,
NCL-00024052 NCL-00024858 NCL-00024053 NCL-00024054
Ky =8.3uM Ky = \ Ky =36.2 uM Ky =13.4 uM
0 q B |
Structural Relationship Study NH.HCI A~ NHz
S — N
/\H)K)/ of the Phenyl Moiety @\ /@ ©\/©
NH,.HCI o o

NCL-00024058 ZHNAQAH)&;; , NCL-00024056 NCL-00025069
K,=- _ —
‘ NCL-00024852/24854 Ke=52uM Ky =314 M
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NH
NH2 N2
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N (s} -
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NH.HCI
e olon o
NH2 © &
= N~ T~
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N/ 0 k /

;:{> Bisubstrate Fragments _
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In the first step, determination of the crystal structures of these fragments bound to the
human CARM1 catalytic domain was attempted via ligand soaking into existing
CARM1-SAH crystals (Section 2.22.4). In addition, they were analysed by SPR and in
some cases ITC. X-ray crystallography data collection and refinement statistics for all
the CARM1-ligand structures can be found in Appendix O.

In the case of NCL-00024058, (Fragment 2, Table 6-3), binding to the CARM1
catalytic domain was not detectable by SPR (Figure 6-17 A), but a complex crystal
structure was determined, as shown in Figure 6-17 B. The previously reported half
maximal ICsp value for full-length CARM1 was 2100 pM, which is still surprising for such
a small fragment (Ferreira de Freitas et al., 2016). The glutamic acid residue of the E-
loop, Glu257 and Met259 form hydrogen bonds with the free amine of the fragment.
The carbonyl oxygen of Glu266 forms a hydrogen bond with the secondary amine
group. Moreover, the side chain of histidine His414 of the THW-loop participates in
hydrogen bonding with the ligand. Figure 6-17 C shows a 2D PoseView Diagram of
the ligand interactions (Stierand and Rarey, 2010a). Hydrogen bonds are shown as
dashed lines and follow the measures implemented by Desiraju and Steiner (2001),
with an optimal hydrogen bond distance of 1.9 A + 0.5 A and the condition that the

acceptor—hydrogen—donor angle must not fall < 120 °.

Ligand NCL-00025070 was based on the literature fragment 3, which had
shown very good ligand efficiencies for CARM1 and PRMT6 and had an ICso values of
0.2 uM for CARM1 (Ferreira de Freitas et al., 2016). No crystal structure of fragment 3
had been solved, but it was postulated that the high binding affinity and ligand
efficiency resulted from buried electrostatic interactions between one glutamic acid
residue of the E-loop, Glu257 in CARM1, and the secondary amine group of fragment
3 (Ferreira de Freitas et al., 2016). This interaction had already been observed in the
CARM1-CMPD-1 complex structure (PDB: 2Y1W).
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Figure 6-17 Characterisation of NCL-00024058 Binding to CARML1.

A) SPR-Analysis of NCL-00024058. B) Crystal Structure of CARM1-NCL-00024058. The
2mFo-DF. map is shown as a blue chicken wire and contoured around the ligand at 1 ¢. C) 2D
PoseView Diagram. Hydrogen bonds are shown as dashed black lines and follow the
measures implemented by Desiraju and Steiner (2001), with an optimal hydrogen bond dis-
tance of 1.9 A + 0.5 A and the condition that the acceptor—hydrogen—donor angle must not fall

<120 °.

The crystal structure of CARM1-NCL-00025070 was solved (Figure 6-18 B),
and fragment binding was also confirmed by SPR, from which a Kd value of 54.8 yM
was determined (Figure 6-18 A). The structures of CARM1-NCL-00025070 and
CARM1-CMPD-1 (PDB: 2Y1W) are superposed in Figure 6-18 C and show that the
fragments bind in an almost identical position. The amine groups form direct hydrogen
bonds with His414 and Glu257. The 4-methylpiperidine ring forms hydrophobic
interactions with the three amino acid residues His414, Met162 and Trp415.
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Figure 6-18 Characterisation of the Binding of NCL-00025070 to CARM1.

A) SPR analysis of NCL-00025070 binding. B) Crystal Structure of CARM1-NCL-00025070.
2D PoseView Diagram. Green smooth contour line: hydrophobic interactions. Hydrogen bonds
are shown as black dotted lines and follow the measures implemented by Desiraju and Steiner
(2001), with an optimal hydrogen bond distance of 1.9 A + 0.5 A and the condition that the
acceptor-hydrogen—donor angle must not fall < 120 °. The 2mF,-DF: map is shown as a blue
chicken wire and contoured around the ligands at 1 0. C) Superposition of CARM1-NCL-
00025070 (purple ribbon,carbon atoms in yellow) with CARM1-CMPD-1 (PDB: 2Y1W, white

ribbon and carbon atoms coloured cyan). For clarity, only the SAH molecule of the CARM1-
NCL-00025070 is shown.

NCL-00025069 (LE= 0.56) is a fragment that was also identified in the screen
against PRMT6 (Ferreira de Freitas et al., 2016). It inhibits CARM1 with an ICso of 1 uM
and PRMT6 with ICso of 0.3 uM and is also active against PRMT8 (ICso circa 2.1 uM).
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Using SPR, a Kq of 31.5 puM was measured (Figure 6-19 A), and the crystal structure
bound to CARM1 was determined (Figure 6-19 B).
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Figure 6-19 Comparison of the NCL-00025069 Binding Site of CARM1 and PRMT6.

A) SPR Analysis of NCL-00025069 The black vertical line in the right-handed plot indicates
the value of the calculated Kq. B) CARM1-NCL-00025069 structure and 2D PoseView Dia-
gram. Green dotted line: r-stacking; green smooth contour line: hydrophobic interactions. Hy-
drogen bonds are shown as black dotted lines and follow the measures implemented by
Desiraju and Steiner (2001), with an optimal hydrogen bond distance of 1.9 A + 0.5 A and the
condition that the acceptor—hydrogen—donor angle must not fall < 120 °. The 2mF,-DF: map
is shown as a blue chicken wire and contoured around the ligands at 1 0. C) Superposition of
the crystal structures of CARM1 (white) and PRMT6 (purple, PDB: 5EGS). The aromatic ring
of the ligand adopts a different position in CARM1 (yellow) when compared to PRMT6 (green).
The 2mF,-DF: map around the CARML1 ligand is shown as blue chicken wire and contoured at
lo.
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In this structure, shown superposed with the published PRMT6-ligand structure (PDB:
5EGS) (Ferreira de Freitas et al., 2016), the fragment binds to the arginine binding
channel and the alkylamino side chain extends deep into the arginine binding pocket.
The amine group forms a hydrogen bond with a glutamate residue (CARM1: Glu257)
and the secondary amine forms a hydrogen bond with a histidine residue (CARM1.:
His414). However, the phenyl ring adopts a different conformation when bound to
CARM1 compared to PRMT6. In the CARM1 structure, a tyrosine ring (CARML1:
Tyr261) flips out of the pocket to accommodate the ligand, which allows Tr-stacking

with the aromatic ring of the ligand, as visible in Figure 6-19 C.

In the PRMT6-bound structure, a second lysine rich binding pocket next to the
arginine binding site was partially occupied by the ligand (Ferreira de Freitas et al.,
2016). This site is not observed in the CARM1-complex structure. The differences in
the ligand binding mode may explain why the fragment is a less potent inhibitor of
CARM1 compared to PRMT6. Figure 6-20 shows an overlay of the PRMT6 and
CARM1 structures bound to NCL-00025069, and the CARML1 structure bound to
CMPD-1 (PDB: 2Y1W). The alkylamino sidechain aligns well in all structures but the
aromatic rings are in different positions. Moreover, the positions of the NCL-00025069
phenyl ring bound to CARM1 (yellow) and to PRMT6 (green) differ and reach into op-

posite located hydrophobic pockets.

Figure 6-20 PRMT6 and CARM1 Superposition with NCL-00025069 and CMPD-1.

CARML1 in complex with NCL-00025069 (pink ribbon, carbon atoms in yellow) was superposed
with the published PRMT6- NCL-00025069 structure (cream ribbon, carbon atoms in green),
and CARM1 in complex with CMPD-1 (white ribbon, carbon atoms in cyan). For clarity, only
the SAH molecule of the CARM1-NCL-00025069 structure is shown (CARM1 PDB code:
2Y1W, PRMT6: 5EGS).
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Next, the literature ligand NCL-00024056 was tested, in which the terminal amino
group of NCL-00025069 was substituted with a methyl-group. SPR analysis of the
fragment (Figure 6-21 A), showed that it binds to CARM1 with 10x increase in affinity
compared to NCL-00025069 (Kd¢= 54.8 uM), with a Kq value of 5.18 pM. The reported
literature 1Cso for CARML1 is 0.8 + 0.14 uM (Ferreira de Freitas et al., 2016).

To analyse the binding mode, which might explain the large affinity differences
between the two fragments, the crystal structure in complex with CARM1 was solved
(Figure 6-21 B). The aromatic ring and the secondary amine form the same hydrogen
bond and Tr-stacking interactions seen for NCL-00025069. Superposition of the
CARML1 crystal structure with NCL-00025069 and NCL-00024056 (Figure 6-21 C) con-
firmed that the aromatic ring and the piperidine ring align almost perfectly. However,
the alkylamino side chain adopts a different conformation, the overall RMSD value of
the ligands is 1.04 A. However, the ligands form the same interactions, in both cases

the amine group of the alkylamino side chain forms a hydrogen bond with Glu257.
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Figure 6-21 Binding Analysis of NCL-00024056 to CARM1.

A) SPR Analysis of NCL-00024056 binding to CARML1. The black vertical line in the right-
handed plot indicates the value of the calculated Kq. B) Crystal structure of a CARM1- NCL-
00024056 complex. The 2mF,-DF. map around the CARML1 ligand is shown as blue chicken
wire and contoured to 1 0. 2D PoseView Diagram. Green dotted line: r-stacking; green smooth
contour line: hydrophobic interactions. Hydrogen bonds are shown as black dotted lines and
follow the measures implemented by Desiraju and Steiner (2001), with an optimal hydrogen
bond distance of 1.9 A + 0.5 A and the condition that the acceptor-hydrogen—donor angle must
not fall < 120 °. C) Superposition of CARM1- NCL-00024056 (yellow) and CARM1- NCL-
00025069 (cyan). The 2mF,-DF: map is shown for NCL-00025069 and contoured around the

ligand at 1 o.
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Binding was also analysed by ITC (Figure 6-22). A Kq¢ of 2.59 £+ 8.47 uM was calcu-

lated, which is in good agreement with the SPR results.
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A crystal structure of NCL-00024057 bound to CARM1 could not be determined,
which is surprising because the 1Cso value of the fragment reported in the literature is
6.3 £ 0.28 uM. SPR analysis was performed and showed a low binding affinity to
CARML1 (Figure 6-23). The ligand bound to CARM1 with an estimated Kq of circa 50 uM
and did not reach saturation. One reason for the low binding could be the fact that all
SPR and crystal experiments were performed with the catalytic domain of CARM1 and
not the full-length protein, which was used in the study conducted by Shen et al. (2016).
However, the SPR response is odd as it is already near the maximal theoretical RU of
45. To reconfirm ligand binding, ITC analysis was performed (Figure 6-23 B). However,

binding could not be detected.
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Figure 6-23 SPR and ITC Analysis of NCL-00024057 Binding to CARML1.

A) SPR analysis of NCL-00024057 binding to CARM1. Experiments were performed at 20 °C
using 0-100 uM of ligand with SAH present in the SPR buffer. The red vertical line indicates
that the reported Kq should not be trusted as it is higher than half the highest analyte concen-
tration. B) ITC titration experiment of NCL-00024057 against CARML1. ITC experiments were
performed at 20 °C with 20 uM CARML1 (pre-incubated with 200 uM SAH) in the cell and
200 uM ligand in the syringe.

Moreover, fragment NCL-00024860 was designed. SPR analysis showed that it
binds to CARM1 with a Kg value of 9.11 + 4.76 uM (Figure 6-24). Unfortunately, a

CARMZ1-ligand structure could not be determined.
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In the next step, the other newly designed alanine- or ethylenediamine-based
fragments were screened by SPR. The ligand structures and SPR results can be seen
in Table 6-4 and Figure 6-25.

NCL ID  NCL-00024052  NCL-00024053 NCL-00024054 NCL-00024055
I

[::]\ I i [::1\//\ i SN NHHC
Structure N (S [::j/»\H f) N8

- H Z
H NH, NH; NH,

Kg [MM] 8.26 + 0.92 36.21 +1.89 13.37 +0.76 591 +1.57

Different lengths for the middle linker between the phenyl ring and the second-
ary amine group were tested (NCL-00024052/53/54). NCL-00024052 and NCL-
00024054 had similar binding affinities, 8.26 and 13.37 uM. NCL-00024053 showed
the weakest binding with a Kq of 36.21 pM. In addition, the alanine-based ligand NCL-
00024055 was analysed. NCL-00024052 and NCL-00024055 showed very similar
binding affinities to CARM1 with measured Kgs of 8.26 and 5.91 uM, respectively.
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Crystal structures were determined for all three ligands bound to CARM1 (Fig-
ure 6-26). As previously observed, the alkylamino chain forms hydrogen bonds with
Glu257 and His414 and all three ligands. However, in the case of NCL-00024052 an
additional hydrogen bond is formed between the free amine group and a methionine
residue (Met259), which could explain the higher binding affinity compared to NCL-
00024053. The phenyl ring sits deep in a hydrophobic pocket. In NCL-00024052 and
NCL-00024053 the secondary amine can form a hydrogen bond with a tyrosine residue
of the structural motif IV (Tyrl53). In contrast, in NCL-00024054 a hydrogen bond is
formed with Glu266 and its phenyl ring sits deep in a hydrophobic pocket.
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Figure 6-26 Characterisation of the Binding of Ethylenediamine-Based Fragments to
CARML1 by X-Ray Crystallography.

Crystal structures of CARML1 in complex with NCL-00024052 (A), NCL-00024053 (B), and
NCL-00024054 (C). 2D PoseView Diagram. Green smooth contour line: hydrophobic interac-
tions. Hydrogen bonds are shown as black dotted lines and follow the measures implemented
by Desiraju and Steiner (2001), with an optimal hydrogen bond distance of 1.9 A + 0.5 A and

the condition that the acceptor—-hydrogen—donor angle must not fall < 120 °.

SPR analysis of NCL-00024055 gave a Kd value of 5.91+ 1.57 uM, very similar
to NCL-00024052. The SPR analysis and crystal structure can be seen in Figure 6-27.
The secondary amine forms a hydrogen bond with Met259 and not with Glu257 as

seen in the other ethylenediamine-based ligand structures, the tertiary amine with
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His414. The aromatic ring is located in a hydrophobic pocket, formed by His414,
Phel52 and Met162.
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Figure 6-27 Characterisation of the Alanine-Based Ligand NCL-00024055.

A) CARM1-NCL-00024055 crystal structure. The 2mFo-DFc map around the CARML1 ligands
is shown as blue chicken wire and contoured at 7 0. 2D PoseView Diagram. Green smooth
contour line: hydrophobic interactions. Hydrogen bonds are shown as black dotted lines and
follow the measures implemented by Desiraju and Steiner (2001), with an optimal hydrogen
bond distance of 1.9 A + 0.5 A and the condition that the acceptor-hydrogen—donor angle must
not fall < 120 °. B) SPR-analysis of NCL-00024055 binding to CARM1. A Kq value of
5.91 + 1.57 uM was determined. The black vertical line in the right-handed plot indicates the
value of the calculated Kq.
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6.7.1 Stereochemical Study of the Secondary Amine of the Ethylenediamine

NCL-00024858 was designed to test whether the stereochemistry of the secondary
amine group of ligand NCL-00024053, which has an S configuration that has already

been described in the last section, influences binding affinity.

NCL-00024053 NCL-00024858
o o

N (?) N R)
H NH2 H H2

Binding of the R-stereoisomer to CARM1 was observed by SPR. However, it
did not reach saturation and thus no Kq value could be calculated (Figure 6-28 A). The
crystal structure of CARM1 bound to NCL-00024858 was determined (Figure 6-28 B),
the overlay of the S- and R-stereoisomer is shown in Figure 6-28 C. Due to the different
stereochemistry they adopt a slightly different orientation. However, the space can ac-
commodate both stereoisomers. The free amine group and the oxygen form the same
hydrogen bond interactions. However, the secondary amine group in NCL-00024858
forms hydrogen bond with Glu266, in the case of NCL-00024053 it is formed with
Try153 (Figure 6-28 B).
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Figure 6-28 Comparison of the Binding of NCL-00024053 and NCL-00024858 to CARML1.

A) SPR analysis of NCL-00024053 binding to CARM1. B) CARML1 crystal structure in complex
with NCL-00024858. The 2mF,-DF. map around the CARM1 ligand is shown as blue chicken
wire and contoured at 1 0. 2D PoseView Diagram. Green smooth contour line: hydrophobic
interactions. Hydrogen bonds are shown as black dotted lines and follow the measures imple-
mented by Desiraju and Steiner (2001), with an optimal hydrogen bond distance of 1.9 A + 0.5
A and the condition that the acceptor—hydrogen—donor angle must not fall < 120 °. C) Super-

position of CARM1-NCL-00024053 (cream ribbon, carbon atoms in green) and CARM1-NCL-
00024858 (pink ribbon, carbon atoms in yellow).

~230~



6.8 Structural Relationship Study of the Phenyl Moiety

Fragment NCL-00024852 and NCL-00024854 were designed based on NCL-
00024858 and NCL-00024053 with the aim to test whether binding affinities can be
increased by substitution of the Phenyl moiety with an amine group. The chemical
structures are shown in Table 6-6. SPR analysis showed that the R-stereocisomer binds
to the catalytic domain of CARM1 with a Ka of 3.21+ 1.43 pM, and the S-stereoisomer
with a Ka of 24 £ 2.83 puM (Figure 6-29 A).

NCL-00024852 (R) NCL-00024854 (S)
0 0
2HN N)K( 2HN NJ\;/
H H2 Ho RH2
Ka [UM] 3.21+1.43 24 +2.83

The crystal structure of the R-stereocisomer could not be determined, but the
crystal structure of CARM1 in complex with NCL-00024854 (S) was solved (Figure
6-29 B). The oxygen atom and the free amine group form the same hydrogen bonds
observed in the CARM1-NCL-00024052 structure, and the phenyl ring is located in a
similar position and forms hydrophobic interactions with His414. However, the second-
ary amine forms a hydrogen bond with Glu260, in contrast to NCL-00024052, where a
hydrogen bond to Tyr153 was observed. The added free amine group forms hydrogen
bond interactions with Tyr261. The additional observed interactions do not agree with
the observed 10x loss in binding affinity compared to NCL-00024052.

From the first set of ethylenediamine-based fragments NCL-00024055, NCL-
00024056 and NCL-00024060 showed the best binding affinities. Unfortunately, no
crystal structure of NCL-00024060 was obtained, which would be needed to analyse
the binding mode. Additionally, the alanine-based fragment NCL-00024052 showed

good binding affinities.

The most promising ethylenediamine-based fragment that was successfully
crystallised in complex with CARM1 was NCL-00024056 (Kg= 5.2 uM) values. In the

next step two different fragment series were designed with the aim to increase binding
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affinities of these identified fragments. The results will be discussed in the following

section.
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Figure 6-29 Characterisation of the Binding NCL-00024852 and NCL-00024854 to
CARML.

A) SPR analysis of NCL-00024852 binding to CARM1. The black vertical line in the right-
handed plot indicates the value of the calculated Kq. B) CARM1 crystal structure in complex
with NCL-00024854. The 2mF,-DF. map around the CARM1 ligand is shown as blue chicken
wire and contoured at 1 0. 2D PoseView Diagram. Green dotted line: mr-stacking; green smooth
contour line: hydrophobic interactions. Hydrogen bonds are shown as black dotted lines and
follow the measures implemented by Desiraju and Steiner (2001), with an optimal hydrogen
bond distance of 1.9 A + 0.5 A and the condition that the acceptor-hydrogen—donor angle must
not fall < 120 °.
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6.8.1 Characterisation of the Pyridine Nitrogen Substituted Series

A pyridine nitrogen substituted series and a substitution series of the 2-pyridine and

phenyl ring were prepared, as shown in Figure 6-30.

Substitution of the 2-Pyridine or Phenyl Ring [  Fragment Hits \ Pyridine Nitrogen Substituted Series

SR
o g N/\/l\‘lH N N NcL00024855
NCL-00024359 Q NCL-00025069 “‘%o

o <« -

NH.HC! NCL-00024856

QL "

“~ o @\/Q Kg=10.2 uM

NCL-00024360 &\@\ /QN/\/NHZ \  NCL-00024056 ) o
O

NH2 NCL-00024857

R N>
on @\O/Q Kq=2.4uM
NCL-00024361 K@\ N~ N2
O/Q @ ONNHZ NCL-00024861
SN0

K, =5.3 M

F
F NH2
NCL-00025544 Fm ON NH2
_ AN
NN @ O‘ NCL-00024862
Nae!

Ky =2.9uM
NH2

20N~ N
NCL-00025547 \ N__O A~ _NH2
No E\( \O‘ NCL-00024859
_N

A SAR study of the middle linker of fragment NCL-00024056, performed by
Shen et al. (2016), identified fragment 7 (Table 6-3) as the compound in the set with
highest affinity for CARML1. This fragment has an O linker, which increased the ICso for
CARML1 slightly from 0.89 to 0.15 uM. Based on these results, a series of fragments
substituted with a pyridine nitrogen was designed based on ligand NCL-000250069
and NCL-00024056, including a middle O-linker, that only differ in the position and
number of nitrogen atoms substituted into the pyridine ring. Their binding to CARM1
was characterised by SPR (Figure 6-31). NCL-00024857 and NCL-00024862 showed
the highest binding affinity with Kq values of 2.4 uM and 2.9 pM, respectively. Both are
pyridines with the ring nitrogen at position 2 or 4, respectively. Changing the ring nitro-
gen position did not affect affinity. A second nitrogen atom was added to the ring, re-
sulting in a 3-pyridazinyl-containing compound (NCL-00024861). A Kq value of 5.3 uM
was measured by SPR. Thus, addition of the second nitrogen at the 3-position caused
a slight increase in affinity compared to NCL-00024862. A 2-pyrimidinyl-group was not
well tolerated (NCL-00024856) and resulted in a decreased binding affinity (Ka circa
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10.2 uM). NCL-00024855, which has a 2-pyrazinyl group showed drastically reduced
binding to CARML, such that a Kd value could not be determined.
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Figure 6-31 SPR Binding Analysis of Pyridine Nitrogen Substituted Series.

A) NCL-00024855 B) NCL-00024856 C) NCL-00024862 D) NCL-00024861 E) NCL-00024857
F) NCL-00024859. The black vertical line in the right-handed plot indicates the value of the
calculated Ka.
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The crystal structures of several CARM1-ligand complexes were solved. Figure 6-32
shows the crystal structures of NCL-00024855 and NCL-00024856.

A Glu257 Met162 TyRee
o 4 Tyr2618
N ->7 Met1628
@ His414B
PR b, Nt

H*

Gluz578
His414C
NH N
H\/ T [0 R H
~0
Glu257¢C ‘0.
u X :
D Ny
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\ e
o] Met162C
Tyr261C Trpa15C
His414C Tyr261C

Figure 6-32 Characterisation of the Binding of NCL-00024856 and NCL-00024855 to
CARML1.

A) Binding of NCL-00024856 to CARML1. B) Binding of NCL-00024855 to CARM1. C) Super-
position of CARM1-NCL-00024855 (pink ribbon; carbon atoms in yellow) and NCL-00024856
(cream ribbon; carbon atoms in cyan). The 2mF,-DF. map around the CARML1 ligand is shown
as blue chicken wire and contoured at 1 0. 2D PoseView Diagram. Hydrogen bonds are shown
as black dotted lines and follow the measures implemented by Desiraju and Steiner (2001),
with an optimal hydrogen bond distance of 1.9 A + 0.5 A and the condition that the accep-
tor-hydrogen—donor angle must not fall < 120 °. Green dotted line: m-stacking, green smooth
contour line: hydrophobic interactions.
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In both structures, the piperidinyl-ethylamine moiety forms hydrogen bonds with
Glu257 of the double E-loop and 1r-stacking interactions with Tyr261. However, only in
NCL-00024855 a hydrogen bond is also formed between His414 of the THW-loop and
the ring nitrogen atom. The middle linkers of both structures form hydrophobic interac-
tions with adjacent residues. Additionally, in NCL-00024855, the linker oxygen forms a
hydrogen bond with the hydroxyl-group of Tyr261.

Figure 6-33 shows the crystal structures and an overlay of NCL-00024861 and
NCL-00024862. In both structures, the secondary amine group of the pyridine ring
forms hydrogen bonds with His414 and the free amine group with Glu257. However,
in NCL-00024861 an additional H-bond with Met259 is observed. The 3-pyridazinyl-
ring forms Tr-stacking interactions with Tyr261 as seen in NCL-00024855 and NCL-
00024856. In contrast, in NCL-00024862 the oxygen atom of the linker forms a hydro-
gen bond with Tyrl53 and the 2-pyridine ring forms hydrophobic interactions with
Tyr261. In the case of NCL-00024862 a large unassigned density in proximity to the
pyridine ring was visible in the electron density map (Figure 6-33 C). Despite extensive
efforts, additional ligand molecules or crystallisation buffer components such as
PEG3350 could not be fitted into it.

An SAR study conducted by Shen et al. showed that switching the 4-benzyl
group of NCL-00024056 at the piperidinyl ring to the 3-position increased potency sig-
nificantly (Shen et al., 2016). Thus, NCL-00024859 was additionally designed. Binding
by SPR was detectable (Figure 6-31 F), but a K4 value could not be determined be-
cause saturation was not reached. A crystal structure could not be determined, most

likely due to the low binding affinity of the ligand.
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Figure 6-33 Characterisation of NCL-00024861 and NCL-00024862 Binding to CARML.

A) CARM1-NCL-00024862 structure. B) CARM1-NCL-00024861 structure. C) CARM1-NCL-
00024861 structure with unassigned density. D) Superposition of NCL-00024861(cyan) and
NCL-00024862 (yellow). The 2mF,-DF. map around the CARML1 ligand is shown as blue
chicken wire and contoured to 1 o, difference map (green) is contoured at 3 0. 2D PoseView
Diagram. Green dotted line: m-stacking, green smooth contour line: hydrophobic interactions.
Hydrogen bonds are shown as black dotted lines and follow the measures implemented by
Desiraju and Steiner (2001), with an optimal hydrogen bond distance of 1.9 A + 0.5 A and the

condition that the acceptor—hydrogen—donor angle must not fall < 120 °.
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6.8.2 Substitution of the 2-Pyridine or Phenyl Ring

Three fragments with polar substitutions on the phenyl-ring were designed (Table 6-7).
However, for all three fragments, (NCL-00024359/360/361), binding could not be ob-

served by SPR and crystal structures could not be determined.

However, crystal structures were solved of CARM1 bound to NCL-00025544
and to NCL-00025547 (Figure 6-34). SPR analysis is currently ongoing. The structure
of NCL-00025544 (Figure 6-34 A) shows that hydrogen bonds are formed between the
free and secondary amine group of the ligand and Glu257, Met259 and His414. The
trifluoromethyl-group reaches into a hydrophobic pocket formed by Phel52 and
Tyr261. The latter also forms 1r-stacking interactions with the 2-pyridine ring. The elec-
tron density around the fluorine atoms is not visible, suggesting that they are flexible
in the structure. The structure of NCL-00025547 (Figure 6-34 B) shows that the ligand
adopts a different conformation (Figure 6-34 C). The 2-pyridine ring forms Tr-stacking
interactions with Phel52, the free amine group forms a hydrogen bond with Tyr153.
The piperidine ring is also in a different position and forms hydrophobic interactions
with His414, Met162, Trp415 and Phel52. The polar nitro group does not interact with
any neighbouring residues. However, it needs to be noted that the two structures are

at lower resolution and higher-resolution and better-quality models will be needed in

the future.
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OH | SNH OH
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Figure 6-34 Structures of CARM1 in Complex with NCL-00025544 and NCL-00025547
Determined by Co-Crystallisation.

A) CARM1-NCL-00025544 B) CARM1-NCL-00025547. The 2mF,-DF. maps around the
CARML1 ligands are shown as blue chicken wire and contoured at 1 g. 2D PoseView Diagram.
Hydrogen bonds are shown as black dotted lines and follow the measures implemented by
Desiraju and Steiner (2001), with an optimal hydrogen bond distance of 1.9 A + 0.5 A and the
condition that the acceptor—hydrogen—-donor angle must not fall < 120 °. Green dotted line: 17-
stacking, green smooth contour line: hydrophobic interactions. C) CARM1 binding pockets with
NCL-00025544, NCL-00025547 and SAH are drawn with carbon atoms coloured yellow,
cream and green, respectively.
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In summary, the best fragments identified from the optimisation series, were ligand
NCL-00024857 (Kd¢= 2.4 uM) and NCL-00024862 (Kg= 2.9 uM). Both fragments have
a middle O-linker, and their pyridine ring is substituted with only one nitrogen atom at
position 4 or 2, respectively. A 2-pyrimidinyl-group or 2-pyrazinyl group was not well
tolerated (NCL-00024856, NCL-00024855). In the future, it would be useful to design
a fragment where the pyridine ring is substituted at position 2 and 4 to see if ligand

binding can be increased.

Further fragment optimisation was attempted by designing transition-state mim-
icking compounds that incorporate the here identified ligands but not only bind the
substrate binding pocket but also reach into the SAM-binding site. The design and

analysis of these bisubstrate fragments will be discussed in the next section.

6.9 Analysis of Bisubstrate Fragment Binding to CARM1

Different approaches exist for fragment optimisation, (Figure 6-35 (Lamoree and
Hubbard, 2017)). A fragment can be optimised by adding chemical groups to the core
fragment so that it grows into adjacent pockets (Fragment growing) (Ciulli and Abell,
2007).

Additionally, if two or more fragments exist that bind to separate but adjacent
binding pockets, they can be linked to form one larger fragment that binds with higher
affinity. Such fragment linking was first described by Shuker et al, who used fragments
identified by NMR (Shuker et al., 1996). According to the concept of “super-additivity”
the resulting fragment has a greater AG binding energy than the sum of the binding
energies of the separate fragments that were linked together (Nazaré et al., 2012).
Third, fragments whose binding pockets overlap can be merged into one larger, more
potent fragment (Ciulli and Abell, 2007). In the case of PRMTSs, the substrate and co-
factor binding pockets are located next to each other and are connected via the argi-
nine binding tunnel. Thus, fragment optimisation via linking fragment hits to the SAM

and substrate binding sites should be possible.
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Figure 6-35 Approaches Used for Fragment Optimisation.

Fragments can be optimised by A) fragment growing B) fragment linking and C) fragment
merging. The grey colour highlights pockets that have a high complementarity with the frag-
ment, red areas with low complementarity. Figure taken, with permission, from de Souza Neto
et al. (2020).

Figure 6-36 shows the two binding pockets of the CARM1-SAH co-crystal struc-
ture that includes one of the most potent newly identified fragments, NCL-00024062.
However, the linker composition can potentially change the ligand orientations and

cause a decrease in binding affinity (Ciulli and Abell, 2007).

Figure 6-36 Location of the CARM1-SAH and NCL-00024062 Binding Pockets.

The binding pocket of SAH (carbon atoms in green) is connected to the substrate binding
pocket, occupied by NCL-00024062 (yellow cylinders), via the arginine site channel.
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The development of such bisubstrate inhibitors for PRMTs could help to overcome the
selectivity issues seen with SAM mimics because the substrate binding site is more
diverse, thus developing selective compounds is more likely. Additionally, they could
also lead to the development of compounds with higher cell-permeability by decreasing
the polarity of the ligand.

Different bisubstrate PMT inhibitors have been reported in the last couple of
years, for example for the N-Terminal Methyltransferase 1 (Chen et al., 2019) but also
some inhibitors that showed activity against CARM1 (van Haren et al., 2015). In the
study by van Haren et al., all PRMT inhibitors that showed activity against CARM1
contained the adenosine group of the cofactor which is connected to a guanidine moi-
ety via a variable linker (van Haren et al., 2015). Two and three atom spacers yielded
the most potent CARML1 inhibitors, and the ligands showed no activity against the
PKMT G9a (Figure 6-37). Ligand 1 and 3 inhibited CARM1 with ICso values of
0.12 + 0.02 uM and 0.15 + 0.05 pM respectively (van Haren et al., 2015). Another bi-
substrate CARML1 inhibitor that showed 100x higher affinity against CARM1 than
PRMT1 with an ICsp of 1.5 pM contained an amino-adenosine moiety linked to a cys-
teine moiety (Figure 6-37, ligand 4) (Halby et al., 2018). In another study, van Haren
et al. (2017) reported a more selective CARML1 inhibitor with an 1Cso value of 0.09 uM
for CARM1 and 26 pM for PRMT1.
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However, one potential drawback of these inhibitors is susceptibility to proteol-
ysis. A new set of non-peptide PRMT inhibitors that target both pockets has been re-
ported very recently by Gunnell et al. (2020). The initial set of compounds contained

amines and alkyl-guanidinium groups. A linker length of 1-2 spacer atoms gave the
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highest inhibitory activity for CARML1. Further SAR studies showed that the selectivity
of the ligands for CARML1 can be increased by replacing the guanidinium group with a
2-aminopyridine group. At the same time this also increases the polarity of the ligand.
The most potent inhibitor to date was identified by Gunnell et al. (2020) has an ICso
value of 1.1+£0.132 uM for CARM1 and 25 uM for PRMT1 (Figure 6-38, ligand 10).
Crystal structures of the catalytic domain of CARM1 in complex with the ligands taken
together with mutation studies, showed that the high selectivity is probably mediated
by an asparagine residue located in the arginine site channel (Asn265), which is a
tyrosine in PRMT1 (Gunnell et al., 2020). Sequence conservation at this site is low
compared with other PRMT family members. Thus, these new fragments should be a
good starting point for further optimisation and development of more selective and cell-
permeable bisubstrate CARML1 inhibitors.
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In the current study a total of 13 different hybrid ligands were designed (Table
6-8). All contain a ribose moiety intended to bind into the SAM pocket connected to
different previously designed substrate-competitive ligands via varying linkers.
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Five of these hybrid ligands bound to CARM1 as measured by SPR (Figure
6-39). Experiments were performed with and without SAH in the SPR buffer. SPR anal-
yses examples for ligands that did not show any binding can be found in Appendix L.
The only fragment that almost reached saturation during the SPR analysis was
NCL00025094 (Figure 6-39 B) with an estimated Kq value of 80 uM. Binding curves
were only observed if SAH was present in the SPR buffer. Unfortunately, a crystal-
structure could not be determined by CARM1-SAH crystal soaking experiments or co-
crystallisation trials with and without SAH. The results indicate that ligand containing
only the ribose moiety are not potent enough to replace the SAM/SAH molecule. NCL-
0002471 and NCL-00025094 binding was also tested by ITC, using 20 uM CARML in
the cell without SAH and 200 uM ligand in the syringe, but no binding was detected
(Figure 6-40).
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Figure 6-39 SPR Analysis of Bisubstrate Ligand Binding to CARML1.

A) NCL-00025093; B) NCL-00025094, C) NCL-00025318; D), NCL-00024972; E) NCL-
0002471. The black vertical line in the righthanded plot indicates the value of the calculated
Kq. Red vertical lines indicate that the reported Kq should not be trusted as they are higher than
half the highest analyte concentration.
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6.10 Analysis of FragLite Binding to CARML1

FragLites are small, halogenated compounds that have paired hydrogen-bonding mo-
tifs and can be used to identify new ligand binding sites on proteins. Bound FragLites
are identified exploiting the anomalous scattering of the halogen substituent in an X-
ray diffraction experiment. FragLites can not only be used to map ligand sites but can
also be used as a starting point for fragment development via linking of different
FragLite molecules, as has been demonstrated for cyclin-dependent kinase 2 (CDK2)
(Wood et al., 2019). The FragLite set of 31 compounds (Wood et al., 2019) that was
used for soaking experiments into existing SAH-CARML1 crystals is listed in Appendix
N. Each fragment has a heavy halogen atom and a pharmacophore doublet, either a
hydrogen bond acceptor and donor, or acceptor and acceptor, which are connected by

linker atoms with varying length (1-5 atoms).

CARM1-SAH crystal soaks were conducted as previously described (Section
2.22.4) with a final FragLite concentration of 5 mM and 10 % DMSO. Unfortunately,
fragment binding was not detected. One possible explanation for this result is that the
CARML1 protein used for crystallisation experiments is the catalytic domain where the

cofactor binding site is already occupied by SAH. Thus, identifying new binding sites
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within the HSCARMA1CAT crystals is very unlikely. It would make sense to repeat the

experiments with full-length CARML1.

6.11 Summary

Different PRMT inhibitors were designed that either target the substrate binding site of
CARML1 or the cofactor pocket. Additionally, bisubstrate inhibitors were designed via
fragment linking. Fragment binding was analysed by SPR and X-ray crystallography.
Unfortunately, no binding was observed for the SAM-competitive fragments, which

most likely bind with weak affinities and are not able to replace the bound cofactor.

Fragments designed to target the substrate binding site were more successful
and different co-crystal structures in complex with the catalytic domain of CARM1 have
been solved. Together with the SPR binding data, the most promising fragments were
selected, and hybrid ligands were designed by fragment linking to the ribose moiety of
SAM. Most of the fragments did not bind, but a handful compounds showed binding to
CARML1 with high pM affinities. Optimisation of these fragments could lead to the de-
velopment of more potent, selective, and cell-(permeable CARML1 inhibitors. The re-
cently published CARM1 structures in complex with different bisubstrate inhibitors
(Gunnell et al., 2020) can help to guide fragment design, and the design of fragments
that interact with the identified selectivity residues in CARM1 should increase selectiv-

ity of the ligands.

The FragLite screen conducted with the catalytic domain of CARM1 did not yield
any hits. However, additional binding sites could potentially be identified if using the
full-length CARM1 protein and other PRMT family members. Moreover, FragLites
screen could be used to map protein-ligand or potentially also protein-protein interac-

tions sites of the N-terminal domain.
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Chapter 7 Conclusion and Future Direction

Dysregulation and overexpression of PRMTs has been observed in various diseases
including cancer (Baldwin et al., 2014), cardio-vascular (Franceschelli et al., 2013),
and viral diseases (Xie et al., 2007), and pulmonary disorders (Zakrzewicz et al., 2012,
Sun et al., 2015). As a result, interest in PRMT family members has grown and the
number of drug discovery projects targeting PRMTs has increased. However, the func-
tion and biology of many family members is still not fully understood. Alternative PRMT
splicing creates further complexity and has been associated with disease development
(Baldwin et al., 2014). Murine genetic studies showed that PRMTs play an important
role in development and in the case of CARM1 are necessary for viability (Yadav et
al., 2003). Thus, possible side-effects or toxicity are a consideration when developing
PRMT drugs.

The aim of this thesis was the development of selective chemical probes for
PRMTs with a focus on PRMT2. Chemical probes can be used as tool compounds not
only for target validation, but also as potential start points for drug discovery. The first
step was the development of an enzyme activity assay. Currently a variety of mostly
indirect assays are used for activity assessment. ICso values from different assay for-
mats are difficult to compare and, in many studies, not enough counter screen assays
against a wide panel of PMTs are performed. In some cases, suitable reagents/sub-
strates for PRMTs are not available. In this thesis, RSF1, a newly identified PRMT2
substrate was purified and assayed, and a MALDI-ToF based MS assay was devel-
oped. This assay, used in this thesis to directly analyse the methyltransferase activity
of CARM1 towards histone peptides, could be further improved and used to screen
more PMTs. The assay is advantageous as labelling is not needed and it already exists
in an HTS format. Moreover, it can be easily adapted to assay other PRMTs if they do
not auto-methylate and a peptide substrate is available.

The development of selective inhibitors is hampered by the high degree of se-
guence conservation within the family. Nevertheless, despite the challenges for some
PRMT family members, selective inhibitors have been already developed such as TP-
064 for CARM1 (Nakayama et al., 2018) or GSK3326595 and LLY-283 for PRMT5
(Bonday et al., 2018, Watts et al., 2019). The different PRMT inhibitors that have en-
tered clinical trials, should answer the question whether selective inhibition without tox-
icity can be achieved. The published PRMT2 structure together with the here described
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apo- and Sinefungin-bound structures can help to develop PRMT2 inhibitors. Optimi-

sation of PRMT2 protein production would permit fragment-based screening.

Different fragments targeting the SAM domain of CARM1 were designed and
binding analysed by surface plasmon resonance analysis combined with crystallog-
raphy. Unfortunately, no hits could be identified. Recently reported SAM-competitive
inhibitors often reach into the arginine channel and compete with the substrate. This
approach is promising, but the high cellular cofactor concentration needs to be consid-

ered when designing in vitro assays (Ferreira de Freitas et al., 2019).

Fragments targeting the CARML1 substrate binding site also gave very promising
results, especially the high affinity fragments of the pyridine nitrogen substituted series.
In the next step, hybrid ligands that link substrate-competitive fragments to a ribose
moiety were designed and analysed. Some of the hybrid fragments did show weak
binding to CARM1 when analysed by SPR. These results together with the recently
published first co-crystal structure of CARML1 in complex with a new bisubstrate inhib-
itor (Gunnell et al., 2020) could be used to develop more potent, selective, and cell-
permeable inhibitors that target both binding pockets. In particular, fragments that in-
teract with the suspected CARML1 selectivity driving asparagine residue (Asn265)
should be designed and analysed. Unfortunately, a first FragLite screen to identify al-
ternative fragment starting points did not yield any binding events. Repeating the
screen with full-length CARM1 should be attempted to identify potential allosteric sites
outside the catalytic domain.

How members of the PRMT family are regulated is still not well understood. The
readers of the methyl-marks, which are currently limited to Tudor domain containing
proteins, could also be targeted, as has been recently illustrated by the development
of acetyl-lysine mimicking compounds towards bromo-domains (Dawson et al., 2011,
Mertz et al., 2011). No specific demethylase has been reported to date, but it is likely
that they exist. The future identification of accessory proteins, methyl-arginine effector
molecules, and substrates may aid elucidation of the different signalling pathways in

which PRMTs are involved and reveal additional potential drug targets.
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Appendix A.

Secondary Structure Prediction of HSPRMT2.

The secondary structure of PRMT2 was predicted using the structure prediction server PSI-
PRED (McGuffin et al., 2000).

cong: JINNININNNNNNRENRNNInRannnanllE0aanallanxt cont: 1iinaaBlBanEnnnllNNs=000sBlRNNalREnnnaaant
Pred: Pred: L = — e — (} )
Pred: CCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCEEEEEEE
AR: MATSGDCPRSESQGEEPAECSEAGLLOEGVQPEEFVATIAD Pred: HHHHCCCCCEEEECCCCCEECCCEEEEEEECCCCCHHHCC
AR : VEEFFSEPEYNHILRPEDCLSEPCTILOLDMRTVQISDLE
10 20 30 40 290 300 310 320
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Appendix B.

E. coli Strains and Their Properties.

E. Coli Strain
BL21(DE3)
(Promega)

BL21(DE3)ald
lAgilent Technologies)

BL21(DE3)pLysS
(Promega)

Rosetta (DE3)pLysS
(Promega)

ArcticExpress
(Agilent Technologies)

DH5a

Stellar Competent
Cells (Clontech)

Properties

. BL21({DE3) can be used for the expression of target genes which are

under the control of the T7 RNA Polymerase promoter. The genes which
encode for the T7 RMA Polymerase which are under the control of the
lacUV5 promoter are integrated into the bacterial chromosome.
Moreover, the cells are deficient in the proteases Lon and OmpT

| reducing degradation of the recombinant proteins.

The BL21(DE3J) derivate has an increased fransformation efficiency and
the genes that encode endonucleases which degrades plasmids are
inactivated. They are mostly used for the expression of non-toxic
proteins. BL21(DE3)Gold cells are resistant to tetracycline.

This strain expresses the T7 lysozyme, which inhibits the TV RMA
Polymerase prior to expression induction. It can be used to enhance the
expression of toxic proteins by decreasing basal expression levels. The
T7 lysozyme gene is carried on a pLlysS plasmid that renders the strain
resistant to Chloramphenicol.

This BL21(DE3) derivate is designed for expression of proteins that
contain rare E. coli codons. It supplies tRMNAs for the rare codons on a
chloramphenicol-resistant plasmid. Moreover, they express T7 lysozyme
which reduces basal expression levels of the target protein prior to
induction.

The ArcticExpress strain expresses the two chaperonins Cpni10 and
Cpntl, which show high activity even at low temperatures. Often
recombinant protein expression in E. coli results in the formation of
protein aggregates and inclusion bodies. Lower temperature can help to
decrease incomrect folding of proteins; however, the E. coli chaperonins
show reduced activity at lower temperatures. Using ArcticExpress cells
potentially increases the amount of properly folded soluble protein
expression at reduced expression temperatures due to the presence of
cold-adapted chaperonins. The plasmid that caries the chaperone
genes also carmies gentamycin-resistance genes.

For DMNA amplification the bacterial strain DH5a was used. The cells
allow for high-efficiency transformations and are less prone to unwanted
recombination. In cases where the protein seemed to be toxic for the
cells (Mouse PRMTZ constructs), Stellar competent cells were used
instead.

The Stellar £ coll strain has a very high transformation efficiency and
was used for InFusion cloning.
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Appendix C.

Buffer Screen Layout and Composition.

NaAcetat NaAcetat NaAcetat NaCitrate NaCitrate

e, pH4.8, e, pH4.8, e, pH4.8, ,pH5.5 ,pHS.5, NaCitrate

0mM 100 mM 300 mM OmM 100mM  pH5.5,300mM MES, pH6.1, 0
NaCl NaCl Nacl NaCl NaCl NaCl mM Nacl

Bis-Tris,  Bis-Tris, PIPES,
Bis-Tris, pH®6.5, pH 6.5, PIPES, pH6.8,10 NaPhos, pH
pH6.50 100mM 300mM pH6.8,0 0OmM PIPES, pH6.8, 6.8,0 mM

mM NaCl NacCl NaCl mM NaCl NacCl 300 mM NaCl NaCl

NaPhos,
NaPhos, pH7.5, NaPhos,
pH7.5,0 100 mM pH7.5, 300 HEPES, pH7.5,
mM NaCl NaCl mM NacCl 0 mM Nacl

BICINE, BICINE,
BICINE, pH8.4, pH 8.4,
pH8.4,0 100mM 300 mM
mM NaCl NacCl NaCl

CHES, pH 9.5,
0 mM Nacl

50 mM 50 mM 50 mM 50 mM 50 mM 50 mM Tris pH 50 mM Tris pH
Tris pH TrispH  Tris pH Tris pH Tris pH 7.5,500mM  7.5,300 mM
7.5,50 7.5,120 7.5,140 7.5,160 7.5,180 NaCl,10% NaCl, 10 %
mM NaCl mM NaCl mM NaCl mM NaCl mM NacCl Glycerol Glycerol

MES, pH6.1,
100 mM NaCl

NaPhos, pH
6.8,100 mM
NacCl

HEPES,
pH7.5, 100
mM NacCl

CHES, pH 9.5,
100 mM NacCl

50 mM Tris
pH 7.5,10 %
Glycerol

MES, NaPhos,
pH6.1, NaPhos, pH6.1,
300 mM pH6.1,0 100 mM
NaCl mM NaCl NacCl

NaPhos,
pH6.8, BES,pH BES,pH

300mM 7.0,0 mM 7.0, 100
NaCl NaCl mM NacCl
HEPES,

pH7.5, Tris,pH  Tris, pH
300mM 8.1,0mM 8.1, 100
NaCl Nacl mM NaCl
CHES, pH

9.5,300 Control Control
mM NaCl buffer buffer

X X X

12

NaPhos,
pH6.1,
300 mM
NaCl

BES, pH
7.0,300
mM Nacl

Tris, pH
8.1,300
mM NaCl

Control
buffer

*The control buffer is the previously used buffer (40 mM HEPES pH 8.0, 600 mM NaCl, 0.5 mM TCEP, 5 % (v/v) glycerol).
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Appendix D.

SDS-PAGE Analysis of Expression Tests in E. coli BL21(DE3)Gold.

The cells were grown in 3 mL AIM with the appropriate antibiotic at 37 °C, 220 rpm for 5-6 h
and then shifted to 18 °C overnight. The cells were harvested by centrifugation and lysed via
lysozyme and freeze and thaw cycles. After batch purification one sample was taken for SDS-
PAGE (Pre), another sample was cleaved with 3C-protease overnight and also run on the gel
(Post). Protein ladder: PAGERuler Prestained (ThermoFisher).
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SDS-PAGE Analysis of Expression Tests in E. coli BL21(DE3)Gold.

The cells were grown in 3 mL AIM with the appropriate antibiotic at 37 °C, 220 rpm for 5-6 h
and then shifted to 18 °C overnight. The cells were harvested by centrifugation and lysed via
lysozyme and freeze and thaw cycles. A lysate and a soluble fraction sample were analysed
on a 10 % SDS-PAGE gel to determine the solubility of the expressed protein. Protein ladder:
PAGERuler Prestained (ThermoFisher).
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Appendix E.

MmPRMT2 DNA Sequence Alignment.
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The two different MMPRMT2 DNA sequences (GenBank AF169620.1 and BC122563.1) were
aligned. Differences are highlighted with red boxes. The start and stop codons are indicated
with red and orange arrows. Figure was prepared using MView 1.63 (Brown et al., 1998).
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Appendix F.

Small-Scale Expression Test of MmMPRMT2-9 and MMPRMT2-10.

\U

Elution fractions were incubated with His-3C-protease for 1 h at RT, 20 uL of the uncleaved
and cleaved sample were run on a 10 % SDS Gel in duplicate. The band above the 25 kDa
weight marker is His-3C-protease. Protein ladder: PAGERuler Prestained (ThermoFisher).
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Appendix G.

Superdex 75 10/300 GL Calibration Curve.

mAU
600
y-globulin
1.33
400
Ribonuclease A
| Albumin
|
| Thyroglobulin
200 A |
|
|
|
|
0.0 1
N
I
| 7
0.0 0.5 1.0 1.5 2.0 25 ml
3,50
670.00
3,00 y=-2,3539x+5,3374
R? =0,9916
2,50
= 2,00
=
[=1+]
2 1,50
1,00
0,50
0,00
0,50 1,00 1,50 2,00 2,50
Elution volume [mL]

The logarithm of the molecular weight of each marker was plotted against the elution volume
in mL to obtain the calibration curve. The molecular weight of each marker protein is shown
above each point.
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Superdex 200 10/300 GL Calibration Curve.

o b-Amylase » Albumin
= 12.65 mL [ 14.91mL
520 200 kDa | ‘\ 66 kDa

210

5 Dextran f‘ |
o . Lo
8.53 mL | ! CA

5 >2000 kDa | ‘|
. 16.84mL

29 kDa

1.0 12 14 16 18 2.0 2.2 2.4 2.6

Ve/VO y=-1.7104x+4.8286
R? =0.9984

The logarithm of the molecular weight of each marker was plotted against the elution vol-
ume/void volume in mL to obtain the calibration curve. The molecular weight of each marker

protein is shown above each point.
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Appendix H.

Analysis of RSF1 Sample by Mass Spectrometry.

%10 6 |*ESI Scan (9.8-9.9 min, 8 Scans) Frag=226.0V 21newcastie15.d Subtract (2) Deconvoluted (Isotope Width=11.3)

3.1

ad
2.94
2.8+ 16169.21
2.71
2.64
2.54
214
2.34
2.21
2.14

24
1.94
1.84
1.74
1.6+
1.5+
144
1.34
1.24
1.14

14
0.94
0.8
0.7
0.64
0.5 4
0.1+
0.34
0.24

o'::' L HII | . . 22130.58

12347.19

6000 8000 10000 12000 14000 16000 18000 20000 22000 24000

Counts vs. m/z

The deconvoluted spectrum reveals a dominant mass species at 16169.24 Da corresponding
to RSF1, which has an expected molecular weight of 16111.80 Da. Another unknown mass
species at 12347.19 Da was also detected.
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Appendix .

Analysis of HSCARM1“AT Sample by Mass Spectrometry.

5
x10 ® LS Scan (1.421-2.221 min, 49 Scans) Frag=200.0V JR_sample1_HsCARM1_19july16.d Subtract Deconvoluted (Isotope Width=12.6)

39815.1500100.00

9 39571,20017.46
38906 .43112.11

0924,240010.99

38000 38200 38400 38600 38800 39000 39200 39400 39600 39800 40000 40200 40400 40600 40800 41000
Counts vs. Deconvoluted Mass (amu)

The deconvoluted spectrum reveals a dominant mass species at 39915.15 Da corresponding
to HSCARM1CAT, which has an expected molecular weight of 39782.49 Da.

Analysis of HSCARM1®AT Sample by Mass Spectrometry.

5
x10 [+ESI Scan (1.359-2.492 min, 69 Scans) Frag=200.0V JR_sample2_HsPRMT2_19july16.d Subtract Deconvoluted (Isotope Width=14.1)

1.9
1.8 49242 .98[11100.00
1.7
1.6
1.5
1.4
1.3
1.2
1.4

0.9 51657.270149.66

0.8 51070.04(44.30
50137,120041.45

0.7 v
0.6
0.5 48338,041127.14

0.4 49623.051122.29
0.3
0.2

0.4

48987.891117.29

47000 47250 47500 47750 48000 48250 48500 48750 49000 49250 49500 49750 50000 50250 50500 50750 51000 51250 51500 51750 52000
Counts vs. Deconvoluted Mass (amu)

The deconvoluted spectrum reveals a dominant mass species at 49242.98 Da corresponding
to HSPRMT2-1, which has an expected molecular weight of 49195.90 Da.
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Appendix J.

Small Scale Expression Test Analysis of GST-GAR in different E. coli Strains Conducted
by NUPPA (Newcastle, UK).

BL21-Al @30°C: BL21-Al @37°C:
‘M v 1 2 3 4 5] M v 1 2 3 4 5|

e mEER pows seew SR EOE

BL21 Codon+ @30°C: BL21 Codon+ @37°C:
\ -ve M 1 2 3 4 5 |

BL21 DE3 @30°C: BL21 DE3 @37°C:

v 1 M 2 3 4 5| ‘ve 1 M 2 3 4 5
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BL21 plyss @30°C: BL21 plys® @37°C:
-ve 1 2 M 3 4 5 ‘ -ve 1 2 M 3 4 5 ‘
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Appendix K.

MALDI-TOF Mass Spectrometry Analysis of H3/H4 peptide (circa 1mg/ml) by Severn Bi-
otech.

28-Sep-2017Severn Biotech Ltd
$B2180-1 (H3) Bx4255(C10) 17 (0.603) Sm (Mn, 2x3.00); Sm (Mn, 2x3.00); Sm (Mn, 2x3.00); Sm (Mn, 2x3.00); Sm (Mn, 2x3.00); Sm (Mn, 2x3.00); Sm (Mn, 2x3.0(
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(=]

28-Sep-2017Severn Biotech Ltd
5§B2180-2 (H4) Bx4256(D10) 11 (0.393) Sm (Mn, 2x3.00); Sm (Mn, 2x3.00); Sm (Mn, 2x3.00); Sm (Mn, 2x3.00); Sm (Mn, 2x3.00); Sb (10,80.00 ); Sm (Mn, 2x3.00});
2141.91 97.7
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1849.56 ‘216348 2275.55
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I
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Appendix L.

NCL-00025060
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Appendix M.

Summary of Ligands Tested Against HSCARMI1CAT,

For each ligand, the ID and chemical structure is shown, together with the Ky values derived
from SPR experiments with at least two biological replicates with ligand concentration ranging
from 0- 200 uM. If a CARM1-ligand structure could be obtained by X-ray crystallography it is
indicated with a yes. Kqy values are shown in uM, * standard deviation (nb= no binding ob-
served; na = not analysed; / = no saturation/Kq value).

NCL ID Structure K4 (SPR) [UM] X-Ray Structure

lllH.HCI

NCL-00024056 @ O/\/ 5.18 + 1.50 Yes
O

0]
NCL-00024052 ©\NJ\(“¢’)/ 8.26 + 0.92 Yes
H

NH,

0]

NCL-00024053 ©ﬁm < 36.21+1.89 Yes
NH,

0]
NCL-00024054 @\/\ )@ 13.37 £0.76 Yes

N™ ™
NH,

I
NNGLLEL

NCL-00024055 : J 5.18 +1.50 Yes

Ny~ NH HCI
NCL-00024057 45.06 + 15.57 No
o)
NCL-00024058 SN nb Yes
H  RH,.Hel
OH |
NH .HCI
NCL-00024359 o)\Q O/\/ nb No
O
SNH
NCL-00024360 o%\©\ O/\/NHZ nb No
O
OH

NH
NCL-00024361 K@ /Ol/\/ 2 nb No
(@)




NCL-00024852

NCL-00024854

NCL-00024855

NCL-00024856

NCL-00024857

NCL-00024858

NCL-00024859

NCL-00024860

NCL-00024861

NCL-00024862

NCL-00024969

NCL-00025005

NCL-00025060

NCL-00025061
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3.21+1.43

10.19 + 3.76

239+ 0.61

9.11 + 4.76

530+ 1.83

293+ 1.06

nb

nb

nb

No

Yes

Yes

Yes

No

Yes

No

No

Yes

Yes

No

No

No

Yes



o)
N o
HHH H/\/O J N "

NCL-00025062 No
/O/,, 0] 0
NCL-00024965 & nb No
HO'
N Op
o 0
>, 0
NCL-00024971 Lg/ H;V—\_ O‘Q / No
HO'
H
NCL-00024972  _0, o mn—/ O_Q / No
|II/
OH)/\gH
N/\/NHz
NCL-00025069 ©\/© 31.36 + 1.64 Yes
N/\/NHz
NCL-00025070 54.75 + 31.67 Yes
oo
\\/\
NCL-00025093 N / No
HHH H/\/NQ/\O
S o
NCL-00025094 \/\N/\/% ~80 No
H H J
5 o
NCL-00025210 \/\N/</H nb No
H H H N\/@
5 o
NCL-00025211 \AN Sl nb No
(6]
NCL-00025138 HO%_\_ / No
F
F NH2
NCL-00025544  F |\ O/\/ na Yes
N
20N~ A NH2
NCL-00025547 U Q na Yes
NZ >0




NCL-00024109 I ~72 No
H,N_ N
AN
)
NCL-00024110 N / No
H,N_ N
AN
i
NCL-00024111 ? N / No
H,N_ N
o I 4
NCL-00024112 - I / No
NH2
N7 N\
NCL-00024113 L7 % / No
H,N N
o, L)
NCL-00024114 N / No
H,N N
2 | \\'|\I
NCL-00024115 HO™™>"0 T / No
H,N_ N
HO A~~~ l/\ll\l
NCL-00024116 © N / No
NCL-00024117 HN |N\W
HO _N
N0 N / No
NCL-00024118 HzN |N\W
_N
HO" """ 0 X / No
H,N_ N
81N
NCL-00024119 g / No
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FragLite Set.

Stock: 500 mM in 100 % DMSO. The final CARM1-crystal soak concentration was 5 mM. The

Appendix N.

figure was taken, with permission from Wood et al. (2019).
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Appendix O.

CARM1 Ligand

NCL-00024058

NCL-00025070

NCL-00025069

NCL-00024056

Space Group P212:2 P21212 P21212 P21212
Wavelength (A) 0.97950 0.82656 0.97621 0.97953
Unit cell dimension | 74.996, 98.946, | 74.788 98.343. | 74.513 98.418. | 74.783, 98.478,
@ b, c) (A) 206.982 206.800 206.199 206.879
(@, B, y) () 90,90,90 90,90,90 90, 90, 90 90, 90, 90
Resolution (A) 206.98-2.8 71.36-2.21 40.3-1.68 50.78-2.04
Rumeas 0.23(1.17) 0.29 (2.22) 0.091 (2.90) | 0.030 (0.122)
lio (1) 7.4 (1.8) 4.9 (0.9) 11 (0.8) 8.1(L1)
Completeness (%) 100 (100) 100 (100) 100 (99.9) 100 (99.8)
CC 1 0.992 (0.642) 0.989 (0.363) 0.997 (0.337) 0.996 (0.432)
Redundancy 7.3(7.4) 7.6 (1.5) 7.4 (7.6) 5.4 (5.3)
g?l./fFre:gecuons 38770/1923 152958/76225 172958/8675 98599/4437
R-factor/R-free 0.193/0.262 0.206/ 0.192/0.226 0.203/0.239
Overall B-factor (A?) 34.56 32.31 20.82 29.12
Protein (No) 10997 10997 10997 10997
Ligand (No) 84 144 168 154
Water (No) 678 218 621 650
S(’;"f d[; [()E;/ lations 0.011 0.0075 0.0093 0.0043
Angles () 1.528 1.645 1.710 1.657
Ramachandran Fa- 96.99 96.40 96.55 97.12
voured (%)

Ramachandran out- 0.21 0.81 0.81 0.55

liers (%)
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CARM1 Ligand

NCL-00024858

NCL-00024855

NCL-00024856

NCL-00024861

Space Group P212:12 P212:2 P21212 P21212
Wavelength (&) 0.976250 0.979500 0.979500 0.979500

. . 74.613 75176 75.2228 74.871
(L;”'tt) C;”(;E))'mens'on 98.117 98.744 98.854 98.106
B9 206.168 207.452 208.137 207.581

By 90,90,90 90,90,90 90, 90, 90 90,90,90
Resolution (A) 88.94-1.68 207.3-1.83 208.14-1.82 207.58-1.80
Rmeas 0.158(2.767) | 0.158 (2.257) 0.159 (2.132) | 0.128 (1.092)
o (I) 7.8(0.9) 6.9 (0.8) 75(0.9) 8.5 (15)
Completeness (%) 100 (98.8) 100 (99.8) 100 (100) 99.5 (98.8)
CC ¥ 0.995 (0.281) | 0.996 (0.301) 0.997 (0.334) | 0.994 (0.685)
Redundancy 7.1(6.9) 6.4 (6.6) 6.5 (6.7) 6.6 (6.7)
g‘l’l'ﬁ?::)ec“ons 173849/8780 | 136212/6875 139570/6786 | 141207/7023
R-factor/R-free 0.192/0.239 0.214/0.253 0.207/0.250 0.195/0.235
Overall B-Factor (A% 24.32 30.12 27.28 25.24
Protein (No.) 10997 10997 10997 10997
Ligand (No.) 156 152 152 152
Water (No.) 978 619 696 1029
gg"r? d[; [()g;’ lations 0.0085 0.0082 0.00074 0.0083

A 1578 1.550 1,510 1,553

Angles (°)
Ramachandran fa-
veured () 96.85 97.42 96.33 96.48
Ramachandran outli- 0.0 013 0.2 0.2

ers (%)
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CARM1 Ligand

NCL-00024862

NCL-00024852

NCL-00024052

NCL-00024054

Space Group P212:12 P212:2 P212,2 P212,2
Wavelength (A) 0.976250 0.979500 0.97693 0.97950

. . . 74.762 74.710 74.921 74.967
a”'tt) CCG)’”( ;%'mens'on 98.168 97.896 98.43 98.773
@ B ) 206.228 205.458 206.75 206.77

By 90, 90, 90 90,90,90 90,90,90 90,90,90
Resolution (A) 57.21-2.10 205.46-1.89 206.75-1.74 50.78-1.97
Rmeas 0.163 (1.517) 0.228 (2.656) 0.137 (0.627) 0.153 (0.102)
o (1) 9.3 (1.8) 5.1 (0.8) 15.1 (6.6) 12.2 (6.7)
Completeness (%) 100 (100) 100 (100) 98.8 (100) 100 (100)
CC % 0.997 (0.620) 0.994 (0.433) 0.993 (0.43) 0.995 (0.54)
Redundancy 7.4(7.1) 6.3 (6.2) 7.3(2.4) 7.3(2.4)
g?l./fie:gecuons 89412/4478 121236/6001 157403/6894 110686/5897
R-factor/R-free 0.193/0.247 0.229/0.273 0.189/0.214 0.177/0.210
Overall B-factor (A?) 25.24 28.31 24.84 27.42
Protein (No.) 10997 10997 10997 10997
Ligand (No.) 152 104 120 148
Water (No.) 704 400 678 642
S(’;"f d[; [(’E;’ lations 0.0143 0.0089 0.0180 0.0138

) 1.986 1.547 1.304 1.534

Angles (°)
Ramachandran fa-
voured (%) 96.3 96.6 97.3 96.8
Ramachandran out- 0.21 073 0.11 0.22

liers (%)
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CARM1 Ligand NCL-00024053 NCL-00025544 NCL-00024854
Space Group P212:2 P212:2 P212:2
Wavelength (A) 0.96730 0.91165 0.97625
g,"tt)’cc‘?'(g'mens'on 75.0, 98.8, 206.8 | 75.2, 99.3, 208.0 | 74.8, 98.2, 206.3

o 90, 90, 90 90, 90, 90 90, 90, 90
(av Bi Y) ( )
Resolution (A) 76.8-1.95 89.77-2.88 103.36-1.84
Rmeas 0.040 (0.098) 0.443 (4.322) 0.194 (3.394)
/o (1) 12.6 (6.6) 5.4 (0.8) 6.6 (0.7)
Completeness (%) 99.2 (99.2) 100 (100) 100 (100)
CC% 0.995 (0.631) 0.990 (0.332) 0.995 (0.324)
Redundancy 7.2 (2.4) 13.6 (13.5) 7.2 (7.0)
No. Reflections (all/free) 112856/5320 36110/1892 132399/6610
R-factor/R-free 0.186/0.223 0.199/0.282 0.208/0.253
Protein (No.) 10997 10997 10997
Ligand (No.) 156 184 164
Water (No.) 678 18 522
Overall B-Factor (A% 24.52 53.66 28.31
RMSD Deviations
Bonds (A) 0.0021 0.0056 0.0073
Angles (°) 1.326 1.430 1.505
Ramachandran favoured (%) 96.9 94.1 96.7
Ramachandran outlier (%) 0.25 1.10 0.73

CARM1 Ligand NCL-00025547 NCL-00024055
Space Group P2:2:2 P212:2
Wavelength (A) 0.911654 0.979402
t;r’"tt),cf)”(g')mens'on 75.340, 99.077, 208.290 | 75.0, 98.6, 206.7

o 90, 90, 90 90, 90, 90
(a,B.,v) )
Resolution (A) 71.89-2.29 53.76-2.21
Rmeas 0.251 (4.285) 0.06 (0.741)
llo(l) 7.6 (0.8) 8.2 (1.0)
Completeness (%) 100 (100) 97.9 (100)
CCY 0.992 (0.391) 0.997 (0.437)
Redundancy 13.8 (14.0) 8.9 (3.9)
No. Reflections (all/free) 71013/3584 105356/4820
R-factor/R-free 0.210/0.277 0.186/0.216
Protein (No.) 10997 10997
Ligand (No.) 180 154
Water (No.) 95 692
Overall B-factor (A?) 48.03 26.73
g(’;”fdz '(DE;’ lations 0.0077 0.0043

o 1.702 1.648
Angles (°)
Ramachandran outliers (%) 0.51 0.29
Ramachandran favoured (%) 96.9 95.9
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