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Abstract

It is widely understood that dysregulation of epigenetic events such as post-translational
modifications (PTMs) of histone proteins, are associated with a plethora of diseases, such as cancer.
A prevalent and regularly studied PTM is the methylation of lysine residues on histones, mediated by
the family of enzymes — histone lysine methyltransferases (HKMTs). However, to date there are
considerable challenges in defining unambiguously the methylation targets of a single HKMT. The
major reasons for this are: 1) there is considerable redundancy in histone methylation and multiple
HKMTs can ‘write’ the same target methylation modification, 2) HKMTs also often have many non-

histone substrates.

The majority of HKMTs contain the SET (Su(var)3-9, Enhancer-of-zeste and Trithorax) binding domain
which binds the co-factor S-adenosyl methionine (SAM) enabling the transfer of the methyl donor
group to the intended substrate. Through computational studies, the group has located an
endogenous ‘hole’ in the SET binding domain of SETD7 making it structurally different to other
HKMTs (e.g. G9a). The work presented here shows the synthesis of a small library of SAM analogues
to be utilised by SETD7. The analogues have various groups appended at the C-2 position of the
adenine ring to compliment the endogenous ‘hole’ in SETD7. Additionally, these cofactors include an
isotopically labelled CD; reporter group so newly deposited ‘heavy’ methyl marks can be readily
distinguished from endogenous methylation using LC-MS/MS analysis. Initial in vitro and in vivo
studies have been performed to demonstrate the validity of this approach for histone targets with

the intention of extending to a library of non-histone targets.
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1. Introduction

1.1. Epigenetics

Epigenetics is defined as a change of gene expression that is not explained by modification of the
DNA sequence. C. H. Waddington first devised the term “epigenetics” in 1942 to explain aspects of
developmental biology that had little mechanistic understanding.! This was an attempt to bring
together the two separate areas at the time — developmental biology and genetics.” Epigenetic
mechanisms work in addition to the DNA template to regulate gene expression systems, and thus

the combination of the two results in different cell-type identities.

‘heterochromatin’

Figure 1 — Schematic representation of how histones, complexed with DNA, are folded into higher order
chromatin structures, ultimately leading to chromosomes. The right hand box shows the structure of a
nucleosome, the fundamental repeating unit of chromatin. A nucleosome is composed of a octamer of
histone proteins — H2A (pink), H2B (yellow), H3 (blue) and H4 (green) surrounded by approximately 147
bases of DNA. Histone tails are shown to protrude from the surface of the nucleosome. Image reproduced
with permission of the rights holder, John Wiley and sons.’

The majority of epigenetic information is stored in chromatin modifications, including the exchange
of histone primary sequence variants, alteration of the chromatin structure and covalent
modifications on histone proteins.> Chromatin is the form that DNA is packaged into, and
nucleosomes are the fundamental subunits of chromatin. The structure of the nucleosome can be
seen in Figure 1 and the basic unit of a nucleosome consists of a protein octamer with approximately
147 bases of DNA wrapped around the octamer. The protein octamer consists of two molecules of

each of the core histone proteins — H2A, H2B, H3 and H4. In addition to the core histones, there is
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also a histone linker protein, H1, which contacts the exit/entry strand of the DNA between
nucleosomes. Including linker DNA, this repeating nucleosomal unit produces a “beads-on-a-string”
structure that can subsequently lead to higher-order chromatin arrangements and ultimately
chromosomes (shown in Figure 1). The core histones are small, highly basic and mainly globular
apart from their unstructured N-terminal ‘tails” which protrude from the surface of the nucleosome
(Figure 1). Histone proteins and especially their tails are subject to a wide range of histone

modifications and these modifications are explained in more detail in the next section.

1.1.1. Post-translational modifications (PTMs)

This project focusses on covalent modifications on the histone proteins, otherwise known as post-
translational modifications (PTMs). There are at least eight histone modifications that have been
well characterised to date: methylation, acetylation, phosphorylation, ubiquitination, ADP-
ribosylation, sumoylation, deamination and proline isomerisation. On top of these, other
modifications have been revealed via mass spectrometry including propionylation, succinylation,
butyrylation, formylation, malonylation and crotonylation.” Furthermore, there are over 60 different
histone residues that have been identified to be modified using specific antibodies and mass
spectrometry techniques but this could be a huge underestimation of the true number. The large
number of possible modifications that can occur has the potential to lead to a vast array of biological
responses. In fact, abnormal modifications lead to many pathological disorders, including cancer and
mental health disorders.®” These epigenetic modifications are highly dynamic and thus often
reversible. This highlights the potential to apply therapeutics to reverse abnormal modifications and

subsequently lead to a direct change in the accompanying disease state.
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Figure 2 — Modifications that are installed on histone proteins H3, H4, H2A and H2B. Diagram adapted from
M. Luo.?

Histone tails are extensively post-translationally modified and the most common PTMs and the
histone amino acid residues that they are installed on are shown in Figure 2. PTMs can lead to
altered gene expression by altering chromatin structure or via the recruitment of effector proteins.
Chromatin is highly dynamic and exists in two main forms — heterochromatin and euchromatin (a
schematic representation of the two forms can be seen in Figure 3). Heterochromatin is the highly
condensed and predominantly silenced form of chromatin, thus the genes associated with
heterochromatin are seldom expressed. Euchromatin is the more expanded form, meaning it is more
accessible for transcription and the genes that are associated with euchromatin lead to

transcriptional activation.

A Euchromatin B Heterochromatin
Active state Repressed state
HAT (p55) KMT (SUV39H1)

Figure 3 — Diagrams showing enzymatic examples of how PTMs can lead to altered gene expression. (A) —
acetylation by p55 leads to an active transcriptional state; (B) — trimethylation by SUV39H1 leads to a
repressed transcriptional state. Figure adapted from Allis and Jenuwein.'

A couple of examples of how PTMs can lead to different transcriptional states via altered chromatin
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structures and the recruitment of effector proteins are shown in Figure 3. The first example (A,
Figure 3) involves the acetylation (Ac) on the H3 histone tail at lysine position 14 (H3K14ac) catalysed
by the nuclear histone acetyltransferase (HAT) or p55." The acetylation at this position provides a
docking point for bromodomain (Bromo)-containing effector proteins to bind which subsequently
leads to promotion of nucleosome accessibility and transcriptional activation. Acetylation can be
reversed by histone deacetylases (HDACs) which have been known to cause transcriptional
repression. The opposite is true for the second example (B, Figure 3) which involves the
trimethylation at lysine 9 of histone 3 (H3K9me3) catalysed by human HKMT SUV39H1.' The
trimethylation mark is recognised by chromodomain (Chromo)-containing effector protein HP1 that
induces impaired nucleosome accessibility and leads to gene repression. In recent vyears,
demethylases have been characterised that can reverse methylation marks presumably reversing

the effects of these PTMs.

1.2. Histone methylation

In this project, the post-translational modification being investigated is methylation, particular on
the lysine residues of histone proteins. It has been over 50 years since methylation was first
reported on calf thymus histones, but the mechanisms of methylation on histones and its

subsequent effect on biological processes is still being extensively investigated.’

1.2.1. Histone methyltransferases (HMTs)

Histone methyltransferases (HMTs) control methylation on specific residues of histone proteins and
more recently discovered non-histone proteins. Histone methylation can be split into two major
families: lysine methylation and arginine methylation.'® Methylation of arginine residues is catalysed
by a group of enzymes called protein arginine N-methyltransferases (PRMTs), and arginines can be
monomethylated, symmetrically dimethylated or asymmetrically dimethylated. Methylation of
lysine residues is catalysed by a group of enzymes called histone lysine methyltransferases (HKMTs)
and lysines can be mono-, di- or tri-methylated. Histone lysine methylation occurs when the methyl
group of the cofactor S-adenosyl-L-methionine (SAM) is transferred to the lysine target of the

histone protein, resulting in the by-product S-adenosyl-L-homocysteine (SAH), and the mechanism of
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this reaction can be seen in Figure 4. Methylation of histidine residues has also been observed but

this appears to be rare and therefore has not been fully characterised.™

Figure 4 — The general mechanism of the methylation reaction mediated by HKMTs.

The most common methylation marks that are installed on lysine residues of histone proteins are on
H3 at lysine positions 4, 9, 27, 36 and 79 and on H4 at lysine position 20 (see Figure 2). Multiple
enzymes can methylate each of these lysine sites on histone proteins resulting in a redundancy of
activity. For example, the methylation mark on histone H3 lysine 9 (H3K9me) can be installed by at

least 8 methyltransferases.™**

The HKMTs known to methylate at each histone lysine site are given
in Table 1. Arginine methylation marks are commonly installed on H3 tails at arginine positions R2,

R17, R26 and on H4 at arginine R3.2

Table 1 — Known HKMTs and the specific histone lysine targets that they methylate.4

Site of lysine methylation = Enzymes that can methylate at this site

H3K4 MLL, MLL2, MLL3, MLL4, MLLS, hSET1A, hSET1B, ASH2, SMYD1, SMYD2,
SMYD3, SETD7

H3K9 G9a, GLP, ESET/SETDB1, SETDB2, SUV39H1, SUV39H2, PRDM2/RIZ1,
CLR4

H3K27 EZH1, EZH2, NSD3, G9a

H3K36 NSD1-3, SET2, SMYD2

H3K79 DOT1L

H4K20 NSD1/2, SETD8, SUV420H1, SUB420H2
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Lysine residues can either by mono-, di- or trimethylated, but each individual HKMT only transfers a
certain number of methyl groups depending on their product specificity.* Each individual
methylation state will have different effects on chromatin and transcriptional activity. Methylation
can lead either to transcriptional repression or to transcriptional activation, dependent on the site
and/or the degree of methylation. An example was discussed earlier in Section 1.1.1 for the
SUV39H1-mediated trimethylation on the histone lysine site H3K9, leading to transcriptional
repression.’ Both SUV39H1 and the transcriptional repressor protein HP1 are found to co-localise at
transcriptionally silent heterochromatin sites.”” On the other hand, methylation at H3K4 is known to
lead to active transcriptional states. Large stretches of silent hetereochromatin found in fission yeast

was found to contain histones methylated at lysine 9, but methylation on lysine 4 was absent.*

The majority of HKMTs are SET-domain containing proteins and the SET-domain stands for
Suppressor of variegation (SUV), Enhancer of zeste (EZ), Trithorax and consists of ~130 amino acids
of a conserved sequence which acts as the binding site for the cofactor SAM.” The only known
exception of this is DOTIL, which is a non-SET-domain containing HKMT. There are seven main SET-
domain containing methyltransferase families known which are the SUV39, SET1, SET2, EZ, RIZ,
SMYD and SUV4-20 families." In addition, there are a couple of orphan HKMTs such as SETD7 and
SET8 (or PR-SET7)."® These families are grouped by similarity of SET domain and comparable

sequence motifs surrounding the SET domain.

SET-domain HKMTs bind the cofactor SAM and the substrate peptide at opposite sides of the
enzyme and are connected by a hydrophobic channel to allow the transfer of the methyl donor
group. The SET-domain contains a specific residue that hydrogen bonds to the two hydroxyl groups
of the ribose moiety of SAM. In addition, the SET-domain contains either an arginine or lysine
residue that can form a salt bridge with the carboxylate present on the methionine chain of SAM.
The combination of these two interactions results in optimum positioning of the methylsulfonium
group in the hydrophobic channel and thus allows an efficient transfer of the methyl donor group to
the relevant substrate. There are also additional residues that help activate the methyl donor by
using C-H = O hydrogen bonds. The function of these hydrogen bonds is to allow an arrangement
where the sulphur of SAM, the carbon of the methyl group and the &-nitrogen on the lysine
substrate are all collinear. This collinearity allows a Sy2 nucleophilic attack to occur at the g-amine
for incorporation of the methyl group on the protein substrate.’® Further discussion on these

interactions related to the HKMT of interest, SETD7, can be found in Section 1.3.
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1.2.2. Histone demethylases

Like acetylation, methylation is reported to be a dynamic process, meaning the methylation marks
installed by HKMTs can be reversible. Methylation marks are removed by two known families of
histone demethylases: the amine oxidase KDM1 family and the Jumonji C (JmjC) domain-containing
iron-dependent dioxygenases.™ The majority of the known demethylases to date contain the JmjC
domain and were identified after the initial discovery of JHMD1 (JmjC domain-containing histone
demethylase 1), as many demethylases contain this kind of domain.” However, the first histone
demethylase discovered was an amine oxidase homologue LSD1 (lysine-specific demethylase 1)
which demonstrated that these methylation marks are indeed reversible.?® LSD1 is a flavin adenine
dinucleotide (FAD)-dependent amine oxidase which specifically removes methyl groups from mono-
and di-methylated H3K4.°* It is important in this project to keep H3K4 demethylation in mind;
especially since demethylation of dimethylated H3K4 could also regulate monomethylation levels at

K4.

1.2.3. Histone code and combinatorial effects

The most common methylation marks that are installed on histone 3 (H3) and the effector proteins
that are associated with them are shown graphically in Figure 5. The distinct domains that have been
found to recognise specifically histone lysine methylation marks include plant homeodomain (PHD)
finger domains and the Tudor ‘royal’ family of domains that include chromodomains, Tudor, Pro-Trp-
Trp-Pro (PWWP) and Malignant Brain Tumour (MBT) domains (Figure 5).* Effector proteins can also
exist as multimeric proteins that bind numerous modifications at the same time, whether that is on
one nucleosome or adjacent nucleosomes.” This provides evidence for a ‘histone code’. The
‘histone code’ states that one or multiple histone modifications can act as a code for effector
proteins to bind and result in specific biological outcomes.”® An example emphasising this hypothesis
was explained in Section 1.1.1 where the binding of the trimethylation mark on H3K9 by the

chromodomain on HP1 leads to transcriptional activation.
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Figure 5 — A diagram showing the structure of a nucleosome with different PTMs installed on the histone
tails, and also the effector proteins that can bind to the PTMs. Image reproduced with permission of the
rights holder, Springer Nature.”

Methylation marks are not present individually and the same histone protein can be modified by
various different modifications simultaneously. Additionally, modifications are not always mutually
exclusive meaning that one modification can influence the outcome of another. This ‘cross-talk’
between the abundance of modifications seen on H3 is shown in Figure 6. There are a number of
ways that histone modifications communicate with each other, resulting in a positive or negative
influence over each other. When modifications have a positive influence over the other it is shown
with an arrow (Figure 6), such as recognising its substrate more effectively due to the adjacent
modification. An example of this is GCN5, an acetyltransferase, which may recognise H3 more
effectively when H3S10 is phosphorylated.* Conversely, negative effects are shown with a dish-line
(Figure 6), such as the binding of a protein being disrupted by an adjacent modification. For example,
if the serine 10 residue on H3 is phosphorylated then it will block methylation occurring on K9 by
SUV39H1, and vice versa (Figure 6)."> Moreover, the catalytic activity of an enzyme can be hindered
by other modifications installed at its substrate recognition site. For example, isomerisation of

H3P38 inhibits the ability of Set2 to methylate H3K36 (Figure 6).* On top of this, communication can

19



even occur between different histone tails. For example, ubiquitination of H2B is required for

methylation of H3K4me3 to occur (Figure 6).*

Figure 6 — Crosstalk between different histone modifications. Arrows show the positive influence of one
modification over another and a dish-line shows the negative effect. Image reproduced with permission of
the rights holder, Elsevier.*

1.3. SETD7, its targets and their effects on transcription

In this project, we will be investigating the specific methylation targets of the HKMT called SETD?7.
SETD7, a 41 kDa HKMT, was originally isolated from Hela nuclear extracts and is encoded by a gene
that is conserved in vertebrates.””*® This section will first discuss the histone target of SETD7 and the
sequence specificity of this enzyme, and then the structure of SETD7 and what interactions are

important in the catalytic activity of this enzyme.

1.3.1. SETD7’s methylation targets

As reported in Table 1, the histone lysine target reported for SETD7 (alternatively named SET7/9,
SET9, SET7 or KMT7) is H3K4. It has been well evidenced in in vitro studies that H3K4 is a valid

29-33

histone lysine target for SETD7 methylation. It has also been widely reported that SETD7

specifically monomethylates H3K4 and its non-histone substrates.>**3¢

Mutation of H3K4 to H3R4 was found to eliminate SETD7’s activity by studies from both Wang and

27,37

Brasacchio, providing evidence that SETD7 specifically methylates H3K4. Another study by
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Nishioka et al., used Edman degradation of H3 histones labelled with *H-SAM to confirm that the
methylation target of SETD7 is H3K4.>® Mori et al. designed and synthesised a small library of SETD7
inhibitors that consisted of Aza-SAM substituted with various alkylamino groups (structures shown in
Figure 7). When these SETD7 inhibitors were tested in in vitro assays against a H3 peptide substrate,
the results showed a potent reduction of monomethylation on H3K4.*® Therefore, the results gave
evidence that SETD7 monomethylates H3K4. Further evidence of this came from crystal structure
studies of SETD7 bound to histone H3 and SAM which indicated that SETD7 transfers a single methyl
group to H3K4.%

Figure 7 — The structure of Aza-SAM and the alkylamino groups that were appended to produce a library of potent
SETD7 inhibitors. Adapted from Mori et al.”

The transfer of one methyl group provides potential for subsequent modification but several studies

354142 Eyidence that

have discounted SETD7 having the ability to di- or tri-methylate its substrates.
SETD7 is a H3K4 monomethylase is further demonstrated by peptide array analysis performed by
Dhayalan et al., which showed that H3K4mel, H3K4me2, H3K4me3, and H3K4 acetylation marks
blocked SETD7’s methylation activity on H3K4.*> The specificity profile of SETD7 was investigated
using a stepwise iterative approach by methylating a series of peptide arrays. The peptide arrays
consisted of a histone H3 tail (1-21) peptide with each amino acid residue in the tail exchanged
against all other 20 natural amino acids.*> Ab initio quantum mechanical/molecular mechanical
(QM/MM) molecular dynamics simulations also reported, via analysis of SETD7’s crystal structure,
that SETD7 is a monomethyltransferase.* The simulation showed that when the methylated lysine
substrate is bound in the active site of SETD7, the SAM binding channel is opened, allowing solvent
water molecules to enter the active site. This subsequently disrupts SETD7’s catalytic activity and

prevents further methylation (di- or tri-methylation) occuring. Further discussion on SETD7’s crystal

structure and the interactions that explain its catalytic activity is presented in Section 1.3.2.

However, there have been questions raised about the validity of H3K4 being a target for SETD7 in a
physiological environment. Even though Wang’s study provided evidence that SETD7 methylates

H3K4 in vitro, they found marked reduction in activity when nucleosomal substrates were used.*
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This was further evidenced by Nishioka et al. who also observed a reduction in SETD7’s activity when
using nucleosomes as subtrates.”” These studies provide doubt that SETD7 has a significant
physiological role in the methylation at H3K4, since nucleosomal histones have a direct association
with chromatin. In agreement to these in vitro results, RNAi-knockdown of SETD7 experiments had
no effect on global methylation levels of H3K4mel in histones extracted from LNCaP cells* or in
MEF cell lysates.” This was further evidenced in a study utilising somatic SETD7 knockdown in MEF

cells that resulted in no change in H3K4me1 global levels.*

However, these findings are not consistent with SETD7 knockdown in rat mesangial cells which
resulted in global H3K4me1l depletion with no change in H3K4me2 or H3K4me3.*” In addition to cell-

type differences, this disparity could be a result of the method of histone preparation differing to the

37,44,48,49 |47,50,51

previous study.” This study agrees with various studies in both human and anima cells
types that describe SETD7-mediated transcriptional regulation by enrichment of the H3K4mel
methylation mark, identified by chromatin immunoprecipitation (ChIP). An example of one of these
studies by Okabe et al., proposed that gene regulation mediated by glucose is dependent on SETD7
with distinct H3K4me1 marks on target genes.*® Additional studies by Brassachio et al. and El-Osta et
al. showed that sustained upregulation of the NFkB-p65 (RelA) gene as a result of hyperglycaemia,

was accompanied with increased levels of H3K4mel but not H3K4me2 or H3K4me3 marks (Table 2).

Despite this, there are several studies that discount SETD7 as a regulator of H3K4mel and even
suggest that an alternative HKMT is maintaining nucleosomal H3K4mel patterns. A study by Herz et
al. showed an association with the HKMT MII3 with H3K4mel patterns in embryonic fibroplasts.>
They showed that knockdown of MII3 resulted in significant reduction of H3K4mel globally.*
Nevertheless, H3K4 methylation enrichment resulting from MII3 was not definitively proven and
secondary effects resulting from SETD7 may be contributing to the H3K4mel pattern that was
observed.” Moreover, there is the possibility that H3K4mel is regulated by specific demethylases of

H3K4me2 and me3, such as the nuclear amine oxidase homolog LSD1.%

Methylation at H3K4 has been associated with euchromatin and thus linked to transcriptional

activation.>™®

This is further evidenced by SETD7 localising to the promoter genes of collagenase
type 1 gene (MMP1)*” and the proximal promoter element of the insulin gene (Table 2).*® This
localisation temporally corresponds with the recruitment of transcription factors, chromatin
remodelling factors and other components of the transcriptional machinery. These temporal links
imply that SETD7 functions as a general transcription co-activator. SETD7 has been linked in several
studies to hyperglycaemia and appears to regulate glucose-induced chromatin changes (Table

2).37%%3° Table 2 summarises the transcriptional regulation that SETD7 has been linked to, as well as
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the target promoters it associates with. However, the functions of both SETD7 and

monomethylation at H3K4 are still widely unknown.®®!

As well as H3K4, SETD7 has also been linked to other histone targets. SETD7 was shown to methylate
recombinant full-length H2A and H2B peptides at a similar level to H3 peptides in vivo.* H2A was
found to be methylated at multiple sites but H2B was exclusively methylated at the lysine position
K14.”* However, the role of lysine methylation on these histones is still unknown. Recently, it was
reported that PARP1-mediated ADP-ribosylation of H3 histones promoted SETD7-dependent
methylation of linker histone variant H1.4.°> On top of this, it was shown that there was negative
crosstalk between ADP-ribosylation at both H3 and H1.4 and SETD7 methylation of these sites. This
crosstalk suggests that ADP-ribosylation has a role in regulating SETD7’s histone target preference.
Four individual sites were found to be methylated on H1.4 — K121, K129, K159, K171, K177 and K192
— but this has yet to be established in vivo and therefore the physiological significance of this target
has not been confirmed.®

Table 2 - Studies in cells that demonstrate transcriptional regulation by SETD7-mediated chromatin
modification. Table adapted from Keating et al.”’

Cell type Experimental conditions Target promoter Reference
Human T98G glioblastoma cells  Serum stimulation MMP1 >

LNCaP human prostate cancer Androgen stimulation PSA 63

cells PSA, NKX3-1 “

Human THP-1 monocytes TNF-a stimulation MCP-1, IL8, TNF 64

Human and bovine endothelial Transient hyperglycaemia RelA 37,59

cells

Human microvascular Hyperglycemia IL8 49

endothelial cells

Murine BTC3 B-cells Basal growth INS1, INS2, SLC2A2 2063

Murine C2C12 myoblasts Serum-induced MYOD1, MYOG, MCK, 31
differentiation MHC

Rat mesangial cells TGF-B stimulation COL1A1, CTGF, PAI-1 &

In addition to histone targets, SETD7 has been reported to have wide range of non-histone targets.
The various non-histone targets are discussed in further detail in Section 3.6 but several will be
considered here in relation to SETD7s sequence specificity. The fact SETD7 has a diverse range of

targets has led to investigation of the mechanism with which SETD7 recognises specific lysines.
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Couture et al. compared the crystal structure of SETD7 bound to TAF10 peptide with ones bound to
H3 and p53.% This study revealed a structurally conserved binding site with a short consensus motif
of [K/R][mt]K[X]. it represents a small residue such as Ser or Thr, K the lysine methylation site and X
any residue. This consensus motif was found to be consistent with additional studies involving
oestrogen receptor o, DNMT1,%” HIF-1a®® and Tat,* which are also reported to be SETD7s targets.
In the case of the study involving DNMT1, both m and X residues were expanded upon to be
[K/RI[T/L/SIK[Q/S/A]. Further expansion on this motif was achieved by Dhayalan et al., by applying
the peptide array methylation mentioned earlier, to discover an optimised target sequence.* This
led to the consensus motif reported to be [GRHKPST][K>R][S>KYARTPN]K[QN][AQGMSPTYV], which
was also agreed upon with studies performed on ARTD1 (or PARP1).”° All these motifs contain both
similar and differing elements and therefore they are all worth considering when investigating novel
targets of SETD7. This peptide array study resulted in the identification of nine new non-histone
targets — AKA6, CENPC1, MeCP2, MINT, PPARBP, ZDHS8, Cullin1, IRF1, and [weakly] TTK. Table 3
summarises the most relevant SETD7 targets for this project with their target motifs highlighted,
including the non-histone targets that will be investigated further in Section 3.6.

Table 3 — SETD7 substrates and target motifs characterised in in vitro and in vivo studies. Target motif is
underlined with the target lysine in bold. Table adapted from Keating et al.”®

Substrate Methylation site Experiment
in vitro®’,
H3 K4 ARTKQTARKS
e CE| | u Ia r37,44,47,50,51,57,5'5),63—65
H2A Unknown in vitro peptide assay™®
H2B K15 APKKGSKKAVTKA  invitro peptide assay®
K121 EAKPKAKKAGAAK
Histones
K129 AGAAKAKKPAGAA
K159 KTPKKAKKPAAAA
H1.4 in vitro®
K171 AGAKKAKSPKKAK
K177 KSPKKAKAAKPKK
K192 KSPAKAKAVKPKA
FOX03 K270,K271 GRAAKKKAALQTA invitro, cellular’>"
Transcription FOXO1 K274 RSRAAKKKASLQS  invitro"
factors K37 GMRFRYKCEGRSA invitro, cellular®
RelA
K314,K315 TFKSIMKKSPFSG in vitro, cellular’
Enzyme PARP1 K508 AALSKKSKGQVKE  invitro, cellular”
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1.3.2. SETD7 and its structure

In the same way as all other SET-domain containing HKMTs, SETD7 binds the cofactor SAM and the
substrate peptide on opposite faces of the enzyme that are connected by a narrow hydrophobic

channel.™ This is shown in Figure 8 for the tertiary complex of human SETD7.**

Figure 8 — Structure of the tertiary structure of SETD7 bound to SAH and H3 peptide. a) Tertiary complex in
ribbons representation. The C-terminal domain is grey, the N-terminal domain is pink, the SET domain in
blue, SAH in yellow and the H3 peptide in green. b) Two views of the SETD7 SET domain in surface
representation (the views are related by a 2-fold rotation about a vertical axis). The inset panel shows the
lysine hydrophobic channel containing the methyl lysine side chain shown from the SAM binding site. Image
reproduced with permission of the rights holder, Springer Nature.”
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In Section 1.2, it was discussed how hydrogen bonds helped activate the methyl donor by ensuring
the sulphur of SAM, the carbon of the methyl group and the g-nitrogen on the lysine substrate are all
collinear. For SETD7, the residues involved in these interactions are Tyr-335, Gly-264 and His-293.”
The diagram in Figure 9 shows the collinearity that is formed. Tyr-335 is a conserved residue and has

been theorised to act as a general base in the methylation reaction.”

LYS294

Figure 9 — The active site of HKMT SETD7 at its transition state highlighting the collinearity between the
sulphur on SAM (yellow), the carbon of the methyl group (light blue) and the €- nitrogen (dark blue) on the
lysine substrate. Reprinted with permission from Hu and Zhang. Catalytic Mechanism and Product Specificity
of the Histone Lysine Methyltransferase SET7/9: An ab Initio QM/MM-FE Study with Multiple Initial
Structures. J Am Chem Soc. 2006; 128:1272—-8. Copyright
2006 American Chemical Society.14

In addition, there are two additional interactions that are important for SETD7 to stabilise the active
conformation for monomethylation. The interactions are between O; of Tyr-245 and H; of the e-
amino group and between O, of Tyr-305 and H, of the e-amino group (also shown in Figure 9).”
These two interactions facilitate the correct orientation of the lone pair of electrons towards the
methyl group of SAM. Mutating the residue Tyr-245 for either Ala or Phe was found in multiple

31,34,40

studies to significantly reduce the activity on a H3K4 peptide. Also, a single base mutation from

a conserved histidine found in the SET domain to an alanine residue was found to impair SETD7’s

activity.27'28
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In terms of evidence that SETD7 is specifically a monomethyltransferase, free-energy simulations by
Guo and Guo showed that the free-energy barrier for the second methyl transfer from SAM to
H3K4me is ~5 kcal/mol higher than the barrier for monomethylation in wild-type SETD7.”
Mutagenesis studies were performed on Tyr305 and Tyr245 to further explain the product specificity
of SETD7. These residues were chosen as there are key residues residing in the lysine binding
channel of SETD7 and therefore could sterically exclude the target lysine side chain with methyl
groups.*® Also, these residues are conserved between the SET family. Tyr305 was mutated to a Phe
residue, which resulted in a lower free-energy barrier to a second methyl transfer to SAM. This
mutation also interestingly turned SETD7 into a dimethyltransferase. This is logical due to the wild-
type Y305 hydroxyl group being in close proximity to the terminal amine group of the target lysine.
Mutation of Tyr245 to an Ala residue resulted in little activity on unmodified lysine; but allowed
SETD7 to catalyse mono- and dimethylated lysine peptides to the corresponding di- and tri-

methylated lysine products.*

1.4. Techniques to profile histone lysine methylation

In an attempt to understand these epigenetic processes further, there have been various techniques
developed to profile methylation catalysed by HMTs. However, profiling the specific targets of single
HKMTs is a difficult and complex task. One reason for this is the redundancy of activity between the
enzymes. This redundancy means that every potential site of modification has multiple candidate
enzymes that can install this particular mark. Thus, detecting the relative increase of a specific
histone methylation mark only gives information on cumulative and not individual HKMT activity.
Additionally, every HKMT, with the exception of DOTLL, exhibits a catalytic SET domain that binds
the cofactor SAM with highly conserved hydrogen bonds, making it difficult to differentiate the

individual structures of an HKMT by probing with small molecules.

Extra complexity arises from HKMTs working in a context-dependent manner. Therefore, it is
important to study these enzymes in their natural chromatin environment to ensure biologically
consistent results. This is emphasised by HKMTs activity being dependent on particular substrate
states, for example NSD2 is a robust H3K36 dimethyltransferase on nucleosomes but has minor
activity on free histones.”® Also, HKMTs only exhibit activity in certain cellular conditions, for
example — methylation of Reptin by G9a only occurs under hypoxic conditions.”” Furthermore, these
enzymes commonly form multimeric complexes in the cell to target them to a specific site and/or

stabilise them, for example a multimeric complex is formed of subsets of each of the four main H3K9
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HKMTs, G9a, GLP, SETDB1 and Suv39h1.”® Lysine methylation also occurs on non-histone proteins,
which have been widely understudied and the functional consequence of such methylation

remaining generally unknown.

For the reasons discussed, to date, the targets of any specific HKMT have not been unambiguously
defined in a biologically relevant manner. In this section, we will review the previous techniques
employed for profiling targets of HKMTs, including conventional techniques, mass spectrometry

techniques and the bump-and-hole approach.

1.4.1. Conventional techniques

The majority of conventional techniques to profile methylation employ activity-based assays. The
two main types of activity-based assays use radiometric or antibody-based techniques, though both
can be used in tandem. Activity-based assays measure the products that result from the catalysed
methylation reaction between the protein substrate and the SAM cofactor — which are the

methylated lysine substrate and the by-product SAH. Assays measuring the by-product SAH are

79,80 d 81-86

performed directly or by converting SAH into different products that can then be measure
The latter approach is preferred because SAH is an inhibitor of HKMTs, and therefore measuring this
directly can provide inaccurate results. In this project, the methylated lysine will be measured as the

readout and therefore the focus in this section will be on approaches using this readout.

One way of detecting the methylated substrate is to use a radioactively labelled methyl donor group
such as [Me->H] or [Me-"*C] to measure the enzyme activity. The signal from the donor can then be
guantified using autoradiography or a scintillation method, typically after a separation step to get rid
of the unreacted labelled SAM.2 This separation step can be laborious and time-consuming.
Therefore, a more efficient assay was developed — a scintillation proximity assay (SPA) that does not
require separation steps and thus is readily adaptable for high-throughput screening (HTS). This
assay uses an immobilised biotinylated peptide as the substrate and [Me-H]-labelled SAM as the
cofactor. The biotinylated peptide is immobilised by a strong binding to streptavidin-conjugated SPA
beads. The biotin-streptavidin binding allows close proximity between the B-particles that are
produced from the radiolabelled peptide and the SPA-coated scintillation fluid on the surface of the
bead, which subsequently produces a scintillation signal that can be measured (an illustrative
representation is given in Figure 10). This approach has previously been used to measure the activity
of the PMTs Dim5, G9a and PRMT1.*7®° A HTS assay that used this approach was performed by

Dhayalan and co-workers to study the activity of the HKMT G9a on its non-histone substrate WIZ.
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From this assay, Dhayalan et al. were able to determine the ICsy value of SAH and the G9a inhibitor

BIX-01294 for methylation of WIZ. The HTS assay was shown to have excellent reproducibility.

0//

SPA emission

B-particles R 4

Me

Streptavidin
biotin

Figure 10 — Function of the SPA-based assay highlighting how the B-particles are received to produce a
signal. Figure adapted from Luo et al®

Radioactive assays are attractive techniques due to their straightforward method and the ease of
access to reagents and instruments. However, these techniques are not environmentally friendly
and they cannot report on the degree of methylation that has occurred.® As mentioned previously,
the other main type of activity-based assays are antibody-based assays. These assays use specific
monoclonal or polyclonal anti-methyllysine antibodies to detect methylation on the target substrate.
Antibodies are used to recognise protein methylation in Western Blot (WB) analysis and ChIP

analysis; the latter will be discussed further in relation to mass spectrometry (MS) techniques.”

Antibodies can also be utilised in conjunction with technologies such as AlphaScreen/AlphaLISA and
Lance ultra, shown in Figure 11. Similar to the SPA assay, methylation at the target substrate results
in the acceptor and donor components becoming in close proximity with each other. The main
difference here is that the donor or acceptor is conjugated to the antibody that recognises the
methylated substrate, instead of the methylated substrate producing the donor signal. In the
AlphaScreen/AlphalLISA assays, the donor beads are streptavidin-coated to allow binding of the
biotin-tagged, methylated peptide product. The anti-methyllysine antibody is conjugated to acceptor
beads so once the methylated product is recognised by the antibody, the acceptor beads are in close
proximity to the donor beads. Excitation of the donor beads at 680 nm leads to the emission of
singlet oxygen ('0,), which subsequently excites the acceptor beads. Excitation of the acceptor
beads leads to emission at 520-620 nM (AlphaScreen) or 615nm (AlphalLISA), which can then be

measured.

29



For the Lance ultra assay, the acceptor beads are conjugated to streptavidin and the anti-
methyllysine antibody is labelled with europium. Once the antibody recognises the methylated
substrate it will be in close proximity with the acceptor beads. Excitation of the europium donor at
320 or 340 nm leads to the Forster resonance energy transfer (FRET)-mediated light emission at 665

nm from the acceptor.

Streptavidin
biotin

Emission at 665 nm

Excitation at
320 or 340 nm FRET

Antibody

Me
Streptavidin
B biotin

Figure 11 — Examples of homogenous antibody assays. (A) represents the AlphaScreen/AlphaLISA
immunoassay using singlet oxygen transfer and (B) shows the LANCE ultra assay using FRET. Figure adapted
from Luo et al.’

Both the AlphaLISA and LANCE ultra approaches have been developed and optimised to monitor
methylation and demethylation at the histone lysine site of H3K4 utilising SETD7 and LSD1
respectively.”” These assays were designed as signal increase assays using biotinylated peptides
derived from the N-terminus of H3. In the case of SETD7, this was also optimised for the full-length
H3 protein as the substrate. These optimised assays were high-throughput and robust (Z’' factors
>0.7) and sensitive (only requiring nM concentrations of enzyme and substrate). The effect of SAM
concentration on the methyltransferase activity from the Lance ultra and AlphalISA gave similar

apparent K., concentrations for SAM of 75 uM and 79 uM respectively.
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Recently, methods have been developed to enrich the methylation marks on proteins for proteomic

IM

analysis with high-affinity “pan-methyl” antibodies and other methyl-binding proteins that are now
available.”® Therefore, enrichment provides an alternative way antibodies can be utilised to
effectively study methylation events. This enrichment technique would be useful to detect novel
methylation events over the complex background that would be produced from cellular or lysate

samples.

The activity-based assays described above are useful for determining the activity of certain HKMTs
with easy readouts. However, these techniques cannot determine the degree of methylation at
particular sites. Also, the antibody assay requires that you know the type of modification you want
to study and its position on the substrate. This limits the use of these assays to cases where the
substrate is known. Furthermore, these techniques alone cannot profile the specific methylation
targets catalysed by a single HKMT. These limitations mean that these techniques alone are

unsuitable for this project.

1.4.2. Chromatin immunoprecipitation (ChIP) techniques

There are a variety of ChIP immunoprecipitation techniques that have been developed including
ChIP-on-chip and ChIP-Seq as well as the standard ChIP technique. The basic principle of ChIP is to
selectively enrich a specific part of the chromatin (e.g. the modified histone) using an
immunoprecipitation (IP) step. The modified histone is selectively enriched using specific antibodies
for that modification site. This can then be coupled with gene microarrays resulting in the ChlP-on-
chip technique or the ChIP sample can be directly sequenced, termed the ChIP-Seq technique. The
use of methylation specific antibodies in chromatin immunoprecipitations, coupled to gene-array
technology (ChlP-on-chip), produced significant advances in the ability to monitor the global

occurrence of histone modifications (see Figure 12).*

Conventional ChIP-Seq normalisation and analysis methods are not quantitative, and fail to directly
compare samples that are derived from different cell types or between cells that have experienced a
global perturbation of methylation levels.*® In recent years, there have been methods developed
that have allowed direct comparison between two or more ChIP-Seq samples. One method,
published by Orlando et al., called ChIP-with reference exogenous genome (ChlIP-Rx), used reference
or ‘spike-in’ chromatin to enable comparison between samples.** This approach successfully
measured genome-wide changes in H3K79me2 levels when human cells were introduced to a small

molecule inhibitor of DOTLL, the only known HKMT to specifically methylate H3K79.>* Another
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similar strategy, that introduced Drosophila melanogaster chromatin and a D. melanogaster-specific
antibody into standard ChlIP reactions, successfully observed global reductions in H3K27me3 levels

from samples treated with an inhibitor for the HKMT EZH2.”

Despite chromatin immunoprecipitation presenting a powerful method to analyse global
modification levels within chromatin, there are still disadvantages associated with it. This technique
can detect the modification status over a single nucleosome, but it cannot detect the modification
status of different histones within that nucleosome.* Therefore, it is not possible to identify if there
is a distinct pattern of modifications between both copies of each histone or if they are modified in
an identical way.* Furthermore, there are problems associated with antibodies, especially their low
specificity. On top of this, adjacent modifications may disturb the binding of the antibody to its

recognition site and thus lead to false readings.
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Figure 12 — A schematic diagram showing the process of ChIP, ChIP-on-chip and ChIP-seq techniques. Image
reproduced with permission of the rights holder, John Wiley and Sons.”

1.4.3. Mass spectrometry techniques

Mass spectrometry (MS) is a powerful technique for mapping protein methylation sites, including

the degree of methylation that is installed. MS can accurately record the respective mass shift that

occurs by mono- (+14 Da), di- (+28 Da) or trimethylation (+42 Da). Mapping the specific methylation
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site via MS is much quicker than radiometric/antibody techniques, which need to use laborious
techniques that utilise truncated peptides or site mutagenesis. Furthermore, methylation does not
significantly change the size or charge of the target substrate, so the peak ratio from the MS spectra

can be used for direct quantification of methylation.

The two classic proteomic MS workflows use the ‘top-down’ and ‘bottom-up’ approaches. ‘Top-
down’ MS analyses intact proteins and is generally used for smaller, high-purity proteins like
histones. This is due to complex protein samples not resolving to a sufficient degree. However, the
advantage of using intact proteins is that you can unambiguously detect the methylation sites
alongside other PTMs on the same protein. A high-throughput characterisation of hyper-modified

combinatorial histone codes has been achieved previously by the Garcia lab.*

On the other hand, ‘bottom-up’ MS uses digested proteins and separates the resulting peptides,
before MS analysis, using chromatographic techniques like high-performance liquid chromatography
(HPLC). The peptides are analysed using MALDI or ESI in combination with tandem mass
spectrometer techniques like collision-induced dissociation (CID), electron transfer dissociation (ETD)
or electron capture dissociation (ECD). This approach is generally more useful for interpreting
histone modifications because it does not have the limitations associated with using highly purified,
small proteins. An example of how ‘bottom-up’ was used to map specific methylation sites is for the
tumour suppressor protein pRb. Carr et al. found that SETD7 specifically methylated Lys810 of pRb

using this technique.”’

One successful approach for studying histone modifications has been to combine MS proteomic
analysis with Stable Isotope Labelling of Amino acids in Cell culture (SILAC) experiments. This
approach introduces ‘heavy’ methyl groups to cell media for incorporation of these methyl groups
during normal cellular growth. The isotope label allows an easily observable distinction in the MS
spectra between the newly deposited methylation over endogenous methylation. The labelled and
unlabelled peptides that result from the SILAC method chromatographically co-elute and possess an
identical charge state enabling straightforward analysis. An example MS spectrum that would result
from the SILAC method is shown in Figure 13. Traditional SILAC approaches incorporate an
isotopically labelled version of methionine (**CD5;-MET) into the cell media as the source of the
‘heavy’ methyl group. The ‘heavy’ methionine will then be synthesised into SAM intracellularly. A
similar approach is used in this project, but instead of methionine, an isotopically labelled SAM

cofactor was utilised instead.
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The Garcia lab have utilised ‘top-down’ MS combined with heavy methyl SILAC, to analyse in vivo
dynamics of multiple histone lysine and arginine methylations. In general, the results from this study
showed that active-gene-associated histones are methylated faster than silent-gene-associated
histones. This is demonstrated by the histone marks H3K27me3 and H4K20me3, that are normally
associated with silencing epigenomic regions, having among the slowest rates of turnover.” This is
further evidenced by another study investigating global turnover of histone PTMs and variants in
human cells, using SILAC in conjunction with high-resolution MS.* Interestingly, Zee et al. found that
the presence of both silent and active marks on the same peptide resulted in a slower turnover rate

than when either mark alone was present.*

| . |

8430 8440 8450 BAED BA7.0 BABO
H2A H2B m/z

Figure 13 — Schematic representation of the SILAC method. 'New' me in orange represents the isotopically
labelled methyl group and the ‘old’ me represents endogenous methylation.
Picture courtesy of P. DiMaggio, Imperial College London.

Mass spectrometry is an extremely powerful technique that can identify the respective mass shift
that occurs by mono-, di- or trimethylation unambiguously and also locate the exact sequence on
the protein that modification has been added to. One disadvantage is that peptide coverage is not
always equivalent due to the different ionisation properties these modified peptides exhibit. This
means that there could be a lack of sensitivity in some regions and thus might result in an
incomplete picture of the genome-wide state. However, with the advanced techniques and high-
resolution mass spectrometers available, this should not prove detrimental in studying histone
modifications. MS will be utilised in this project to map SETD7s methylation sites by monitoring the

‘heavy’ methyl donor group of our SAM cofactor analogues.
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1.4.4. Bump-and-hole approach

In recent years, the bump-and-hole approach has been utilised to profile the targets of both protein

100,101

kinases and to some extent protein methyltransferases. The principle behind this approach is
that a modified ‘bumped’ cofactor or inhibitor is synthesised that specifically recognises a mutant
form of the enzyme of interest over any endogenous enzymes that are present in the system. The
mutant enzyme is engineered typically with a point mutation in the active site to produce a ‘hole’
that can accommodate the ‘bump’ or substituent on the modified cofactor. In this way, only the
engineered enzyme should recognise the modified cofactor and not any endogenous enzymes. In
combination with a way to track the products of the enzymatic reaction between the ‘bumped’
cofactor and the mutant enzyme, the targets of that specific enzyme could be elucidated. A
schematic representation of this is shown in Figure 14. The engineered enzyme should exhibit high
catalytic efficiency for the bumped cofactor. Furthermore, on top of no cross reactivity between the

‘bumped’ cofactor and endogenous enzymes, ideally, the engineered enzyme would preferentially

bind to the ‘bumped’ cofactor over the wild-type with a higher catalytic efficiency.

Enzyme (e.g. HKMT) Cofactor (e.g. SAM)

-
c‘ «
N s,
N ’
N s
s

Crossreactivity

N
’ b ¢
’ b -
7’ N
| B
_

Mutant engineered enzyme ‘Bumped’ cofactor

Figure 14 — Schematic representation of the bump-and-hole approach.

36



This approach has been successfully utilised for protein kinases using modified ‘bumped’ ATP
cofactors and engineered protein kinases to profile the targets of a specific protein kinase. Protein
kinases utilise ATP as the cofactor and transfer the y-phosphate group from ATP to various amino
acid residues on proteins. From crystal structures, it has been shown that protein kinases bind the
adenine moiety of ATP with three hydrogen bonds via a hinge region.'® Therefore, this is where the
enzymes are mutated for the bump-and-hole approach while not disrupting the essential hydrogen
bonding. The first successful bump-and-hole approach for protein kinases was achieved over 15

193 To furnish the

years ago by Shokat and co-workers for the protein tyrosine kinase v-Src.
engineered enzyme, a point mutation was performed at the ‘gatekeeper’ residue of the hinge
domain. This residue is chosen because mutating this position will not affect the hinge domain
hydrogen bonding interactions that are essential for binding SAM (shown in Figure 15). The
‘gatekeeper’ residue is mutated to a smaller residue allowing the accommodation of a bulky group
that is attached to the N°-position of the adenine group of ATP (see Figure 15). The ATP analogue

modified at the N°-position will not be able to bind to endogenous kinases due to the ‘gatekeeper’

residue sterically blocking this bulky group.

== = hydrogen bonding interactions
between ATP and kinase ‘hinge’ domain

Mutation of ‘Gatekeeper’
Residue to Smaller Residue ~= R
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Figure 15 — A diagram highlighting the point mutation introduced to protein kinases and the complimentary
'bump' introduced at the Ns-position of the adenine ring of ATP. Picture courtesy of P. DiMaggio, Imperial
College London.

This approach was successfully utilised to yield the targets of the protein tyrosine kinase v-Src.
Specifically, a N®-(cyclopentyl)-ATP analogue was synthesised and the ATP binding site residues V323
and 1338 were mutated to alanine residues. The mutant enzyme exhibited the same target specificity
as the endogenous enzyme showing that the mutation did not affect its activity.’®® This was
extended for another tyrosine kinase c-Src by Witucki et al. and later the approach was successfully
translated in more complex environment on whole-cell extracts to elucidate novel candidate

substrates. %1%
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The bump-and-hole approach has also been applied to protein methyltransferases but to a lesser
extent than protein kinases. The most successful approaches are summarised in Table 4 and will be
briefly discussed here. The first approach by Lin and co-workers translates the approach from

195 The same N°-position on the

protein kinases and relates it to the arginine methyltransferase Rmt1.
adenine ring of SAM is modified to produce various SAM analogues with various groups
incorporated, ranging from alkyl to arylamines. A complimentary point mutation is introduced at
residue E117G on the HKMT Rmtl. The various SAM analogues were then screened using a MS-
based assay to find which one was the most selective for the mutant Rmt1 over wild-type Rmtl by
measuring the catalytic activities for each one. This was elucidated to be the N°-benzyl SAM
analogue (A, Table 4).

Table 4 — Previous bump-and-hole approaches for HKMTs. The substituent or ‘bump’ that was installed to

SAM is highlighted in red, with the mutation on which HKMT that compliments this substituent reported
underneath. Picture courtesy of P. DiMaggio, Imperial College London.

E? ”02‘;» HO,C
SAM Hoe g’ o™ Lo J {
Analogue {’ Z

H;C P OH OH
g # =
A OH OH é gj C

SAM Modification | NS-benzyl SAM | 2',3’-dibenzyl SAM | Sulfonium-alykl SAM

PMT Mutation Rmtl E117G vSET L116A G9a Y1154A
PMT Substrate Arginine Residues | Histone H3K27 |Histone H3K9/H3K27
Substrate Target Synthetic Prmt1 H3 Peptide Histone Peptides,
Assay Peptide (13-33) Cells

The second study shown in Table 4 from Li et al. uses the SET protein VSET.'® Their approach
originally focussed on modifying SAM at the N°-position of adenine as shown before but this led to
no significant methylation occurring when incubated with the corresponding mutant vSET.
Therefore, this position was not suitable for modification and this was probably because the amino
acid that was mutated is responsible for hydrogen bonding to the adenine ring of SAM. This led to
them investigating modifications on the 2’-OH and 3’-OH groups of the ribose moiety of SAM. The
most promising results came from appending benzyl groups to both the 2’ and 3’-OH positions

paired with a complimentary ‘hole’ formed from the modification of the Leu116 residue of vSET (B,
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Table 4). This led to the successful methylation on lysine 27 of histone 3, vSETs target, in an in vitro

assay.

The most common and successful approach for studying protein methyltransferases uses a
‘clickable’ terminal alkyne introduced at the sulphonium centre of SAM instead of the methyl group
donor. The sulphonium-B sp/sp” carbon in these analogues has been shown to maintain the catalytic

7 The alkyne that is installed from this reaction can then be

activity of the methylation reaction.
modified using copper catalysed azide-alkyne cycloaddition (CUAAC) to a detectable entity. Analysis
of where the detectable entity was installed will provide the specific targets of the enzyme being
studied. Islam et al. synthesised a Hey-SAM (2c, Figure 16) cofactor where the methyl group has
been replaced with a (E)-hex-2-en-5-ynyl group in combination with a G9a mutant Y1154A. Mutating
Y1154 to a smaller amino acid residue extends the binding pocket of G9a in order to accommodate
the bulky alkyl group of Hey-SAM. Islam et al. showed that native G9a was inactive toward Hey-SAM
whilst the G9a mutant Y1154A led to the efficient labelling of known G9a histone peptide substrates
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with the Hey-SAM cofactor analogue (C, Table 4).™ On top of this, endogenous SAM was only used

to a minor extent by G9a Y1154A mutant, highlighting the selectivity of this mutant pair.

Additionally, this approach has been introduced to an in vivo system for genome-wide examination
of substrate specificity using this Hey-SAM and G9a Y1154A combination.’™ To elucidate the specific
methylation targets of G9a, Wang et al. used the G9a Y1154A mutant and an engineered methionine
adenosyltransferase (MAT) within living cells to process the alkyne methionine analogues (1b and 1c,
Figure 16) into the alkyne SAM analogues (2b and 2c in Figure 16) intracellularly.’® This bump-and-
hole approach overcomes SAM'’s limited cell permeability by introducing the cell-permeable
methionine analogues. The methionine analogues have the ‘clickable’ terminal alkyne introduced at
the sulfonium centre, which then is converted to SAM inside the cell. Subsequently, the SAM
analogue will only bind to the engineered G9a and therefore methylate only G9a’s specific targets.
Following the methylation assay, Wang et al. used a novel approach similar to the ChIP techniques

101 This uses the

called clickable chromatin enrichment with parallel DNA sequencing (CliEn-seq).
CuAAC reaction discussed before which binds to the alkyne moieties that will now be present on the

histone proteins, followed by affinity pull-down with streptavidin beads.
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Figure 16 — Bump-and-hole approach using engineered MAT (methionine adenosyltransferase) to synthesise
SAM analogues intracellularly. In an endogenous context, methionine (1a) and adenosine triphosphate
(ATP) will be processed by MAT into SAM (2a). SAM can then function as a methyl donor cofactor for PMTs.
In contrast, a methionine analogue (e.g. Hey-MET, 1c) can pass through the cell membrane and
subsequently processed by an engineered MAT to generate the corresponding SAM analogue in situ (e.g.
Hey-SAM, 2c). The SAM analogue is a cofactor substitute for engineered PMTs (PMT*) for biorthogonal
labelling of substrates. Reprinted (adapted) with permission from Wang et al. J Am Chem Soc.
2013;135:1048-56. Copyright 2013 American Chemical Society.101

Despite the three approaches discussed showing promising results, all three have significant
limitations associated with them. The first two (A and B, Table 4) have not been validated using
complex substrates (e.g. chromatin or whole proteins) or in complex proteomes (e.g. lysates or
cellular studies). Additionally, these two approaches had no method employed to track the newly
deposited methyl mark. The last approach (C) was validated in cells; however, the alkyl donor group
has no resemblance to the endogenous methyl donor group. The unnatural alkyl group will not be
recognised by effector proteins and therefore the downstream effects cannot be elucidated from
these studies. Additionally, the alkyl group also cannot be recognised by demethylases which could

lead to long term perturbations in the system and eventually cell death.
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Furthermore, all of these approaches require a mutated enzyme to obtain specificity for that
enzyme over any others. Utilising mutated enzymes is likely to modify the substrate specificity of
that particular enzyme and lead to false hits, especially the mutation to accommodate the bulky
alkyl group in C. The mutation in this case is a point mutation of the Y1154 amino acid residue in
G9a’s active site. The Y1154 residue is a catalytically important residue for the methylation activity

of G9a and therefore mutating this residue could perturb the methylation profile of G9a.*®

1.5. S-adenosylmethionine (SAM)

1.5.1. Biosynthesis of SAM and the methionine cycle

In order to investigate the specific methylation targets of SETD7, we will be synthesising a small
library of SAM analogues that bind specifically to SETD7 and not to any other HKMTs. S-adenosyl-L-
methionine (SAM) is the key cofactor substrate for all transmethylation reactions, including the

1% SAM is biologically synthesised from the essential amino acid

reactions catalysed by HKMTs.
methionine.™™ This synthesis is catalysed by the enzyme methionine adenosyltransferase (MAT,
EC2.5.1.6) using ATP as the co-substrate.’® ™ This is the first step of the methionine cycle, which is
shown in Figure 17. All mammalian cells produce SAM, but the majority of SAM is generated in the
liver due to 50% of dietary methionine being metabolised here and 85% of transmethylation

reactions taking place in the liver.'®

The MAT gene is conserved throughout evolution and MAT is present in cells of nearly all
organisms.'® There are three identified isozymes of MAT in mammals encoded by three MAT genes:
MATI1a (encodes the catalytic subunit al), MAT2a (encodes the catalytic subunit a2) and MAT28

2 The MAT-I isozyme is a tetramer of al and MAT-Il is a dimer of al,

(encodes the B subunit).
whereas MAT-Il is a heterotetramer formed by the a2 and B subunits. The three different isozymes
of MAT also have different kinetic and regulatory properties. In respect to the metabolism of
methionine, MAT-IIl clears methionine after a high-methionine meal whilst MAT-I and Il keep basal
SAM levels maintained under fasting conditions as required by the liver.'*> Additionally, MAT-II is
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inhibited by physiological concentrations of SAM.
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Figure 17 — The methionine cycle. MET (methionine), MAT (methionine adenosyltransferase), SAM (S-
adenosylmethionine, SAH (S-adenosylhomocysteine), SAHH (S-adenosylhomocysteine hydrolase), HCY
(homocysteine), BHMT (betaine-homocysteine S-methyltransferase), MS (methionine synthase).

SAM is one of the most important metabolites, along with ATP, and is only one of the few sulphur-
containing active substances and the sole methyl donor in vivo. Once methionine is converted to
SAM by MAT, SAM’s methyl group can then be transferred in a wide range of methylation reactions
catalysed by specific methyltransferases (MTs). The by-product of this reaction is S-
adenosylhomocysteine (SAH) which is an inhibitor of the majority of PMTs. Therefore, SAH is
hydrolysed to homocysteine via a reaction catalysed by S-adenosylhomocysteine hydrolase to yield

adenosine as a by-product.

Homocysteine can then participate in two different processes. It can either enter the
transulphuration pathway to be converted to cysteine and a-ketobutyrate, or it can be methylated
and be converted back to methionine completing the methionine cycle. Methionine can be
regenerated from homocysteine in two ways: 1) betaine (produced via the conversion of choline)
can be used as the methyl donor utilising the enzyme BHMT (betaine-homocysteine S-

methyltransferase) or 2) methyl-THF can be used as the donor utilising methionine synthase as the
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enzyme which also requires the vitamin B4, as a cofactor. In the latter case, THF is produced as a by-
product, which can enter the folate cycle, and subsequently methyl-THF is then regenerated from

this folate cycle (Figure 17).

SAM can also participate in another key pathway — the methionine salvage pathway. This will be

discussed in more detail in Chapter 4.

1.5.2. Extraction and previous syntheses of SAM

As discussed, SAM is biologically synthesised from the reaction of L-methionine with ATP, catalysed
by the enzyme MAT (or SAM synthetase). The MAT enzyme supplies the diastereoselective control
to the reaction and thus provides the S-configuration needed at the sulphur stereocentre.'** To

obtain pure, biologically active samples of SAM, Mudd and Cantoni used extraction techniques from
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yeast ™ or rabbit liver.” These extraction techniques tend to result in a small yield of final product
and thus are not feasible to obtain SAM on a large scale. Semi-synthetic approaches have been
performed using recombinant strains from E.coli of the MAT enzyme to achieve up to full conversion
of methionine.'” This semi-synthetic approach, shown in Figure 18, suffers from product inhibition
but this is overcome by adding various additives; the most successful being 400 mM p-

toluenesulfonate (p-TsONa), 8% B-mercaptoethanol (B-ME), 20% acetonitrile, or 2M urea.™”

Figure 18 — Enzymatic synthesis of SAM utilising an E.coli strain of the enzyme MAT to provide a
diastereoselective product. The maximum concentration of methionine was 10 mM and various additives

were tested to optimise the reaction. Adapted from Park et al.™’

Although the biological synthesis gives a highly stereoselective SAM product, it does not allow any
functionality to be added to the structure of SAM, which is one of the key aims of this project. Also,
the chemical synthesis of SAM from L-MET and ATP would require a high energy reaction. For these
reasons, other starting materials are used in published syntheses of SAM. The bond disconnections

(a and b, Figure 19) commonly employed in the chemical synthesis of SAM were investigated by
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18 |t was hypothesised at the time that

Baddiley and Jamieson in the original total synthesis of SAM.
5’-haloadenosines were too unstable for these reactions leading to cyclonucleoside salts and thus
were not tested for Route b.'”® Instead, a tosylate group was tested (4, Figure 19) but ultimately
Route a was chosen due to MTA being a more stable starting material (3, Figure 19). This led to a

successful synthesis of SAM which confirmed the structure proposed by Cantoni et al.

An alternative route to SAM is to synthesise SAH and then methylate the SAH product to produce
SAM. This is the preferred route in modern syntheses of SAH and SAM analogues and was chosen for

this project. Despite 5-haloadenosines previously reported to be too unstable, these have been
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used successfully in SAM analogue synthesis and were also utilised in this project.™ More detail on

the synthesis is presented in Chapter 2.

Figure 19 — Bond disconnections investigated by Baddiley and Jamieson for the chemical synthesis of SAM.
For Route a, X = Br, Cl or | and for Route b, X = oTs.®

44



1.6. Project design

The overall aim of this project is to profile the specific methylation targets of one HKMT of interest,
which in this case is SETD7. In order to achieve this, a small library of SAM analogues will be
synthesised that are selectively utilised by the HKMT of interest (SETD7) over other HKMTs. In this
way, only lysine methylation produced from SETD7 should be detected, thus identifying the specific
lysine targets of that HKMT. The label used in this project is an isotopically labelled ‘heavy’ methyl
group (CD3) so the targets can be identified and quantified by mass spectrometry. This method is
similar to the SILAC method where the CDs-labelled substrates are distinguishable over endogenous

methylation by the mass difference the isotope provides.

To achieve selectivity for one HKMT over others with SAM analogues, we are using an approach in
this project that is conceptually similar to the bump-and-hole approach. However, our approach
uses the wild-type protein instead of mutating the active site of the protein. Bump-and-hole
approaches use single point mutations to obtain selectivity but using mutations could change the
substrate selectivity of the enzyme (e.g. HKMT) and/or change the affinity of the active site for the
cofactor (e.g. SAM). Using the wild-type protein in this approach will circumvent these problems and

ensure that any targets detected are physiologically relevant.

To utilise the wild-type protein selectively, a natural pocket in the active site needs to be identified
first that is structurally different to other HKMTs. In collaboration with Diego Alonso-Martinez (PhD,
Chemical Engineering) an in-house program was used for this purpose based on the ESBTL library.
The program takes alighed HKMT-cofactor structures as input and identifies pockets that are unique
to one of the HKMTs under analysis. The program identified a natural pocket or ‘hole’ in the SET
domains of HKMTs lacking a post-SET domain (e.g. SETD7 and SETD8) which does not exist in post-
SET containing HKMTs such as G9a. The natural hole identified in the crystal structure of SETD7 is

shown in Figure 20 alongside the crystal structure of G9a which does not exhibit this natural pocket.

45



SETD7

Figure 20 - Crystal structures of (A) SETD7 and (B) G9a bound to SAM. The phenyl group is added
computationally and is circled to show it projecting into the naturally occurring structural pocket of SETD7
(A). G9a does not have a structural pocket so the phenyl group added clashes with the area circled (B).
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The output of the program was also used to elucidate design points for incorporation of synthetic
‘bumps’ on the SAM analogue to match the identified ‘hole’ in SETD7. SAM with substituents added
computationally that successfully projected into SETD7s natural pocket were identified to be
introduced at the C-2 position of the adenine ring of SAM. However, for the post-SET containing
HKMT, G9a, the same substituents added computationally to the C-2 position were shown to clash
with the post-SET domain. Thus, C-2 modified SAM analogues should be selective for SETD7 over
other HKMTs such as G9a.

NH,

(0] CD, N TN
: ¢ )2
Hok(\/s, N N/)\R

R groups:

Figure 21 — The structure of the SAM analogues synthesised modified at the C-2 position. R groups
incorporated at this position are shown in the table.

A small library of SAM analogues modified at the C-2 position was proposed based on the steric
properties of the SETD7 binding pocket. The four that were synthesised and tested in biological
assays can be seen in Figure 21. An isotopically ‘heavy’ labelled methyl (CDs) group is also added to
distinguish from endogenous methylation by LC-MS/MS, whilst still being biologically consistent. This
means that any methyl-binding proteins and demethylases in the biological system studied will still
be able to bind to the CD; group. This is important for cellular studies because if these methyl-
binding proteins cannot bind to the group added, then this will significantly disrupt epigenetic
programming and ultimately lead to cell death. Furthermore, if methyl-binding proteins cannot bind
to this methylation event then the downstream events related to the HKMT of interest cannot be
elucidated. Cellular assays are the ultimate aim for this project to validate any potential targets

found for SETD7 to ensure they are physiologically relevant.

Alongside the synthesis of the C-2 modified analogues, a non-selective control was also synthesised
consisting of wild-type SAM with a CD; ‘heavy’ label incorporated. The use of CD3;-SAM is important
for the optimisation of any biological assay used and as a control to compare the activity of the SAM
analogues with. The optimisation and synthesis of these analogues is described in Chapter 2. The

biological assays testing the SAM analogues in respect to SETD7’s methylation activity and selectivity
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are described in Chapter 3. First, the SAM analogues were validated using simple in vitro assays and
subsequent MS analysis to quantify any methylation obtained compared against CD;-SAM. Then,
cellular and in nucleo assays were explored to obtain a better selectivity profile for the analogues.
Cellular and in nucleo assays provide a more complete chromatin environment and also provides the
full complement of HKMTs. In Chapter 4, we investigate the degradation product of SAM —

methylthioadenosine (MTA) — and how this contributes to methylation in a cellular system.
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2. Synthesis of a small library of S-adenosyl methionine (SAM) analogues
specific to SETD7

2.1. Synthesis of the SAM analogues

The published synthesis of bromo-deaza-SAH from Yu et al. was used as inspiration for the synthetic
plan of the proposed SAM analogues modified at the C-2 position (proposed analogues are shown in

the Project Plan in Section 1.6).'*

There are no published examples of the complete synthesis to
either SAH or SAM modified at the C-2 position of the adenine ring so the synthesis shown in

Scheme 1 was used as a template to modify and expand upon.

Scheme 1 — Published synthesis of bromo-deaza-SAH."” i) bis-trimethylsilylacetamide (BSA), MeCN, rt,
10 min then 1-O-acetyl-2,3,5-tri-O-benzoyl-B-D-ribofuranose, 80 °C, 1 h; ii) NH;/MeOH, 120 °C, autoclave, 2
h; iii) SOCl,, HMPA, rt, 18 h; iv) L-homocysteine, 1 N NaOH/H,0, KI, 80 °C, 2 h.

Our original retrosynthetic scheme to yield SAM analogues modified at the C-2 position from
adenine 1 is shown below (Figure 22). The first modification from the published synthesis was to use
a different starting material 1 to allow modification at the C-2 position. The additional
disconnections that have been introduced, expanding upon the bromo-deaza-SAH published
synthesis, are shown with red wavy lines in Figure 22. One of the additional synthetic steps is to
introduce a bromine group instead of an amine at the C-2 position, to allow, in turn the
incorporation of the various R groups at the C-2 position utilising palladium cross-coupling. The very
last step is methylation at the sulphonium centre to furnish the SAM analogues from SAH. In this

case, a ‘heavy’ labelled CD; group will be used to distinguish newly deposited methylation over
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endogenous methylation from wild-type SAM. All synthetic steps and further modifications made

are discussed in this Chapter.

Figure 22 — Original retrosynthetic route to 2-modified SAM analogues. The C-2 position is marked in red.

The original plan was to introduce the substituents to the C-2 position at a late stage common
precursor (see Figure 22) to allow an efficient way to produce a range of different analogues.
Difficulties in the synthesis led to a modified route and the substituents were introduced slightly

earlier, which will be discussed in this chapter.

2.1.1. Synthesis of the deprotected adenosine intermediate

The first reaction of the synthesis is a glycosylation reaction between 2-amino-6-chloropurine (1)

and the protected ribofuranose moiety using silyl-Hilbert-Johnson conditions.*?*

The reaction
proceeds via the TMS-purine intermediate upon reaction of 1 with bis(trimethylsilyl)acetamide (BSA)
(see Scheme 3). This intermediate subsequently attacks the anomeric position of the ribofuranose in

a nucleophilic displacement reaction to give adenosine product 2.
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Scheme 2 — Optimised synthesis of triol 4 from 2-amino-6-chloropurine. a) (i) bis-trimethylsilylacetamide
(BSA), MeCN, rt, 45 min (ii) 1-O-acetyl-2,3,5-tri-O-benzoyl-B-D-ribofuranose, TMSOTf, MeCN, 80 °C, 1 h;
b) TMS-Br, CH,Br,, tert-butyl nitrite (TBN), rt, 1 h; c) NH;/ MeOH (7 N), uW, 120 °C, 1 h.

Apart from the different purine (1) used as the starting material the only change made from the
published synthesis by Yu et al. was the first step with BSA was allowed to react longer (45 min
instead of 15 min).® The longer reaction time allowed the purine to undergo complete conversion
due to the starting materials not fully dissolving in acetonitrile after 15 min. After leaving the first
step to react for 45 mins, a homogenous solution was observed and subsequently the sugar was
added and left to react for an additional hour. The adenosine product 2 was confirmed by NMR with
the benzoyl hydrogens being observed between 7.38 and 8.04 ppm and the 8-H hydrogen (Scheme
2, C-8 position shown in red) seen at 7.92 ppm. Furthermore, the product was confirmed by MS with

the correct mass detected at 614.1 m/z.

Scheme 3 — TMS-purine intermediate in the glycosylation reaction.

The second step is a halo-dediazotization reaction to introduce the bromine at the C-2 position of
the adenine ring (Scheme 2, C-2 position highlighted in red). The procedure followed was reported
by Francom and Robins and the reaction is believed to produce NOBr in situ and proceeds via a
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diazonium intermediate.”” The published procedure uses recrystallisation to purify the product
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which was unsuccessful here due to different protecting groups being used — benzoyl instead of acyl
used in the literature. Therefore, column chromatography was used to furnish a pure product with
71% yield. The adenosine product 3 was confirmed by mass spectrometry with the correct isotopic
peaks for °Br and ®'Br and m/z value of 677.0. It was also confirmed by '"H NMR with no NH,
hydrogens present and the chemical shift of the 1’-H shifting from 6.26 to 6.47 ppm (C-1’ position
highlighted in red in Scheme 2).

The next step is a global deprotection of the benzoyl groups along with an aromatic substitution to
introduce the amine at the C-6 position of the adenine ring (Scheme 2). The procedure by Yu et al.
used an autoclave to provide the suitable pressure for this reaction with NH;/MeOH (7 N). However,
microwave irradiation was chosen here due to it being a safer and more convenient method. After
various testing of this method, it was found the maximum concentration to be 500 mg in 20 mL in
order to keep this microwave-assisted approach safe and not over pressurised. This procedure led to
a 66% yield after combination of four batches with the major side product being the 6-amino

benzoyl protected product.

2.1.2. Chlorination at the 5’ position

To install the homocysteine side chain, first a suitable leaving group was installed at the C-5’
position. For this purpose, a chlorine atom was introduced converting 5’-OH to 5’-Cl using thionyl
chloride conditions (Scheme 4, C-5’ position is highlighted in red). Yu et al. used HMPA as the solvent
for the chlorination conditions but from previous work in the group this was found to not be easily
scalable due to residual HMPA still being present at the end, despite various work-up conditions
utilised. Additionally, HMPA is highly toxic and so an alternative solvent system was required for this

reaction.

Therefore, conditions reported by Kanai et al. were used in which 4 underwent reaction with SOCl,

and pyridine in MeCN to produce the intermediate sulphite ester 5.'%

The sulphinate 5 was
originally isolated for characterisation purposes and the formation was confirmed using MS giving a
mass at 407.0 m/z. The non-sulphinated product was also observed at a lesser degree at 396.0 m/z.
In all subsequent chlorination reactions, the sulphite ester was not isolated and hydrolysed fully
straight after chlorination using MeOH/H,0 (5:1) and NH,OH to furnish 5’-chlorinated adenosine 6 in

87% yield over 2 steps. The chlorinated adenosine serves as a suitable intermediate to introduce the

homocysteine side chain to the C-5’ position via displacement of the chloride leaving group.
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Scheme 4 - Chlorination at the C-5' position. d) (i) SOCI,, py., MeCN, (ii) H,0/MeOH (1:5), NH,OH.

2.1.3. Addition of the homocysteine side chain

The literature procedure for the addition of the homocysteine side chain by Yu et al. produced a

substantially low yield (9%) for this reaction using L-homocysteine as the reagent.'?°

In light of this, a
different procedure was found using the less expensive thiolactone version of L-homocysteine which
reported higher yields (61%) after HPLC.'® The procedure uses base to ring-open the cyclic
thiolactone that subsequently does an Sy2 displacement at the C-5’ position to create the sulphide
bond. Prior to the Sy2 displacement, it also utilises potassium iodide to introduce the more reactive

iodide atom at the C-5’ position via an in situ Finkelstein reaction. Despite the literature precedence,

this reaction yielded no product with mostly starting material present after work-up (Scheme 5).

Scheme 5 — Unsuccessful addition of the homocysteine side chain. f) L-homocysteine thiolactone, NaOH, KiI,
H,0, 100 °C.

One reason why the above reaction did not result in any product formation may be due to
insufficient ring-opening of the thiolactone ring to the reactive open chain form. Therefore, NMR
studies tracking the opening of the thiolactone ring were performed to see how this reaction could

be optimised which is described in Section 2.1.3.2.

In parallel to the above reaction, other parameters were considered in order to optimise this key
step in the synthesis and to find a different route to introduce the homocysteine side chain. One of
the potential solutions investigated included incorporation of protecting groups to help the
purification and subsequently to introduce more reactive leaving groups at the C-5’ position. These

protecting group strategies are investigated and discussed in Section 2.1.3.1.
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2.1.3.1. Protecting group strategies

In general, the purification of SAH analogues was found to be challenging and taking into
consideration that the addition of the homocysteine side chain reaction was initially unsuccessful,
protecting group strategies were investigated alongside the optimisation of the previous approach
(see Section 2.1.3.2.). With the C-2" and C-3’-hydroxyl groups protected, various leaving groups could
be introduced at the C-5’ position to both increase the reactivity of this position and improve the

purification of these compounds by normal phase chromatography.

Acetonide protecting groups are widely used in the literature as a convenient way to selectively
protect cis-diols. Therefore, the C-2’ and C-3’ hydroxyl groups were first protected as an acetonide
by utilising the well-known conditions of p-TsOH in acetone (Scheme 6, C-2’ and C-3’ positions
highlighted in red).”®* The p-TsOH available was in the monohydrate form so triethylorthoformate
was added as a drying agent to stop any potential hydrolysis of the acetonide group. The product
was confirmed by the two readily distinguishable CH; groups of the acetonide seen in the *H NMR at

1.33 and 1.53 ppm.

With the C-2’ and C-3’ hydroxyl groups protected, three separate leaving groups were introduced at
the C-5’ position that exhibit higher reactivity than the original chlorine atom: a tosylate group, a
mesylate group and an iodide atom. Firstly, a tosylate group was introduced using tosyl chloride in
pyridine to furnish 9 (Scheme 6) in modest yield (54%). The iodide group could then be introduced
from the tosylated product by using conditions sodium iodide in acetone under reflux overnight.
However, this strategy afforded product 10 in a very low yield of 9% and consequently, not enough
material was formed to proceed with this product. The main product formed from this reaction
resulted from hydrolysis of tosylate 9 to produce the 5-hydroxyl acetonide 8. In addition, the
mesylate product (11, Scheme 6) was synthesised successfully utilising mesyl chloride in CH,Cl, in

86% vyield.
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Scheme 6 — Synthesis of various different leaving groups. g) p-TsOH monohydrate, triethylorthoformate,
acetone, rt, 18 h; h) TsCl, pyr., rt, overnight; i) Nal, acetone, reflux, o/n; j) MsCl, CH,Cl,, NEt;, rt, 30 min.

To complement acetonide protection on the adenosine ring, a protected homocysteine side chain
was synthesised in an attempt to further improve the purification of these analogues. To install the
planned protecting groups, L-homocystine was used offering a more stable and less expensive
alternative to L-homocysteine. The disulphide bond can later be cleaved prior to the addition to the
adenosine moiety. The reported procedure from Lherbot and Keillor was followed for the protection

of L-homocystine (Scheme 7).'*

Firstly, the carboxylic acid was protected as a methyl ester in nearly quantitative yields (98%),
followed by Boc protection of the amine leading to 13 in 89% yield (Scheme 7). The next step was
the reduction of the disulphide bond before further reaction with the adenosine ring. Two methods
were investigated: in the first method, triphenylphosphine was used as the reducing agent to afford
the product 14 in 92% vyield. However, despite the reaction working efficiently the
triphenylphosphine oxide by-product was difficult to separate from the product by column
chromatography. Thus, an alternative phosphine TCEP (tris 2-chloroethyl phosphine) was utilised

providing a cleaner reaction in 95% yield.
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Scheme 7 — Synthesis of protected L-homocysteine starting from L-homocystine. k) SOCI, (6 eq.), MeOH,
0 °C; then rt, overnight; I) (Boc),0, NEt;, MeOH, 0 °C; then rt, overnight; m) TCEP, DMF/H20 (10:1), rt, 24 h.

After synthesising the two separate protected moieties 9 and 14, they were reacted together under
the conditions previously used to try to introduce the homocysteine side chain (Scheme 8).
Unfortunately, this reaction was unsuccessful yielding mostly starting material and the dimer of 14
that was oxidised either in the reaction or during column chromatography. The same result was
observed when utilising the C-5' mesylate-protected adenosine 11 (Scheme 8). It is hard to
rationalise why this reaction did not work as the conditions vary to the harsher aqueous conditions
used in Scheme 5. The solvent has been changed from H,0 to DMF and the temperature changed
from 100 °C to rt. The conditions here could be too mild and has another potential issue of utilising a

now very bulky nucleophile (14).

Scheme 8 — Attempted coupling of protected L-homocysteine with tosylated and mesylated adenosine, 9
and 11 respectively. n) 14, K,CO3, KI, DMF, rt, overnight.
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Further investigation could focus on either increasing the temperature or using different leaving
groups at the C-5’ position of the adenosine moiety. However, with time constraints in this project
and in light of more promising results that were obtained in parallel, the optimisation of the ring
opening of the thiolactone ring was carried forward to introduce the homocysteine side chain

(Section 2.1.3.2).

2.1.3.2. Double substitution

The first step of the planned addition reaction when using the reagent L-homocysteine thiolactone
hydrochloride (shown in Scheme 5) uses NaOH to open the cyclic thiolactone. It was hypothesised
that there may have not been enough equivalents of base used in the reported literature procedure
to fully open the ring, explaining why the reaction did not work previously with the 5’-
chloroadenosine derivative. To test this hypothesis, NMR studies were performed where L-
homocysteine thiolactone was reacted with both 2.5 eq. (the original amount) and 3 eq. of NaOH in

D,0. It is rational to use 3 eq. of base in this reaction mechanistically as:

e 1 eq. will be needed to neutralise the hydrochloride salt of the commercial L-homocysteine
thiolactone reagent
e 1 eq. will be needed to open the thiolactone ring

e 1 eq. will react with the formed carboxylic acid

With the use of 3 equivalents of base the ring-opening was shown to be successful, whereas only
partial formation of the open chain form occurred when 2.5 equivalents was used (Scheme 9). These

results confirm that higher equivalents of base are required for this reaction.

Scheme 9 — Opening of the thiolactone with varying concentrations of base. 0) 2.5 eq. NaOH, D,0;
p) 3 eq. NaOH, D,0.
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Consequently, these revised conditions were applied to the reaction between the 5’-
chloroadenosine derivative and the thiolactone. Although less starting material was recovered after
this reaction, the desired product was still not present. From MS and NMR analysis, it was
deciphered that double substitution was occurring at both the C-5" and the C-2 positions,

substituting both the chlorine and bromine atoms respectively to furnish 16 (Scheme 10).

Scheme 10 — (g) Double substitution occurring at the C-5" and C-2 positions; L-homocysteine thiolactone
hydrochloride (2 eq.), NaOH (6 eq.), KI, H,0, 100 °C (r) Single substitution occurring just at the C-2 position;
L-homocysteine thiolactone hydrochloride (1 eq.), NaOH (3 eq.), KI, H,0, 100 °C.

The equivalents of thiolactone relative to eq. of NaOH were reduced from 2 eq. to 1 eq. to prevent
double substitution from occurring. The reduction in equivalents succeeded in preventing double
substitution, but substitution now occurred exclusively at the C-2 position instead of the desired C-5’
position. Preferential substitution at the C-2 position was confirmed by MS analysis. The chlorine
isotope splitting was evident and the correct mass was clearly observed with no bromine isotopes
observed. The MS spectra, shown in Figure 23, shows the correct mass for 17 at 419.10 m/z with the
correct 3:1 ratio of the two (*°Cl and *’Cl) chlorine isotopes. This evidence highlights that under the
reaction conditions employed the C-2 position is the most reactive position for nucleophilic

substitution.
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Figure 23 — MS spectra showing the preferential substitution of the homocysteine side chain at the C-2
position of the adenine ring.

One reason that substitution occurs preferentially at the C-2 position could be the bromine atom
compared to the chlorine at the C-5’ position being a better leaving group. Therefore, the reaction
was repeated with the acetonide-protected adenosine with the mesylate leaving group installed at
the C-5’ position (11). Utilising the more reactive leaving group at the C-5’ position may alter the
preference for the substitution reaction towards the desired product. The acetonide protecting

group has to be present here to ensure correct regioselectivity for the introduction of the mesylate

group.

Scheme 11 - Testing the reactivity of the nucleophilic substitution reaction on mesylated adenosine 11.
s) L-homocysteine thiolactone hydrochloride (1 eq.), NaOH (3 eq.), Kl, H,0, 100 °C.

When 11 was reacted with 1 eq. of thiolactone, nucleophilic substitution still occurred at the C-2
position preferentially over the C-5’ position (Scheme 11). However, considering the mesylated
adenosine 11 contains an acetonide protecting group it is hard to elucidate whether the C-2 position

is still the most reactive or if the acetonide is hindering the side chain from attacking the C-5’
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position. The acetonide could hinder the reaction by providing steric hindrance or by imposing

conformational rigidity to the sugar ring and thus not allowing the attack of the nucleophile.

Despite these problems, the selectivity of this chemistry can be exploited to introduce a variety of
bumped substituents to the C-2 position via nucleophilic substitution reactions. This provides an
alternative route to a range of 2-subsitituted SAM analogues, despite the groups not being

introduced as late stage as planned initially.

Figure 24 — Example highlighting where different R groups can be introduced sequentially.

Additionally, this chemistry could be exploited in a novel way to quickly introduce different
substituents to both the C-5’ and the C-2 positions sequentially to synthesise other compounds
exhibiting this scaffold (Figure 24). Previous approaches have used various protecting group
strategies to enable the incorporation of different substituents at both the C-2 and C-5’ positions. An
example of how this protecting group strategy has been applied is for the synthesis of 2,N°5’-
substituted adenosine derivatives that have been synthesised to exhibit potent activity against the

A2B adenosine receptor.126

The chemistry outlined here would give a more convenient and quicker
route to a wide range of 2,N° 5’-substituted adenosine compounds and other compounds exhibiting

this scaffold.

2.1.4. Introducing nucleophiles at the C-2 position

2.1.4.1 Nitrogen nucleophiles

Nitrogen/amine-based compounds are good nucleophiles so substituents incorporating an amine
group were utilised first to introduce substituents at the C-2 position of the adenine ring. In previous
successful bump-and-hole approaches used for kinases, researchers have incorporated a phenyl
group to the adenine ring.'” Therefore, in this approach, we wanted to keep the size of the
substituents similar and thus the nitrogen substituents piperidine and 1-methylpiperazine were

chosen.
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To install the piperidine substituent, 6 was reacted with 2 eq. of piperidine in H,0 at 100 °C using
similar conditions to the previous thiolactone reactions to yield the 2-piperidine adenosine 19 in 91%
yield (Scheme 12). Two equivalents of piperidine were used since one equivalent is required to act as
a base in addition to the other equivalent being introduced at the C-2 position. Higher equivalents

were not used to prevent double substitution from occurring.

To confirm the success of this route and to increase the library of analogues another nitrogen
nucleophile was employed. Consequently, the nucleophilic substitution reaction was repeated
utilising 1-methylpiperazine as the substrate, which gave the resulting product 20 in 59% vyield
(Scheme 12). These results confirm that nitrogen nucleophiles are suitable to yield adenosine
analogues modified at the C-2 position without reacting at the C-5’ position. The incorporation of
both groups was confirmed by NMR and MS with the MS data revealing no bromine splitting in the

product providing evidence that substitution has successfully occurred.

Scheme 12 - Introducing nitrogen substituents at the C-2 position. t) piperidine (2 eq.), H,0, 100 °C;
k) 1-methylpiperazine (2 eq.), H,0, 100 °C.

Intermediate 19 was then treated with L-homocysteine thiolactone to introduce the homocysteine
side chain. The original conditions using 2 eq. of thiolactone and 6 eq. of NaOH were carried out with
the piperidine adenosine 19 yielding the piperidine-SAH analogue 21 in 59% yield (Scheme 13). It
was decided not to purify this compound by reverse phase chromatography because no major
impurities were observed from this reaction. Instead, the product was neutralized with 2M HCI that

resulted in a fine precipitate of product.
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Scheme 13 - Synthesis of first SAH analogues modified with nitrogen substituents at the C-2 position.
v) L-homocysteine thiolactone hydrochloride (2 eq.), NaOH (6 eq.), KI, H,0, 100 °C.

The same reaction was repeated with the 1-methylpiperazine adenosine derivate 20 to give the
second SAH analogue 22 in 53% vyield (Scheme 13). The last step to produce the desired SAM

analogues is the methylation of the sulphur atom, which is discussed in Section 2.1.6.

2.1.4.2 Sulphur nucleophiles

Other commonly used nucleophiles are sulphur-based compounds which have already been proven
viable by the preferential substitution at the C-2 position by the homocysteine side chain. Therefore,
attempts were made to install a thiophenyl substituent by reacting sodium thiophenolate (NaSPh)
with the chlorinated adenosine 6. Unlike the addition of the nitrogen substituents, double
substitution occurred both at the C-2 and C-5’ positions as seen with the addition of the
homocysteine side chain. To overcome this, the addition was achieved by reaction of sodium
thiophenolate with the triol substrate 4 to afford the substituted product 23 (Scheme 14). After the
substitution, the C-5’ position was then chlorinated using the same conditions described previously.
The homocysteine side chain was then added to yield the third SAH analogue 25 in 43% vyield
(Scheme 14).
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Scheme 14 - Synthesis of thiophenyl SAH analogue. w) NaSPh, H,0, 100 °C, o/n; x) SOCI,, py., MeCN,
0 °C to rt, 16 h; y) L-homocysteine thiolactone, NaOH, Kl, H,0, 100 °C, o/n.

2.1.5. Palladium cross-coupling to install a 2-phenyl group

Phenyl substituents have previously been installed successfully in bump-and-hole techniques used
for protein kinases and thus they are a good choice here to introduce at the C-2 position of SAM. It is
more challenging to utilise carbon nucleophiles to achieve formation of C-C bonds but Suzuki-
Miyaura cross-coupling techniques are well established for this role. Conditions are well established
for Suzuki-Miyaura cross-coupling reactions to successfully form C-C bonds and commonly use a
Buchwald phosphate ligand (e.g. SPhos) in water/organic biphasic solvent systems for similar

27 A potential problem here is that the C-2 position of the adenine ring has

substrates used here.
lower reactivity to palladium cross-coupling reactions compared to other positions (e.g. C-6 and C-8)
due to the electron-poor nature of the pyrimidine ring. Nonetheless, Buchwald conditions were
employed to the triol compound 4 in an attempt to install a phenyl group (see Scheme 15). This

reaction resulted in no detectable product formed by NMR or MS.
Another phosphate ligand was investigated that is reported to be more efficient than SPhos in

aqueous solvent systems — TXPTS (Tris(2,4-dimethyl-5-sulfophenyl)phosphine).’?® Unfortunately, this

reaction also resulted in no conversion to product.
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Scheme 15 - Failed reaction employing aqueous Sukuzi-Miyaura palladium cross-coupling conditions.
z) Pd(OAc),, Ph-B(OH),, SPhos, K,CO3, H,0/MeCN (1:1), 80 °C, 24 h.

The lack of reaction observed could potentially arise from the lower reactivity of the C-2 position and
may benefit by introducing a more reactive group at this position. Therefore, alongside the reactions
in Sheme 15), conditions were found for coupling diazonium salts with boronic acids using baseless
and ligandless conditions.'® It was reported that adding phosphine ligands to these reactions lead to
extensive decomposition of the diazonium salt. Furthermore, adding external base, which are
usually key components to Suzuki cross-coupling, is actually detrimental. To circumvent other
potential problems of having free polar hydroxyl and amine groups this coupling was attempted

using the 2-amino-6-chloro-purine starting material.

The amine group was converted to a diazonium salt which was achieved by reacting 1 with sodium
nitrite and tetrafluoroboric acid to furnish the diazonium tetrafluoroborate salt 27 in 54% vyield.
Diazonium salts are normally unstable at room temperature but the tetrafluoroborate allows the
diazonium salt to be isolated. Once isolated, 27 was subjected to the palladium cross-coupling
conditions of Pd(OAc), and phenylboronic acid in degassed solvent to successfully furnish 2-phenyl-
6-chloroadenine (Scheme 16, 28) in 34% vyield. The choice of solvent used in this reaction is of great
importance and in previous approaches either alcoholic solvents (e.g. MeOH or EtOH) or 1,4-dioxane
gave the best results.””®**° Following the literature procedure by Sengupta et al., methanol solvent
was utilised first as the solvent but the starting material 27 was not soluble and thus the solvent was

changed to 1,4-dioxane.

Scheme 16 — Cross-coupling on the diazonium salt of 6-chloroadenine. aa) NaNO,, H,0, conc. HCl, HBF,, 0 °C,
15 min; ab) Pd(OAc),, Ph-B(OH),, 1,4-dioxane, rt, 8 h.
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Although the cross-coupling reaction is modestly successful in this case, it will require a lot of
material to bring through to the final 2-phenyl SAM analogue and thus it is an inefficient route to
this analogue. It is noted that the solvent used for this reaction is not aqueous due to literature
precedence of water leading to extensive decomposition in similar reactions.’”® Furthermore, the
Wagner group that use similar chemistry for NAD analogues have reported that aqueous conditions
are suitable for coupling with the C-6 and C-8 positions of the adenine ring but not the C-2

131

position.””” They did not theorise why this is the case, but, due to the nucleophilic nature of the C-2

position, it is likely that competing hydrolysis is occurring at the C-2 position.

Given these results, the reaction was revisited for the triol adenosine substrate 4 but instead using
degassed 1,4-dioxane as solvent. The rest of the reagents were kept consistent using SPhos as the
ligand and the reaction successfully produced the 2-phenyl cross-coupled product 26 in 73% yield

(Scheme 17).

Scheme 17 — Successful addition of a phenyl group at the C-2 position using Suzuki cross-coupling condtions.
ac) Pd(OAc),, Ph-B(OH),, SPhos, K,CO;, 1-4-dioxane, 80 °C, 48 h.

The Rf values for the starting material and product are very similar in value and thus during
purification by column chromatography they were hard to separate from each other. The mixture
was approximately 50:50 starting material:product by NMR, hence the reaction was pushed further
to completion to overcome the separation problem. An additional equivalent of phenylboronic acid
was added to the mixture and the reaction was left a further 24 hours. After 48 hours, the reaction
was near completion allowing the product to be carried forward to the next step after purification by

column chromatography.
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Scheme 18 — Synthesis of 2-phenyl SAH. ad) SOCI,, py., MeCN, 0 °C to rt, 16 h; ae) L-homocysteine
thiolactone, NaOH, Kl, H,0:DMF (2:1), 100 °C, o/n.

At this stage, the C-5’ position was chlorinated as described previously using thionyl chloride to
furnish the chlorinated product 29 (68% vyield, Scheme 18). The final step was the addition of the
homocysteine side chain. Previously, the addition was achieved using H,0 as the solvent. However,
in this case, the 2-phenyl derivative 29 was not soluble even at 100 °C under these conditions. To
overcome the solubility problem, DMF was introduced at a ratio of 2:1 (H,0:DMF). All the reagents
successfully dissolved in this solvent system and the 2-phenyl SAH analogue 30 was obtained in 56%

yield (Scheme 18).

Scheme 19 — Suzuki cross-coupling reactions to introduce ortho-tolyl and 2-napthalene groups to the C-2
position of adenine. af) Pd(OAc),, o-tolyl-B(OH),, SPhos, K,CO;, 1-4-dioxane, 80 °C, 48 h; ag) Pd(OAc),,
2-napthyl-B(OH),, SPhos, K,CO;, 1-4-dioxane, 80 °C, 48 h.

Palladium cross-coupling was also used to introduce an ortho-tolyl group and a 2-naphthalene group
to the C-2 position with the aim to introduce more rigidity and bulk to the ‘bump’ respectively
(Scheme 19). With more rigidity the group may lie more efficiently in the natural pocket of SETD7.
Moreover, the substituent may need to be more bulky to get better selectivity for SETD7 over the
other HKMTs. Due to time constraints and the need to test the analogues already synthesised these
intermediates were not taken forward to final products. However, these analogues can be revisited
in the future if necessary and they highlight the power of palladium cross-coupling to introduce a

variety of groups at the C-2 position.
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2.1.6. Methylation reactions

2.1.6.1. Methylation of SAH

The final step to generate the planned SAM analogues was to incorporate an isotopically labelled
methyl group (CD; group) on the sulphur atom. To develop methylation conditions before applying it
to the synthesised SAH analogues, commercial SAH was utilised to produce ‘heavy’ labelled ‘wild-
type’ SAM. This reaction also produced a ‘heavy’ CDs-labelled control molecule to use in biological

assays as a comparison to the analogues.

Li et al. have reported the successful methylation of SAH using methyl iodide (Mel) as the

methylation agent.'®

However, the conditions have long reaction times (4 days) and produce low
yields of product, likely due to methyl iodide being a weak methylating agent. Therefore, ‘heavy’
methyl triflate (MeOTf-d;) was investigated as a stronger methylating agent. To produce the strong
methylating agent, ‘heavy’ methyl triflate was formed in situ by the reaction of iodomethane-d; and
silver triflate (AgOTf). The reaction is observed easily by the precipitation of bright yellow silver
iodide salts that drives the reaction forward. After an hour, SAH was added to the mixture and left

for 12 h at rt (Scheme 20).

Scheme 20 — CD; methylation of SAH. ah) AgOTf, Mel-d3, HCOOH, rt, 12 h.

In the first iteration, the crude product was purified on an Amberlite XAD-4 resin column. TLC proved
not to be a useful analytical technique due to the polarity of the product. Therefore, every fraction
collected from the column was identified by NMR leading to an overall yield of 37% for the product
33. The product CD3;-SAM 33 was confirmed by LC-MS/MS as a pure compound of m/z value of
402.17. This method of purification is time consuming and resulted in a low yield of product.
Therefore, in subsequent reactions the crude product is purified by reverse phase HPLC to generate
CD3-SAM in an improved yield of 56% (Scheme 20). The synthesised CDs-SAM is epimeric at the

sulphur atom and therefore the product is approximately a 1:1 mixture of diastereoisomers.
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2.1.6.2. Methylation of SAH analogues

The same conditions described in Scheme 20 were then applied to the four SAH analogues (synthesis
described in Section 2.1.4.). After an hour of in situ formation of MeOTf-ds, piperidine-SAH 21 was
added to the mixture and left for 12 h. The crude product was then purified by HPLC to generate the
first SAM analogue, piperidine SAM 23 in 35% yield (Scheme 21). The product was confirmed by LC-

MS as a pure compound of m/z value of 485.26.

Scheme 21 — Methylation of piperidine SAH (30). ah) Mel-d;, AgOTf, HCOOH 1 h then 30, 12 h.

This reaction was repeated with the 1-methylpiperazine-SAH 22 using the same methylation
conditions. LC-MS confirmed the successful synthesis of the second ‘heavy’ labelled SAM analogue
24 with m/z value of 500.44. Unfortunately, alongside this there was significant degradation thought
to be from the silver iodide salts generated in the in situ formation of MeOTf-d; or from unreacted
AgOTf. Therefore, another procedure by Kuethe was employed that uses CCl, as the solvent for the
in situ formation of MeOTf-ds. This allows filtering out of the silver salts using Celite for further

132 For the small scale

reaction with the substrate (e.g. SAH analogue in this case) in HCOOH.
reactions utilised here, syringe pads were employed instead of a Celite pad. This alternative
procedure significantly decreased the degradation formed in this reaction and thus these conditions

were employed for all subsequent methylation reactions on the SAH analogues.

The successful methylation reactions using the revised conditions are shown for all the four final CD;
labelled SAM analogues in Scheme 22. The crude products were all purified by reverse phase HPLC
to 295% purity for use in biological assays. The use of the commercially purchased reagent MeOTf-d;
instead of the in situ formation of the reagent could lead to a cleaner reaction and thus higher yield
in the above methylation reactions. However, due to the toxicity and cost of this reagent this
procedure was not pursued. The yields are satisfactory to yield the SAM analogues in high purity and

so testing was commenced in various biological assays which are discussed in Chapter 3.
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Scheme 22 — Methylation of all SAH analogues to furnish the four CD;-labelled SAM analogues that will be
tested in biological assays. ai) Mel-d;, AgOTf, CCl,, 1h then SAH analogue (21, 22, 25, 30), HCOOH, 12 h.
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3. Biological assays for identifying HKMT targets using SAM analogues

3.1. Mass spectrometry proteomics workflow for analysing histone PTMs

The next step after the small library of ‘heavy’ labelled analogues had been synthesised was to test
them in a biological setting. The performed biological assays vary in complexity from in vitro assays
to cellular assays. However, the majority of these assays examine modified histone peptides via LC-
MS/MS. The workflow employed has been previously reported and optimised for histone analysis

and is briefly described here (see Figure 25)."

Acid Propionic

. i i Propionylation of

Protein sample | extraction ) anhydride i
P Histone free and 1° lysine
(e.g. chromatin/ proteins and the N-termini

nucleosomes) of histones

Tryptic digest
Peptide Propionic
i desalting Propionylation anhydride
LCarl‘\SIS/sli\gls of the N-termini Histone peptides
¥ of peptides

Figure 25 — Standard histone workflow for analysis of histone peptides by LC-MS/MS.

First, the histone proteins are extracted from the sample using acid (histones are solubilised in 0.6 N
H,SO, and then precipitated out using 100% trichloroacetic acid (TCA)). Then, the lysine residues of
the protein sample are chemically modified with propionic anhydride and followed by digestion with
trypsin. The final step after digestion is to propionylate the N-termini of the peptides. This method
results in highly reproducible peptide fragments allowing for the comparative analysis of histone
modifications in different samples tested over a variety of different conditions. Quantifications are
normalised per peptide so comparison between two samples are done on a peptide-by-peptide

basis. Chemical modification by propionylation has two purposes:
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e The lysine residues modified by the propionyl group are blocked hence enzymatic cleavage
only occurs on the C-termini of arginine residues. Arg-C is another enzyme that works in the
same way, however this method benefits from the efficiency and robustness of trypsin.

e The second round of propionylation neutralises the charge of the N-termini of the peptide
fragments. This has two benefits: i) the peptides will be less hydrophilic and therefore are
resolved easier by RP-HPLC; ii) the peptides will produce doubly and triply charge fragments

in electrospray ionisation allowing straightforward analysis of MS/MS spectra.

The last step is to desalt, in preparation for LC-MS/MS analysis, using stage tips (process described in

the Methods section).

3.2. In vitro assays using nucleosome substrates

The first step to validate the synthesised SAM analogues (synthesis discussed in Section 2) was to
test them in a simple in vitro assay using chromatin substrates (e.g. mononucleosomes extracted
from Hela cells). Mononucleosomes are used over more simple substrates like isolated histones in
order to represent the endogenous environment more accurately. Furthermore, the specificity of
the enzyme being studied is dependent on the substrate used. For example, NSD2 is a robust H3K36

dimethyltransferase on nucleosomes but has minor activity on free histones.™*

Diego Alonso-
Martinez, a PhD student in Chemical Engineering, performed the assays described in this section
using the analogues | synthesised. Diego Alonso-Martinez produced all the biological data described

in this section with the data figures produced by myself from the resulting data.

To ensure the ‘heavy’ methyl SAM cofactors are compatible with the HKMT of interest, SETD7, initial
in vitro assays were performed with CD;-SAM as a control. Mass spectrometry (MS) was used as the
primary readout for validating catalytic activity after performing the standard histone workflow
described in Section 3.1. A variety of different concentrations of CD;-SAM and SETD7 were
investigated for assay optimisation. The optimised conditions were found to be 200 UM CD3;-SAM
and 500 nM of SETD7. This led to successful labelling on H3K4, the reported histone target of
SETD7.7* The MS spectra in Figure 26 shows selective ‘heavy’ labelling of H3K4 (left spectra) and
no labelling of other H3 or H4 residues were seen (example on right given for the neighbouring
methylation mark H3K9me2K14ac). The blue peaks highlight the peptide with the endogenous
methylation already installed on the lysine site of interest and the red peaks highlight the installation
of the CD; ‘heavy’ methylation onto the lysine site. For example, the blue MS peak at 830.460
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(Figure 26, left spectra) is the peptide TKQTAR with endogenous methylation on K4 and the red peak
at 833.480 is the same peptide but with the installation of the CD; group on K4. Comparison to the
methylation site K9 is chosen because if SETD7 was promiscuous then it would likely label on
proximal lysine sites, which K9 is. This observed selective labelling confirmed that the assay is

working and producing the expected labelling on H3K4.
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Figure 26 — MS spectra showing CD; incorporation (red peaks) on the methylation mark H3K4mel (left
spectrum) and no CD; incorporation on the methylation mark H3K9me3K14ac (right spectrum) following
incubation of mononucleosomes with 200 uM CD3-SAM and 500 nM commercial SETD7 for 1 h.

The in vitro assays were repeated with the small library of synthesised SAM analogues to observe
whether SETD7 can also utilise the ‘bumped’ analogues. With all the C-2 modified analogues, ‘heavy’
CD; labelling was detected on H3K4. The relative ratio of CD; incorporation on H3K4 with respect to
the endogenous methylation is shown for all analogues in Figure 27 (i.e. the percentage of the red
peaks to the blue peaks for the methylation mark H3K4 shown in Figure 26). The 2-piperidine and 2-
methylpiperazine analogues show similar incorporation of the CD; group to the ‘endogenous’ CDs-
SAM, suggesting that they have similar turnover rates to the isotopically labelled endogenous
cofactor under the assay conditions. In contrast, the 2-thiophenyl and the 2-phenyl analogues only
show approximately 50% of the CD; incorporation compared to CD3;-SAM. These results confirm that

the ‘bumped’ analogues can be utilised by SETD7.
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Figure 27 — The ratio of CD; monomethylation of H3K4 catalysed by SETD7 on mononucleosomes with the
small library of ‘heavy’ cofactor analogues. The CD; methylation present from the experiments with 200 uM
CD;-SAM is shown on the far left for comparison with the 2-modified analogues. The error bars show one
standard deviation (SD). (Pip-SAM = 2-piperidine-SAM, MPip-SAM = 2-methylpiperazine-SAM,
TPhe-SAM = 2-thiophenyl-SAM, Phe-SAM = 2-phenyl-SAM).

After confirming that SETD7 can utilise both endogenous SAM and the SAM analogues, the
analogues selectivity was tested with G9a. G9a was the HKMT of choice to compare the selectivity of
the analogues with SETD7 because it is a well characterised HKMT with a well-established histone
target of H3K9.'%"*>"*® Moreover, as discussed in Section 1.6, G9a does not contain a structural
pocket in its SAM binding pocket that SETD7 exhibits. The absence of this structural pocket in G9a
should hinder the binding of the SAM analogues modified at the C-2 position and thus show no
labelling in the in vitro assays utilising them. Therefore, G9a is a suitable comparator to SETD7 for
selectivity studies of the small library of analogues synthesised. Initially, in vitro assays were
performed on G9a with CD;-SAM to validate the assay and subsequently the C-2 modified analogues.
If the analogues are selective for SETD7, we should not observe any CD; incorporation on the target

site of G9a (H3K9).
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Figure 28 — MS spectra showing CD; incorporation (red and green peaks) for the methylation mark
H3K9me2K14ac (left spectrum) and no CD; incorporation on the methylation mark H3K4me1 (right
spectrum) following incubation of mononucleosomes with 1 mM CD3-SAM and 1 puM commercial G9a
for1h.

Following the same methods as for the in vitro assays with SETD7, various concentrations of SAM
and G9a were tested to optimise the assay for labelling on H3K9. The optimised conditions for the
G9a assay were 1 mM of SAM and 1 uM of G9a which resulted in successful CD; incorporation on
G9a’s target of H3K9. No labelling was observed for the rest of the H3/H4 lysine sites. The spectra in
Figure 28 shows an example of this successful CD; incorporation for the methylation mark

H3K9me2K14ac and an example of no incorporation on the methylation mark H3K4 as a comparison.

With an optimised G9a assay, the next step was to repeat the experiments with the C-2 modified
SAM analogues to observe if they are selective for SETD7 over G9a. The conditions were kept
identical to the CD;-SAM assays and the results are shown in Figure 29. The graph shows the ratio of
methylated peptides for the SETD7 assays (blue bars) and the G9a assays (pink bars) for each
analogue compared to CD;-SAM. The data used for the SETD7 assays is identical to the data shown in
Figure 27 and used here as a comparison to the G9a assays. G9a can both mono- and di-methylate
H3K9 and therefore both of these methylation marks are used as the readout of the assay. G9a can
trimethylate H3K9 in vitro, but this methylation state has not been evidenced in vivo and thus will

135 As it can be seen in

not be suitable when translating these results into cellular environments.
Figure 29, there is still methylation on H3K9 when the analogues are utilised, particularly for the 2-

thiophenyl analogue. However, for the 2-piperidine and 2-methylpiperazine analogues there is
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significant selectivity seen for SETD7 over G9a. The selectivity is shown by a significant drop in
methylation observed for G9a’s target compared to SETD7’s and therefore provides evidence for
selectivity of these C-2 modified analogues for SETD7. The most promising analogue from these
assays is the 2-piperidine analogue, which exhibits the best selectivity. Therefore, this analogue was

further analysed.
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Figure 29 — Comparison of the CD; incorporation obtained when mononucleosomes were incubated with the
C-2 modified SAM analogues and SETD7 (blue bars) vs G9a (pink bars). The CD; methylation present from
the experiments with CD3;-SAM is shown on the far left for comparison with the 2-modified analogues. The
SETD7 experiments were repeated in triplicate and the bars in this figure represent the mean average across
the three repeats. However, only one experiment is shown that yielded usable results for G9a. This was due
to repeat experiments showing lack of activity for the obtained commercial G9a. (SPh-SAM = 2-thiophenyl-
SAM, Pip-SAM = 2-piperidine-SAM, MPip-SAM = 2-methylpiperazine-SAM).

Unfortunately, the G9a experiments have only been successfully performed once due to the lack of
activity from repeat stocks of the commercial G9a provided from various suppliers. Therefore, these

experiments will be repeated in future work to ensure the same selectivity is observed.
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3.3. Cellular assays

Alongside testing the C-2 modified SAM analogues in the in vitro assays (Section 3.2), cellular assays
were performed. Henceforth, | have generated all the data that is described, unless otherwise
stated. Initially, the cellular assays were performed by incubating different cell lines with CD3;-SAM to

optimise the assays and then the C-2 modified SAM analogues synthesised in Section 2 were tested.

In vitro assays are a quick and simple method to confirm that the enzyme of interest can utilise the
cofactor analogues; however, they lack the complexity of a cellular environment. The specificity of
HKMTs is dependent on the cellular environment, meaning that even though a target could be
discovered in vitro, this may not translate to in vivo or vice versa. HKMTs also work in a context
dependent manner and only under certain cellular conditions will methylation occur — e.g.
methylation of Reptin by G9a only occurs under hypoxic conditions.”’ Furthermore, in the cell these
enzymes commonly exist in multimeric complexes, which help target the HKMT to a specific site

and/or stabilise or increase the activity of them."’

Therefore, these endogenous components need
to be present to get an accurate analysis of the HKMTs lysine targets. An example of this is the
evidence of the multimeric H3K9 methyltransferase complex that is formed of the subsets of each of
the four main H3K9 HKMTs (G9a, GLP, SETDB1 and Suv39h1).78 In Suv39 or G9a null cells, the other
HKMTs in the complex (GLP and SETDB1) are destabilised, highlighting the importance to have all the
components of the multimeric complex present. On top of histone targets, HKMTs also commonly

methylate non-histone proteins, thus a cellular environment is essential to investigate these

proteins. Investigation into non-histone targets of SETD7 is discussed further in Chapters 3.6 and 3.7.

Endogenous SAM is reported to have low cellular permeability due to poor passive transport
through the cellular membrane.'® Despite this, in initial cell assays, the incubation of HEK-293T cell
line with ‘heavy’ CD3-SAM resulted in labelling observed across all H3 lysine residues, suggesting

reasonable permeability. The optimisation of this approach is therefore discussed herein.

3.3.1. Assessment of cell permeability of SAM and SAM analogues

To validate that the ‘heavy’ labelled SAM analogue (CD3;-SAM) can pass through the cellular
membrane, HEK-293T cells were incubated with CD;-SAM for 20 h at an initial concentration of 200
MM. The concentration of 200 UM was chosen firstly because it corresponds with the concentration
of methionine that is included in the media. Also, intracellular SAM concentrations would be 50 —

100 puM and it has been shown in a previous study by Bontemps et al. that concentrations have to be
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200 UM or over to induce SAM uptake by the cell.®® Moreover, whilst the concentration of SAM
differs between different cell types and stage of the cell cycle, 200 uM is consistent with the in vitro
studies performed (Section 3.2). After incubation for 20 h and subjecting the resulting cell pellet to
the standard histone workflow, the results showed successful incorporation of the CD; label on all
lysine sites of H3. An example of this incorporation can be seen in Figure 30 which shows CD;
monomethylation on K4 (left) and dimethylation on K9 of H3 (right) (the target sites of SETD7 and
G9a respectively). This data indicates that CD3;-SAM can be utilised effectively to label lysine sites on
histones in a cellular environment. For these initial assays and for all subsequent assays, the SAM
analogues were added while the cells were still dividing. This timeframe will result in the greatest
incorporation of the CD; label because the epigenetic marks will be incorporated onto new histones

during mitosis.
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Figure 30 — MS spectra showing CD; incorporation (red and green peaks) for the methylation marks
H3K4mel (left spectrum) and H3K9me3K14ac (right spectrum) following incubation of HEK-293T cells with
200 puM CD;-SAM for 20 h.

The next step was to employ a range of different concentrations of CD3;-SAM keeping the time length
of 20 h constant. These assays were performed to investigate the optimum concentration required
to get sufficient labelling in cells without affecting cell viability. Figure 31 shows the percentage

‘heavy’ labelling observed at various methylation marks and how this percentage changes with
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increasing concentration. The percentage reported is the amount of CD; incorporation relative to
the amount of endogenous CH; methylation. As expected, the percentage of CD; methylation
increases with increased concentration. However, at 500 uM there was a significant increase in cells
that became detached from the plate over time. Therefore, for future experiments 200 UM was

chosen to circumvent this problem.
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Figure 31 — The ratio of CD; methylation obtained on K9 and K4 methylation sites following incubation of
HEK-293T cells assays with varying concentrations of CD;-SAM for 20 h. NB. n=1 (proof of concept).

Next, the change of labelling over time was studied. Five time points were chosen — 2, 6, 12, 20 and
48 h. For the 48 h time point, to prevent the pool of available SAM from being limiting, fresh CD;-
SAM and media were supplied at 24 h. The graph showing the ratio of ‘heavy’ labelling at each time
point is shown in Figure 32. At 2 and 6 h time points there is very little ‘heavy’ labelling observed on
the H3 lysine sites and thus are not suitable time points for these particular cell assays. At 12 and 20
h, the labelling becomes observable and at 20 h the labelling ranges from 10-20%. The percentage
at 20 h is still low but it is sufficient for initial assays. Even though at 48 h there is a higher
percentage of labelling observed, 20 h was selected as a suitable time length for subsequent assays

in order to keep any potential degradation of the SAM analogues in the assay to a minimum.
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Figure 32 — The ratio of CD3; methylation obtained on K9 and K4 methylation sites following incubation of
HEK-293T cells assays with 200 uM CD;-SAM for varying time lengths. NB. n=1 (proof of concept).

The optimal assay conditions (20 h, 200 uM) were repeated with the four SAM analogues modified
at the C-2 position. Figure 33 shows the ratio of ‘heavy’ methylation at various methylation marks
for all four SAM analogues. The labelling observed for CD3;-SAM is included for comparison. This data
shows that for all of the four analogues, very little or no labelling is apparent on any of the H3 lysine
sites compared to the 10-20% shown for the endogenous ‘heavy’ labelled CDs-SAM. Should there be
selectivity with SETD7, we would expect to see preferential labelling on H3K4, as was observed in the
in vitro assays discussed in Section 3.1. However, the data suggests that the SAM analogues are not
being utilised in the cellular assays for any of the histone lysine methyltransferases that methylate
H3. There appears to be selective labelling for H3K4 monomethylation over the other methylation
marks when phenyl-CD3;-SAM is utilised, although if you take the error (standard deviation) into
account this result is not significant. A reduced level of ‘heavy’ labelling is expected to occur on the
methylation mark H3K4 when utilising the analogues versus CD3;-SAM. There are multiple HKMTs
(including SETD7) that can methylate at H3K4, which can all utilise the CD3;-SAM cofactor. However,
only SETD7 should be able to utilise the ‘heavy’ labelled SAM analogues and therefore the ‘heavy’

labelling at H3K4 resulting from these assays will inherently be reduced. However, the level of
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labelling obtained in these assays is insufficient to draw any conclusions around whether these

analogues are specific to SETD7.

Figure 33 — The ratio of CD; methylation obtained on K9 and K4 methylation sites following incubation of
HEK-293T cells assays with 200 uM CD3-SAM for 20 h for all the ‘heavy’ labelled SAM analogues. The error
bars show one standard deviation (SD). (Pip-SAM = 2-piperidine-SAM, MPip-SAM = 2-methylpiperazine-
SAM, SPh-SAM = 2-thiophenyl-SAM, Phe-SAM = 2-phenyl-SAM).

The most likely explanations for the results from these initial cell assays are as follows:

e The SAM analogues have limited cell permeability and therefore cannot be utilised
intracellularly.

e The cell line being used (HEK-293T) has a low expression of SETD7 and therefore the
labelling associated with this HKMT is not seen.

e SAM analogues are significantly degrading over time.

e H3K4 is not a valid substrate for SETD7 in vivo and is only valid in in vitro conditions.

These options were considered as points for optimisation and they are discussed in further detail in

the following Sections.
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3.3.2. Analysis of transfection-based methods to improve SAM analogue permeability

The labelling shown in the cellular assays for the SAM analogues modified at the C-2 position was
almost negligible and even the labelling from CD;-SAM was low. From reference to the Human
Protein Atlas, SETD7 is shown to not be expressed in the kidney where HEK-293T cells are derived
from. As a result, transfection techniques were pursued to improve the labelling observed in these

assays through improved cellular delivery of SAM and/or expression of a SETD7 plasmid. A range of

different transfection conditions were tested and a summary of these is shown in Table 5.

Table 5 — A summary of all the transfection conditions that were employed in the HEK-293T cellular assays.

For all assays, the SAM analogue concentration was 200 uM and incubation time of analogue was 20 h.

Assay Transfection SAM Plasmid Confluency Time after transfection
method analogue at time of was performed, before
transfection the SAM analogue was
added to the media
1 Calcium CD;-SAM None 70% 24 h
phosphate
2 Calcium CDs-SAM 5 ug SETD7 70% 24 h
phosphate
3 Calcium MPip-CD3- 5 pg SETD7 70% 24 h
phosphate SAM
4 Lipofectamine CD;3-SAM 1:1 70% 24 h
2000 SETD7:VP35
5 Lipofectamine CDs-SAM 3:2 70% 24 h
2000 SETD7:VP35
6 Lipofectamine CDs-SAM 3:2 70% 10h
2000 SETD7:VP35
7 Lipofectamine CD;-SAM 3:2 50% 24 h
2000 SETD7:VP35
8 Lipofectamine MPip-CD5;- 3:2 50% 24 h
2000 SAM SETD7:VP35

Firstly, traditional calcium phosphate transfection conditions were employed. This transfection

works by the introduction of plasmid DNA into cells via a co-precipitation of plasmid DNA-calcium
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phosphate.®® This co-precipitates then adheres to the cell surface and is taken up by the cell thus
allowing the DNA to be introduced and the protein of interest to be expressed. The cells likely have
low expression levels of SETD7 and so this technique could be used to overexpress SETD7 in HEK-
293T cells and therefore improve the level of CD; labelling observed on H3K4. HEK-293T cells were
used for these transfection experiments as they are a robust cell line known to produce high
transfection efficiencies. Overexpressing SETD7 in this cell line will result in a disruption to the

cellular environment but it will provide evidence whether SETD7 can label H3K4 in vivo.

The SETD7 plasmid DNA, containing full-length-SETD7, was prepared from a bacterial source using a
Maxiprep kit (pcDNA SETD7 wt was a gift from Danny Reinberg (Addgene plasmid #24084)).%% A
control experiment was performed using calcium phosphate and CD;-SAM without plasmid in an
attempt to overcome the potential cell permeability issues with SAM analogues (Table 5, assay 1). If
this technique improved the uptake of CD3;-SAM into cells, it would then improve the intracellular
level of CD;-SAM and thus improve the observed CD; labelling on the histones. Unfortunately, the
CD; labelling did not increase with the addition of calcium phosphate. Next, 5 pug of SETD7 plasmid
was added to the calcium phosphate transfection, in an attempt to increase the percentage of
‘heavy’ labelling observed at K4 site of H3 through overexpression of SETD7 protein. Again, this did
not improve the labelling on the histones, either with CD3;-SAM or the 2-methylpiperazine SAM

analogue (Table 5, assays 2 and 3).

Lipofectamine 2000 contains lipid subunits that form cationic liposomes in agueous media that can
capture DNA plasmids and subsequently fuse with the negatively charged plasma membrane of cells,
thus allowing internalisation.™* In this case, the SETD7 plasmid was used alongside an empty vector
plasmid VP35 which was shown by Hugh Brady’s group to improve transfection efficiencies."*! The
VP35 plasmid was gifted from the Brady group for use in these experiments. Two different ratios
were tested to get maximum efficacy: 1:1 and 3:2 SETD7:VP35 (Table 5, assays 4 and 5).
Unfortunately, instead of increasing ‘heavy’ monomethylation on K4 as desired, there was
decreased labelling on all lysine sites of H3. Nonetheless, the ratio of 3:2 SETD7:VP35 showed
slightly better ‘heavy’ labelling of histones than 1:1 so this ratio was used for subsequent

experiments (Figure 34).
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Figure 25 — The ratio of CD; methylation obtained on K9 and K4 methylation sites following incubation of
HEK-293T cells assays with 200 uM CD;-SAM for 20 h for with different transfection methods. The left hand
shows incubation with CD;-SAM without transfection as a comparison. The ratio stated is the ratio of SETD7

and VP35 plasmids used for the Lipofectamine 2000 transfection. NB. n=1 (proof of concept).

The decreased labelling on H3 that was observed in these initial experiments could be due to
unsuccessful Lipofectamine transfection of plasmid SETD7. Therefore, the success of this technique
was investigated before any more experiments were performed. The plasmid SETD7 acquired from
AddGene has a FLAG tag incorporated at the C-terminus. In order to confirm if SETD7 was being
successfully expressed in the lipofectamine transfection, a FLAG immunoprecipitation was
performed using ANTI-FLAG M2 Affinity Gel (Sigma Aldrich). Protein samples taken from different

stages of the protocol were denatured and then resolved on an 8% SDS-PAGE gel (see Figure 35).
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Figure 35 — SDS-PAGE of the various stages throughout the FLAG IP protocol. The SDS-PAGE was run against
Precision Plus Protein"" Standard, Dual Colour (BioRad).

There is only one dominant band for the elution sample (lane 4, Figure 35) at approximately 50 kDa
in the SDS-PAGE. This is the molecular weight we would expect for SETD7. There is also a faint band
at approximately 25 kDa which also appears on the denatured beads at a higher intensity. These two
bands were cut out and in-gel digestion was performed on both bands for identification by LC-
MS/MS. An aliquot of the elution sample was also subjected to in-solution digestion for
identification by LC-MS/MS. All LC-MS/MS data collected was run through SEQUEST to identify the
protein relating to the band/sample collected. Both in-gel and in-solution digests for the elution
sample confirms the band at 50 kDa is indeed SETD7 and therefore the transfection was successful.
The in-gel digestion of the 25 kDa band was also identified as SETD7. The lower 25 kDa band

corresponds to the N-terminal fragment of SETD7.

Another FLAG IP was performed to confirm that the expressed FLAG-SETD?7 is active. To achieve this,
the elution buffer was exchanged using a 30 kDa Amicon centrifugal filter to KMT buffer (the buffer
used in the in vitro assays). Mononucleosomes were then added to the re-buffered sample and 400
MM CD3;-SAM was added to start the reaction. The reaction was incubated for 1 h and the same
workflow for histone sample preparation was performed as described previously in Section 3.1. The
resulting LC-MS/MS data from this experiment showed successful incorporation of ‘heavy’ labelled

monomethylation on H3K4 by CD3;-SAM, which is shown in Figure 26. This experiment confirms that
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the SETD7 being expressed in the transfected HEK-293T cells is indeed active. However,
overexpressing SETD7 in HEK-293T cells did not result in an increase in labelling on H3K4 in a cellular
environment. Therefore, this experiment provides evidence that SETD7 is catalytically active on

mononucleosomes but not on chromatin substrates in a cellular environment.
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Figure 26 — MS spectra showing CD; incorporation (pink peaks) for SETD7s methylation mark H3K4mel
following incubation of mononucleosomes with FLAG-tagged SETD7 from transfected HEK-293T cells and
400 pM CD;-SAM for 1 h.

The transfection protocol was revisited to ensure there was nothing hindering the methylation by
the overexpressed SETD7. The standard protocol for Lipofectamine transfection is to transfect the
cells at 70-90% confluency. Even at 70% confluency, leaving the cells to transfect for 24 hours
before adding the probe meant the cells were already close to confluency at the time of probe
addition. It is thought that the cells being confluent affect the incorporation of the CD; label, hence

the decreased labelling in assays 4 and 5. This was verified with a test experiment where confluent
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HEK-293T cells were incubated with CDs-SAM for 20 h. This experiment resulted in approximately
50% decrease of CD; labelling seen for all the lysine targets of H3, confirming that confluency does
affect the incorporation of the CD; label. Considering this confluency issue, Lipofectamine
transfection was performed as before but instead the probe was added after 10 hours of
transfection instead of 24 hours (Table 5, assay 6). This transfection protocol did not improve
labelling significantly compared to assays 4 and 5. Alongside this, transfection was also performed
on cells that were 50% confluent instead of 70% incubating both with CDs;-SAM and the
methylpiperazine SAM analogue (Table 5, assays 7 and 8). Although a decrease in the percentage of
CD; labelling was not seen in comparison to the experiments performed without transfection (as
seen previously in assays 4 and 5), the percentage did not improve from those experiments. At 50%
confluency, the majority of the cells will still be able to divide and thus a greater incorporation of CD;

marks would be expected compared to cells at 70%, regardless of the transfection.

Despite various changes to the transfection protocol, no method improved the labelling observed on
any H3 or H4 lysine sites. Therefore, other experiments were explored to confirm whether or not
H3K4 is a valid target by SETD7 in a cellular environment. These studies are discussed in the

following sections.

3.3.3. Testing other cell lines

One of the reasons the initial cellular assays showed such low levels of labelling is the low expression
levels of SETD7 in HEK-293T cells. In parallel to investigating transfection techniques, other cell lines
were investigated that have been reported by the literature and by the Human Protein Atlas to have
higher endogenous expression levels of SETD7. The cell lines chosen for this reason were the breast

cancer cell lines — MDA-MB-231 and MCF7.**
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Figure 27 — MS spectra showing no successful CD; incorporation on the methylation mark H3K4mel when
incubating MDA-MB-231 cells (left spectrum) and MCF7 cells (right spectrum) with 200 uM CD;-SAM
for 20 h.

The optimised cellular assay conditions (200 uM CD3;-SAM for both 20 h and 48 h) were repeated for
both MDA-MB-231 and MCF7 cells. The results of the 20 h experiments resulted in no ‘heavy
labelling observed on any of the H3 lysine sites (Figure 27). Both cell lines from the 48 h experiments
showed reduced viability after 24 h and detached from the plate. This loss of cell viability over time
seemed unusual so a fresh batch of CD;-SAM was synthesised to confirm the probe was not the
issue. Again, no labelling was observed, though the 48 h experiments did show increased cell
viability compared to the previous experiments. Therefore, it was concluded that using HEK-293T

cells provides ‘heavy’ labelling on histones with CD3;-SAM but not MDA-MB-231 or MCF7 cell lines.

As previously mentioned, SAM analogues degrade slowly over time and so are always kept as frozen
stocks. One issue that could result in the loss of viability after 24 h is the formation of degradation
products. Therefore, a study was performed to identify the degradation products of the SAM
analogues over time under similar conditions to the cell assays. This would also provide insight into
the reason behind the disparity of labelling observed between the two types of cell lines. This study

is discussed in the following section (Section 3.4).
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3.4. Degradation pathways of SAM

3.4.1. Background — Physicochemical properties of SAM

The SAM analogues, including CD3-SAM, are synthesised and purified shortly before use in any of the
biological assays performed. This is due to the chemical instability of these compounds making the
synthesis and purification difficult. The purified stocks are always kept at -20 °C or -80 °C to slow
down the degradation. However, before the stocks have been stored for a couple of months, new
stock is necessary to ensure the purity of the analogues being tested are sufficiently high for
biological purposes. This is because up to 10% of the stock will include degradation products after 2

months, depending on the way the stock was handled and stored.

There are several different ways SAM can degrade over time and the two dominant degradation
pathways are shown in Figure 38. The first degradation pathway (left to right in Figure 38) is
hydrolysis of the C-S bond in SAM to give the degradation products 5’-methylthioadenosine (MTA)
and homoserine lactone. The homoserine lactone can then react with any water molecule that is
present to produce its open form, amino acid homoserine.**® The other main degradation pathway is
cleavage of the glycosidic bond to leave S-ribosyl methionine and adenine as the degradation

products.

Figure 38 — The dominant degradation pathways of SAM at physiological conditions (37 °C, pH 7.0).

Another mechanism that can occur is the racemisation at the sulphur centre of SAM. In biological
systems, only the active (S,5)-SAM is synthesised via the enzyme MAT. However, even commercial

sources of SAM that have been isolated from yeast have included 20% of the biologically inactive

88



144 More

(R,S) diastereoisomer (confirmed by NMR studies conducted by Stolowitz and Minch).
evidence for the racemisation was produced by Wu et al. where repeated incubation of freshly
synthesised SAM from MAT produced the inactive (R,S)-SAM that co-eluted with the active form by
reverse phase HPLC. They calculated the constant for racemisation to be 8 x 10° s at 37 °C at pH 7.5
(similar to the conditions used in the in vitro and cellular assays).*** Synthesis of the SAM analogues
discussed in Chapter 2 yield a mixture of both the active and inactive diastereoisomer of SAM. It has
been reported in previous studies that enzymes involved in the utilisation of SAM bind only to the

114,145

active (S,S) configuration. Therefore, the inactive (R,S) diastereoisomer will likely be removed

via degradation to MTA and adenine to allow for further intracellular metabolisation.

To explain the mechanism of SAM degrading to MTA, we can look at the pH profile and the major
species of SAM between pH’s 0 and 14 (shown in Figure 39). The major species from pH 8.8 until a
pH of around 1.5 is a zwitterionic species where the carboxylate oxygen is deprotonated and the
amine group on the methionine is protonated. Lower than 1.5, the carboxylic acid is now protonated
in the major species of SAM. Cleavage of SAM to MTA occurs via the intramolecular attack of the
negatively charged carboxylic acid group to the C-4 of the homocysteine side chain (shown in Figure
38). This mechanism will be unfavourable when the carboxylic acid is protonated thus explaining

144

why the cleavage to MTA diminishes at pH 1.5 and lower.”™" The racemisation at the sulphur centre

is the only significant mechanism occurring at pH 1.5 or lower. Therefore, the inherent instability of

144

SAM can be improved by lowering the pH.”™ However, biochemical assays or cellular assays are

incompatible at these extreme pH values.
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Figure 39 — (A) The pH profile of CD;-SAM calculated with MarvinSketch and labelled to show the %
distribution of each species as pH changes in the range of 0 to 14. (B) Degradation mechanism resulting in
cleavage of the C-S bond of SAM to produce MTA and homoserine lactone.

3.4.2. Degradation studies of CD3;-SAM and SAM analogues

To observe whether our analogues are degrading over time, four aliquots were taken of each
analogue at 200 puM. Each aliquot was incubated at 37 °C in pH 7.4 Tris-HCl buffer to keep
temperature and pH at similar level to the media in the cell assays. Samples were taken at 0, 2, 24
and 48 hours to measure the level of degradation over time. A 2-hour time length was chosen as this
is the maximum time length that has been used for in vitro assays. At each time point, the sample

was analysed by reverse phase HPLC and the peaks were identified by LC-MS/MS analysis.

Firstly, the degradation study was performed with CD3;-SAM and the chromatogram resulting from
each time point is shown in Figure 40. At the start of the time course, the first peak at retention time
3.68 min is CD3-SAM confirmed by LC-MS/MS and is 99.8% pure. Another peak appears at a later
retention time of 10.53 min. By LC-MS/MS this peak was elucidated to be the CD; analogue of
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methylthioadenosine (MTA) with a mass of m/z 301.27 (Figure 41). After 2 hours, there is only 1.9%

of this degradation product but after 48 hours there is a significant percentage (>20%) of CD5-MTA.
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Figure 40 — HPLC chromatogram showing the composition of CD3;-SAM over time at 200 uM incubated
at 37 °Cin pH 7.4 Tris-HCl buffer.
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Figure 41 — MS/MS spectrum of CD;-methylthioadenosine (CD;-MTA).
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The pH in cell culture media is close to neutral at approximately 7.4, thus allowing MTA to form in
cellular assays once the cells are incubated with SAM. Therefore, we need to understand the

metabolic pathways involving MTA, which will be discussed in Section 4.1.2.

The degradation study was repeated for all the SAM analogues modified at the C-2 position. The
study revealed the same trend in degradation to their respective MTA analogue modified at the C-2
position, over time. At 48 hours, the degradation corresponding to the MTA analogue ranged from
14% for the 2-phenyl-CD3;-SAM analogue to 29% for the 2-thiophenyl-CDs-SAM analogue. The only
difference observed was for the 2-thiophenyl SAM analogue, which has two additional peaks at 48
hours — denoted A and B in Figure 42. These peaks (A and B) only contribute a very small amount to
the mass balance at 1.7% and 1.8% for A and B, respectively. These two peaks were identified as two
products from further degradation of MTA via the hydrolysis of the glycosidic bond -

5-methylthioribose and the 2-thiophenyl adenine analogue (Figure 42).

MTA is a common degradation product of SAM and the biological significance of this metabolite is
discussed in further detail in Chapter 4. The degradation of SAM to MTA could provide an
explanation for the histone labelling that was observed when the ‘heavy’ labelled SAM analogues
were utilised in the cellular assays (Section 3.3.1). The labelling observed in the initial cellular assays
was assumed to come from CD;-SAM but if CD3-SAM is not cell permeable than it is possible the
labelling arises from MTA. Cellular assays utilising CDs-MTA is investigated and discussed further in
Section 4. It is therefore evident from the initial investigation into cellular assays that cell
permeability continues to be the prevalent issue. The following sections in this chapter will

investigate alternative methods to overcome cell permeability.
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Figure 42 — HPLC chromatogram showing the composition of 2-thiophenyl CD3-SAM over time at 200 pM
incubated at 37 °C in pH 7.4 Tris-HCl buffer.
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3.5. In nucleo assays

In an attempt to overcome the apparent cell permeability issues, a different assay was optimised
utilising only the nuclei of cells. These in nucleo assays provide an easy and fast way of analysing
histone modifications while still keeping the chromatin environment intact. Although SAM has low
cell permeability, SAM and SAM analogues should easily pass through the nuclear membrane

198 A large number

because the nuclear pore complex allows free diffusion of proteins under 60 kDa.
of non-histone proteins are localised in the nucleus in addition to histones, thus leading to the

potential of investigating nuclear non-histone substrates.

The procedure for the isolation of nuclei from HEK-293T cells and subsequent incubation with the
CD5;-SAM analogues is described in the Methods section and is modified from the procedure

7 The general workflow for these experiments is shown in Figure 43. HEK-293T

reported by Fischle.
cells were cultured until 70-80% confluency and then harvested ensuring the cell population is still
actively growing and dividing. After the cell pellet was washed, the pellet was incubated with 0.1%
NP-40 detergent to break down the cell membrane allowing isolation of the nuclei. Only a fraction of
a percent of NP-40 is used to ensure the proteins in the cells are not completely unfolded and thus
rendering the assay inactive. The nuclei were then incubated with CDs-SAM at 37 °C to incorporate
‘heavy’ methyl marks on histone proteins. The samples were subjected to the standard histone
workflow described previously (Section 3.1) before LC-MS/MS analysis. The main limitation to

utilising nuclei is the time course of the labelling step. The time of the assay is limited to a maximum

of two hours because nuclei only survive for a couple of hours before becoming inactive.

Figure 43 — The general workflow employed for the in nucleo assays utilising the nuclei of HEK-293T cells.
For details of buffer solutions, refer to the Methods section.
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The method was then optimised for CD3;-SAM by varying the conditions listed in Table 6.

Table 6 — The conditions that were varied for optimisation of the in nucleo assays and the lysine sites that
CD; methylation was observed at. The inhibitors used were protease, phosphatase and histone deacetylase
(HDAC) inhibitors: microcystin, 4-(2-aminoethyl)benzenesulfonyl fluoride hydrochloride (AEBSF) and
sodium butyrate.

Assay Time/h Douncing Inhibitors used Conc" of ATP added Lysine labelling

in methylation CD;-SAM  to NA buffer observed
incubation step  used/ pM (1 mM)

1 1 None Yes 1 No None

2 1 After NP-40 Yes 1 No H3K4

(small degree)

3 1 Before NP- Yes 1 No H3K4

40 (small degree)
4 1 After NP-40 No 1 No H3K4
5 1.5 After NP-40 No 10 No H3K4, K9

(small degree)

6+7 15 After NP-40 No 100 No H3K4, K9, K27,
K36, H4K20

8+9 1.5 After NP-40 No 200 No H3K4, K9, K27,
K36, H4K20

10+11 1.5 After NP-40 No 200 Yes H3K4, K9, K27,
K36, H4K20

17 After analysis of the

The first experiment (assay 1, Table 6) followed the Fischle protocol exactly.
histone peptides by LC-MS/MS, no conclusive CD; methylation was detected. From this result, it was
surmised that the NP-40 alone is insufficient to fully lyse the cell membrane and allow CD;-SAM to
enter the nucleus. Consequently, an extra douncing step was introduced either before the addition
of NP-40 or after (assays 2 and 3, Table 6). From these two experiments, a small degree of labelling
was detected but not at a sufficient level to carry on in-depth studies with. However, from the two

assays it was shown that better results were observed when douncing was introduced after NP-40

addition.

To increase the ‘heavy’ labelling observed, the inhibitors used in the protocol were removed from
the buffers in the CD3;-SAM incubation step (assay 4, Table 6). The inhibitors used in these assays

were microcystin, AEBSF and sodium butyrate which are phosphatase, protease and histone
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deacetylate inhibitors respectively. It was proposed that these inhibitors were interfering with the
methylation reaction. This assay resulted in easily observable peaks in the MS1 spectra that display
CD; ‘heavy’ methylation on H3K4 with the corresponding +3 mass shift. However, "heavy’ labelling of
some lysine methylation marks was still low under these conditions, including K9 dimethylation

(assay 4, Table 6).

To further improve the assay conditions, the concentration of CD;-SAM was steadily increased from
1 uM to 200 uM to try and improve the labelling on all histone lysine methylation sites (assays 5-9,
Table 6). The MS results from these experiments did show increased levels of ‘heavy’ methylation
and K9, K27, K36 and H4K20 methylation was also observed at a sufficient amount. The only site that
did not exhibit detectable levels of methylation on MS1 was H3K79. Two examples of the labelling

observed on the lysine sites H3K4 and H3K9 are shown in Figure 44.

H3K4 3-8 peptide TKQTAR H3K9 Kl4ac 9-17 peptide KSTGGKAPR
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Figure 44 — MS spectra showing CD; incorporation (red and green peaks) for the methylation marks
H3K4mel (left spectrum) and H3K9me3K14ac (right spectrum) when incubating HEK-293T nuclei with
200 pM CD;3-SAM for 1.5 h.

Another experiment was performed which introduced ATP (1 mM) together with CD3-SAM (200 uM)
at the incubation step. ATP was added in an effort to activate ATP-dependent chromatin remodelling
complexes that reside in the nuclei. Activating these complexes should open the chromatin structure

thus giving HKMT enzymes access to the more compact marks associated with heterochromatin.
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Despite this theory, this assay resulted in lower methylation observed than the previous assays at

the same concentration.

With assay conditions optimised for the in nucleo assays (Assays 8+9, Table 6), the assays were
repeated for the four C-2 modified SAM analogues. The ratio of ‘heavy’ labelling observed with the
2-modified analogues compared to CD3;-SAM can be seen in Figure 45 for the dimethylation (blue
bars) and trimethylation (green bars) marks on H3K9 and monomethylation (pink bars) on K4. The
expected result, in comparison with the in vitro data in Figure 26, would be that labelling would be
observed on H3K4 (SETD7 target) but not on any of the other histone lysine residues. However, the
results in Figure 45 show that no labelling is observed on any of the histone methylation sites for the
2-piperidine-, 2-methylpiperazine- or 2-phenyl-CD;-SAM analogue. In contrast, the thiophenyl
analogue did show labelling on both K9 and K4 histone lysine residues. The latter result correlates
with the in vitro assays performed by Diego Alonso where the 2-thiophenyl analogue showed the
least selectivity for SETD7s target over G9as than the other analogues (Section 3.2). The complete
lack of labelling that is presented for the other three analogues tested (MPip-CDs;SAM, Pip-CD;SAM
and Ph-CD;SAM) is unexpected. There should not be any permeability issues here; however, the lack
of labelling could be due to another problem that was referred to earlier — for example, whether
H3K4 is a valid target of SETD7 in a biologically relevant system. These results combined with the
results from the cellular assays do not show enough evidence for SETD7 labelling on H3K4 and thus
leads to the next stage of investigation pursued in the next Section — investigating non-histone
targets. In light of this issue, the in nucleo assays were not progressed until more relevant targets for

SETD7 could be established and validated.
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Figure 45 — Comparison of the ratio of CD; methylation observed when HEK-293T cell nuclei were incubated
with 200 uM CD;-SAM (far left) vs the small library of C-2 modified CD;-SAM analogues. The error bars show
one standard deviation (SD). (MPip-SAM = 2-methylpiperazine-SAM, SPh-SAM = 2-thiophenyl-SAM,
Pip-SAM = 2-piperidine-SAM, Ph-SAM = 2-phenyl SAM).
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3.6. Investigation into non-histone targets of SETD7

3.6.1. Background — Non-histone targets of SETD7

In recent years, lysine methylation has emerged as a prevalent PTM in many non-histone proteins
that has many important roles such as regulation in cellular processes.*® The number of identified
lysine methylation sites on non-histone proteins is rapidly increasing but it is suspected that many
are still widely uncharacterised. This gap is due to lack of a suitable technology for measuring the
methylome. SETD7 is known to have a large range of non-histone targets, exceeding the known
number for any other HKMT. Figure 46 highlights the specific proteins that have been observed to be

methylated by SETD7 in the literature.

The SETD7 lysine methylation sites of each of these non-histone protein targets are provided in
Table 7 along with the techniques that were used to confirm the methylation and/or lysine residue

that is methylated.
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Table 7 — The non-histone protein targets of SETD7 (including UNIPROT ID) and the lysine residue reported to be methylated by SETD7, the state of methylation and the
techniques used to confirm methylation.

PROTEIN | UNIPROTID | RESIDUES | METHYLATION ASSAYS/TECHNIQUES USED TO VERIFY METHYLATION REF.
STATE In vitro Cellular assays
RelA Q04206 37, 1Me Autoradiography, immunoblotting and MS | Immunoprecipitation and siRNA experiments | *”3
314, experiments using full-length and peptide | using cells with endogenous RelA and cells
315 fragments of RelA overexpressing RelA and SETD7
E2F1 Q01094 185 1Me Autoradiography experiments using full- Immunoprecipitation experiments using cells | *°
length and peptide fragments of overexpressing E2F1 and cells with
recombinant E2F1 endogenous E2F1
p53 P04637 372 1Me Autoradiography and crystal structure IP, Western blots, mutagenesis and siRNA 150-155
studies using full-length and peptide experiments using cells overexpressing p53
fragments of p53 and cells with endogenous p53
RB P06400 810, 1Me Autoradiography and MS experiments Immunoprecipitation experiments using cells | %>
873 using full-length and peptide fragments of | overexpressing RB and SETD7
recombinant RB
ER P03372 302 1Me MS experiments using peptide fragments Immunoprecipitation experiments using cells 66
of ER overexpressing ER
MECP2 P51608 347 1Me Autoradiography and MS (data not shown) | In gel digest then MS experiment using cells | *
experiments using the target protein expressing the protein domain of MECP2
domain of MECP1
CENPC Q03188 414 1Me Autoradiography and MS (data not shown) | In gel digest then MS experiment using cells | *
experiments using the target protein overexpressing the protein domain of CENPC
domain of CENPC
SIRT1 Q96EB6 233, 1Me? Autoradiography experiments using full- Immunoprecipitation, autoradiography and | **°
235, length and peptide fragments of SIRT1 MS experiments using cells overexpressing
236, SIRT1 and SETD?7
238
PCAF Q92831 78, 1Me Autoradiography experiments using full- Immunoprecipitation experiments using cells | ™’
89 length and peptide fragments of PCAF overexpressing PCAF and cells with
endogenous PCAF
AKAP6 Q13023 604 ? Autoradiography and MS experiments In gel digest then MS (could not detect the 2
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(data not shown) using the target protein
domain of AKAP6

peptide containing lysine) experiment using
cells expressing the protein domain of CENPC

70

PARP1 P09874 508 1Me Autoradiography, mutagenesis and MS Immunoprecipitation and mutagenesis
experiments on full-length protein and experiments on cells with endogenous
peptides fragments of PARP1 PARP1 and cells overexpressing SETD7
ZDHHC8 QouULC8 300 1Me Autoradiography and MS (data not shown) | In gel digest then MS experiment using cells 42
experiments using the target protein overexpressing the protein domain of
domain of ZDHHCS8 ZDHHC8
PPARBP Q15648 1006 ? Autoradiography and MS (data not shown) | In gel digest then MS (could not detect the 42
experiments using the target protein peptide containing lysine) experiment using
domain of PPARBP cells expressing the protein domain of
PPARBP
TAF10 Q12962 189 1Me Autoradiography, kinetic assays, crystal Immunoprecipitation experiments using 3
structure with TAF10 peptide and MS nuclear extracts from cells with endogenous
(data not shown) experiments using full- TAF10
length protein and GST fusions of TAF10
AR P10275 630, 1Me Autoradiography, mutagenesis, MS using In nucleo assays, immunoprecipitation, 4463
632 full-length protein and truncated peptide | western blots and siRNA experiments using
fragments of AR cells with endogenous AR
FOX03 043524 271 1Me Autoradiography, mutagenesis and MS Immunoprecipitation, mutagenesis, SiRNA 7
experiments using full-length protein and | and immunofluorescence to detect
peptide fragments of FOXO3 localisation using cells overexpressing FOX03
and cells with endogenous FOX03
PDX1 P52945 ? ? Autoradiography — shows methylation of &
full-length PDX1 in presence of SETD7 -
MYPT1 014974 442 1Me Autoradiography, mutagenesis and MS Immunoprecipitation and siRNA experiments 158
experiments using full-length MYPT1 using cells overexpressing MYPT1
YAP P46938 494 1Me Immunoprecipitation then MS, siRNA and 159
- mutagenesis experiments using cells
overexpressing Flag-YAP
FXR P51114 206 ? Autoradiography experiments using full- Immunoprecipitation (no mention of the 160

length FXR

methylation state) experiments using cells
overexpressing FXR
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42

PIAS2 Q96T58 2076 2Me Autoradiography and MS (data not shown) | In gel digest then MS experiment using cells
experiments using the target protein overexpressing the protein domain of PIAS2
domain of PIAS2

IRF1/2 P10914 126, 1Me, Autoradiography and MS (data not shown) | In gel digest then MS experiment using cells 42

134 2Me experiments using the target protein overexpressing the protein domain of IRF1/2
domain of IRF1/2

TAF7 Q15545 5 1Me Autoradiography and mutagenesis 33
experiments using full-length TAF7 -

STAT3 P40763 140 2Me Autoradiography and Western blot Immunoprecipitation, siRNA and MS 161
experiments using full-length STAT3 experiments of immunoprecipitated STAT3

(but not with incubation with SETD7/
labelled methyl) using cells overexpressing
STAT3

TAT P04610 51 1Me Autoradiography, MS and mutagenesis Immunoprecipitation, Western blot and 69
experiments using full-length TAT protein | mutagenesis experiments using cells

overexpressing TAT protein

SUV39H1 | 043463 105, 1Me Autoradiography, mutagenesis and MS Western blot and siRNA experiments using 162

123 experiments using full-length and cells with endogenously expressed SUV39H1
fragment peptides of SUV39H1 peptide

Cullinl Q13616 73 ? Autoradiography and MS (data not shown) | In gel digest then MS (could not detect the 42
experiments using the target protein peptide containing lysine) experiments using
domain of Cullinl cells overexpressing the protein domain of

Cullinl
TTK P33981 708, ? Autoradiography and MS (data not shown) | In gel digest then MS (could not detect the 42
7107 experiments using the target protein peptide containing lysine) experiment using
domain of TTK cells overexpressing the protein domain of
TTK
DNMT1 P26358, 142, 1Me Autoradiography, kinetic assays, MS and Western blots, siRNA, immunoprecipitation 163,67
P13864 1094 mutagenesis experiments using full-length | then autoradiography experiments using

and fragment peptides of DNMT1

cells endogenously expressing DNMT1
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Lysine 4 of histone 3 (H3K4) is a relevant target for SETD7 in the in vitro assays described in Section
3.2. However, as discussed in Section 1.3.1, it is debated in the literature whether this is a valid

target in vivo. 7%

This is a potential problem for the cellular assays because if histone targets are
not relevant substrates, then we will not observe any labelling of H3K4 using our ‘heavy’ SAM
analogues. This is what was observed in the cellular assays described in this chapter, providing
evidence that H3K4 is not a physiological target of SETD7. No increased labelling was observed on
H3K4 derived from HEK-293T cells, even when using cells that were successfully overexpressing
catalytically active, full-length SETD7. Therefore, select non-histone substrates (that have been
reported in the literature) were tested in in vitro assays to confirm whether they are valid targets for
SETD7. Validation is needed before more complex assays were investigated (e.g. cellular and in
nucleo assays). Success could lead to a better readout for SETD7 activity in cellular systems with CD;-
labelled endogenous SAM and the C-2 modified analogues. Generating annotated MS/MS spectra
showing successful methylation of non-histone proteins by SETD7 will allow for the development of

a targeted MS approach to validate these targets in cells. Targeted MS approaches will be vital in

discovering these methylation signals in complex backgrounds.
The non-histone substrates selected for the assays were chosen based on:

e How many different references confirmed the methylation activity on the protein substrate.
e  Whether MS data was included to confirm the methylation activity/residue methylated.

e The commercial availability of the recombinant protein.

This led to a small selection of non-histone substrates consisting of FOXO3, FOXO1 and PARP1. The

testing of these proteins will be presented in the next section.

3.6.2. In vitro assays on non-histone substrates

All four of the chosen recombinant proteins (FOX0O3, FOXO1 and PARP1) were incubated with 1 mM
CD;-SAM and recombinant SETD7 in KMT buffer for 1 h at 37 °C. These conditions were selected in
order to be consistent with the optimised in vitro assays performed on histone substrates (Section
3.2). The samples were then subjected to in solution digestion (protocol in Section 6.6.1) before LC-

MS/MS analysis.
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3.6.2.1. FOX03 and FOXO1 targets

FOXO03 is reported to be monomethylated at lysine residue K271. After in solution digestion using
trypsin following the assay, the K271 residue (shown in bold) is present in the peptide:
KAALQTAPESADDSPSQLSK.”* The MS data from the FOXO3 in vitro experiment was analysed by
SEQUEST and this peptide was found as a hit for CD; monomethylation on K271. This hit was
confirmed and annotated using in-house software, which gave the tandem MS (MS/MS) spectrum
shown in Figure 47. This hit also showed ‘heavy’ dimethylation on lysine residue 290. The
dimethylation on K290 was reported previously by Calnan et al. but was thought to be an artefact of
mass spectrometry due to SETD7 being reported only to monomethylate its targets.”” However, it is

more likely to be a different modification or protein isoform and thus was investigated further.

A control experiment was performed with no CD3;-SAM present in the in vitro assay but all other
conditions kept identical. This experiment did not yield any CD; methylation on K271 as expected
but did show the same ‘heavy’ CD; dimethylation on K290 as before. Since there was no CD;
feedstock in this control experiment, this could not be CDs;-dimethylation. This led to the
investigation of other modifications and changes to the sequence that could compensate for the
apparent ‘CDs;-dimethylation’ that would result in a mass difference of +34 at the C-terminus. It is
also noted that there is only a good coverage of b- and y-ions up to the amino acid leucine at residue

288. This indicates that the difference could be present at the leucine residue 288.
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Figure 47 — MS/MS spectra of the peptide containing CD; monomethylation on K271 and apparent CD;
dimethylation on K290 of FOXO03. The coverage of the b- and y-ions is shown above in blue and green,
respectively, and the labelled residue is labelled in red.

The only way to compensate for this mass (+34) and not be CD; dimethylation would be an amino
acid mutation from leucine (L) to phenylalanine (F) at position 288. This modified sequence was then
analysed by the in-house software to give the MS spectrum shown in Figure 48. Good b-ion coverage
confirmed that it was indeed an F mutation. Following this, the company who sent the recombinant
FOXO03 was contacted to confirm whether there was a mutation in the construct they were using to
express the recombinant protein. After they re-sequenced the construct, it was confirmed that
position 288 is indeed a phenylalanine residue instead of a leucine residue. To conclude, even
though there is a single nucleotide polymorphism (SNP) at position 288, these experiments do

confirm that SETD7 can monomethylate FOXO3 at lysine 271.
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Figure 29 — MS/MS spectra of the peptide containing CD; monomethylation on K271 and F mutation at
position 288 of FOX03. The coverage of the b- and y-ions is shown above in blue and green, respectively,
and the residues of interest labelled in red.

The in vitro assay was then repeated for FOXO1. It has been reported that the methylation site is
conserved between the FOXO family members and therefore the lysine residue found to be
methylated was K274 for FOXO1.”* After in solution digestion using trypsin following the assay, the
K274 residue (shown in bold) is present in the peptide: KASLQSGQEGAGDSPGSQFSK. The MS data
from the FOXO1 in vitro experiment was analysed by SEQUEST and this peptide was found as a hit
for CD; monomethylation on K274. This hit was confirmed and annotated using in-house software,
which gave the tandem MS spectrum shown in Figure 30. The MS/MS spectrum has good coverage
of b- and y-ions giving strong evidence this is a valid methylation hit. To confirm this hit further, the
same peptide was run through the in-house software, but without a search for methylation at K274,
to provide a comparison spectrum. If the two spectra share a similar peak profile it gives further
evidence that the MS/MS spectrum in Figure 30 is valid and K274 is a valid lysine target for SETD7.

The MS/MS spectrum for the peptide without any labelling can be seen in Figure 31 and does show a
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similar profile to the CD;-labelled peptide. These experiments therefore confirm that SETD7 is able

to monomethylate FOXO1 at lysine 274.
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Figure 30 — MS/MS spectra of the peptide containing CD; monomethylation on K274 on FOXO1. The
coverage of the b- and y-ions is shown above in blue and green, respectively, and the residues of interest
labelled in red.
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Figure 31 — MS/MS spectra of the peptide containing no CD; labelling on K274 of FOXO1. The coverage of the
b- and y-ions is shown above in blue and green, respectively.

3.6.2.2. PARP1

PARP1 is reported to be monomethylated at the lysine residue K508.”° After in solution digestion
using trypsin following the assay, the K508 residue (shown in bold) is present in the peptide: KGQV.
This peptide sequence is very short and thus difficult to confirm by mass spectrometry due to its low
mass. Therefore, it was decided that an additional propionylation step should be included in the
protocol in an attempt to increase the size of the peptide analyte. Assuming complete
propionylation on all lysine sites before trypsin digestion, the resulting peptide would be:
GKSGAALSKKSKGQVKEEGINKSEKR. The MS data from the PARP1 in vitro experiment was analysed by
SEQUEST and a truncated version of this peptide (SKGQVKEEGINK) was identified as a hit for CD;
monomethylation on K508. A truncated version of the expected peptide could have occurred from
insufficient propionylation on all available lysine sites. This peptide was then analysed by the in-

house software, which gave the tandem MS spectrum shown in Figure 32 for the unmodified
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peptide that is propionylated on K2 and K5 in the sequence. The software also produced spectra
with good b- and y-ion coverage for this same peptide but with only K2 or K5 propionylated instead
of both. However, there was no strong evidence seen for CD; monomethylation on K508 (K2 in the

peptide sequence.
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Figure 32 — MS/MS spectra of the endogenous propionylated peptide that included K508 of PARP1.
The coverage of the b- and y-ions is shown above in blue and green, respectively.

There are a couple of reasons why labelling might not be observed here, whilst still assuming that
the K508 residue of PARP1 is a valid target for SETD7. Firstly, it is reported that PARP1 auto-modifies
with ADP-ribosylation at various lysine sites around K508, which subsequently inhibits methylation
by SETD7 at K508 (Figure 33)."®>’° Additionally, acetylation at K508 by p300 will stop methylation

occurring at this position.’®® Further investigation into this target will need to be performed to
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ascertain whether acetylation is blocking this position and/or whether ADP-ribosylation is installed in
close proximity (Figure 33). If this is the case, deacetylases can be utilised to see if this allows

methylation to occur at K508.
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Figure 33 — Schematic representation of the structure of the PARP1 domain and the important post-
translational modifications that are installed around the methylation site K508."%°
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3.7. Lysate experiments utilising 2-piperidine SAM

In addition to testing individual non-histone targets in in vitro assays, another method was used to
investigate non-histone targets of SETD7. Cell lysates from HEK-293T cells were incubated with a
CDs-labelled SAM analogue for subsequent analysis by LC-MS/MS. From the in vitro assays
performed by Diego Alonso-Martinez, the 2-piperidine SAM analogue was shown to exhibit the most
promising selectivity for SETD7. In theory, if cell lysates were incubated with the 2-piperidine SAM
analogue, only SETD7s lysine targets should be preferentially ‘heavy’ labelled. Therefore, these
experiments were performed on lysates taken from HEK-293T cells that were over-expressing SETD7.
After lysates were prepared from cells, they were concentrated and buffer exchanged in 10 kDa
Vivaspin® centrifugal filters. Various parameters were altered or introduced in each experiment for
purposes of control readings and for optimisation of the assay. The four lysate experiments that

were performed included the following reagents:

1 mM 2-piperidine SAM
1 mM 2-piperidine SAM, 2 ug mononucleosomes

1 mM 2-piperidine SAM, 2 ug mononucleosomes, 200 nM recombinant SETD7

P w N R

1 mM 2-piperidine SAM, 10 ug mononucleosomes, 200 nM recombinant SETD7

Mononucleosomes were added in three of the experiments to facilitate a background reading and to
confirm that the methylation reaction worked. Mononucleosomes have shown successful labelling
with SETD7 in previous experiments and thus provided a suitable control. The cells that were used to
produce the lysates were overexpressing SETD7, but as a control, recombinant SETD7 was added in

two of the experiments to ensure signal could be observed.

The difficulty with analysing these samples via LC-MS/MS is the high degree of complexity and
background in the sample. To overcome this, the methylated peptides must be enriched to provide
adequate signal of the desired ‘heavy’ methylation over the background noise. A co-worker in the
group is in the process of optimising an enrichment technique to achieve this goal. At this present
stage of the project, these samples have not undergone analysis and will be processed by the co-

worker in future work following the development of the enrichment method.
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4. MTA and the methionine salvage pathway

4.1. Background — The methionine salvage pathway (MSP)

S-adenosyl methionine (SAM) is bio-synthesised from methionine and ATP through a reaction
catalysed by the enzyme methyl adenosyltransferase (MAT). SAM has many important functions in
the cell including the transmethylation of proteins as discussed in the previous sections. SAM also
plays a role in the polyamine synthesis of spermine and spermidine, which are both essential for cell
growth.™ The synthesis of these polyamines results in the formation of the critical metabolic by-
product 5’-methylthioadenosine (MTA). This pathway, and how it relates to transmethylation, is
shown in Figure 34. Polyamine synthesis from SAM occurs in two enzymatic steps: the first step is a
decarboxylation of SAM to S-adenosylmethionineamine (dc-SAM), catalysed by adenosylmethionine
decarboxylase (SAMDC, step A in Figure 34). Subsequently, dc-SAM transfers its n-propylamine
group to first putrescine, and then to spermidine, resulting in MTA as the by-product (steps B and C,
Figure 34)."®® Another key enzyme in the polyamine synthesis is ornithine decarboxylase (ODC). ODC
decarboxylates the amino acid ornithine to yield putrescine, which is the substrate for dc-SAM to

transfer its n-propylamine group onto to produce spermidine (step D, Figure 34).**°
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Figure 34 — The polyamine synthesis pathway and its relation to the transmethylation pathway. dcSAM,
decarboxylated S-adenosylmethionine; MAT, methionine adenosyltransferase; MTA, methylthioadenosine;
SAH, S-adenosylhomocysteine; SAMDC, S-adenosylmethionine decarboxylase; ODC, ornithine

decarboxylase; MT, methyltransferase; MET, methionine.'”® Note: SAH can be converted back to MET via

two steps (dashed arrow).

MTA can also be formed via the degradation of SAM, which was discussed in Section 3.4. Without a
biological mechanism to metabolise MTA further intracellularly, there would be a reduction in the
available sulphur pool and this increase in intracellular levels of MTA would result in cytotoxicity.'”*
The assimilation of sulphur is energetically costly'’” and consequently cells have developed the
universal methionine salvage pathway (MSP) to recycle the sulphur in MTA back to L-methionine
(see Figure 35). Furthermore, it is essential to maintain the intracellular pool of methionine since

methionine is an essential amino acid provided through diet alone.
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Figure 35 — The universal MSP with the methylthio-group circled in red to highlight the conservation of this
group throughout the MSP. Figure adapted from North et al.'’ Human enzymes have been added in pink
that have been reported by Mary et al. and the references therein.'”” Note: Arrow H includes two steps of

the pathway, going through the intermediate dc-SAM and these steps are shown in more detail in Figure 34.

As discussed previously, the degradation product we observe for SAM is MTA and this can be utilised
in the MSP. Thus, in this chapter we studied the contributions of the two different sources of
methionine (from the media or from the MSP) contributing towards histone methylation and
whether specific histone methylation marks are correlated with one specific source. Furthermore, it
is important to study the function of this salvage pathway in order to fully understand what is taking
place in the cell assays performed in Section 3. The first enzymatic step in the methionine salvage
pathway is rate limiting and utilises the enzyme MTA phosphorylase (MTAP) to catalyse the
phosphorylation of MTA to yield methylthioribose-1-phosphate (MTR-1P) and adenine (step A,

Figure 35)."”* Therefore, MTAP is important in the salvage of both methionine and adenine.'”
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Following the phosphorylation of MTA by the enzyme MTAP, there are five additional enzymatic
steps to yield methionine (steps B-F, Figure 35). These steps are catalysed by the following
consecutive enzymes: 5’-methylthioribose-1-phosphate isomerase (MRI1), 5’-methylthioribulose-1-
phosphate dehydratase (APIP), 2,3-dioxomethiopentane-1-phosphate enolase/phosphatase
(ENOPH1), aci-reductone dioxygenase (ADI1) and lastly 4-methylthio-2-oxybutyrate (MOB)
transaminase (glutamine transaminases) involved in the final step to form methionine. The specific
human enzymes utilised in each step are in brackets and are also shown in pink in Figure 35. Links
between the expression levels of enzymes in the MSP and different disease states have been

reported and thus deregulation of this pathway would be interesting to investigate.'’®”

All normal cell lines ubiquitously express the enzyme MTAP which keeps physiological intracellular
levels of MTA very low in the nM range.'”® This function is important because MTA is a known
inhibitor of both polyamine synthesis and protein methylation, including arginine methylation of
STAT1."° The methionine salvage pathway has recently gained interest since the discovery that
many human tumour cells, including the breast cancer cells lines MDA-MB-231 and MCF7, are

180 This deficiency commonly occurs because of the homozygous co-

deficient in the MTAP enzyme.
deletion of the MTAP gene with the CDKN2A gene that encodes the tumour suppressor proteins p16
and p14ARF.'” These genes are co-deleted because of their close proximity on the chromosome
region 9p21, which are often deleted in human malignancies. Additionally, loss of MTAP activity in

certain types of carcinomas can arise from DNA hyper-methylation of its gene promoter.'**

Since various human tumour cells are deficient in MTAP, the methionine salvage pathway cannot be
utilised in these systems. The lack of a functioning MSP is highlighted when breast cancer cell lines
growing in methionine depleted media are shown to have reduced viability, and thus these cells are
known to be ‘methionine dependent’.’® Methionine depleted cells can be rescued with the addition
of KMTB (the last intermediate before forming methionine, shown in Figure 35) or by overexpression
of the MTAP enzyme. There has been increasing research into administrating MTA to treat tumour

'8 The accumulation of MTA leads to cytotoxicity and since these cells cannot remove MTA;

cells.
this toxicity could lead to potential cancer therapeutics. Therapeutics using a combination therapy of
both adenine analogues and MTA have already been developed by Lubin and Lubin to selectively kill
MTAP-negative lung tumour cells while keeping MTAP-positive human fibroplasts protected.'’”
Another study by Iraburu et al. has shown that hepatocarcinoma cells undergo apoptosis when
treated with MTA, whereas normal hepatocytes and human fibroplasts are unaffected and continue

184

to be viable.”™ Furthermore, MTA administered to healthy mice and rats was found to not be toxic

even at high doses and even demonstrated protective effects against liver damage.™
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The methylthio-group and carbons C-2,3,4 and 5 of the ribose moiety of MTA are all conserved
throughout the MSP and therefore they will all be present in the methionine formed from this

171

pathway.”"" This conservation means that if ‘heavy’ labelled CD;-MTA was utilised in the MSP, the
MTA would form CDs-labelled methionine via this pathway which would subsequently be converted
to CD5-SAM intracellularly. In contrast, breast cancer cell lines like MDA-MB-231 cells should not be
able to utilise the metabolite CD;-MTA due to the absence of the MTAP enzyme. To investigate
whether the methionine salvage pathway can be utilised for ‘heavy’ labelling in cellular assays with

CD3-MTA, cell assays were performed on both HEK-293T cells that do express MTAP and on MDA-

MB-231 cells that do not. The results of these experiments are discussed in Section 4.2.

4.2. Utilising CD3-MTA in cellular assays

To investigate if any ‘heavy’ methylation on histones can be obtained via the MSP, CD;-MTA instead
of CD;-SAM was introduced to the cell culture media during the course of the cellular assays. To
obtain a sufficient amount of CD;-MTA to use in cellular assays, batches of CD3;-SAM were incubated
at 37 °C in pH 8.8 Tris-HCl buffer for 7 days to induce degradation (Scheme 23). After 7 days of
degradation, the samples were purified by HPLC to furnish CDs-MTA in 298% purity. Any remaining
CD;-SAM from the HPLC runs was collected and degraded further to obtain larger quantities of CDs-
MTA.

Scheme 23 — Incubation of CD;-SAM at 37 °C in Tris-HCl buffer (pH 8.8) for 7 days to induce degradation in
order to obtain CD;-MTA.

Once a pure batch of CD;-MTA had been obtained, it was introduced to the culture media of HEK-
293T cells. The cells were incubated with 200 pM CD;-MTA for 20 and 48 hours before being
subjected to the standard histone workflow and analysed by LC-MS/MS. For both time points, the
experiments resulted in successful CD; labelling on all lysine methylation sites on H3. Figure 36 is an
example of the MS data showing the ‘heavy’ CD; labelling seen for the monomethylation mark on
H3K4 for both time points. The left spectrum is the labelling observed at 20 hours and the right

spectrum is for the 48 hour time point.
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Figure 36 — MS spectra showing CD; incorporation on the monomethylation mark H3K4 at 20 h (left
spectrum) and 48 h (right spectrum) when incubating HEK-293T cells with 200 uM CD5;-MTA. The peaks in
blue show the original endogenous methylation and the peaks in red show incorporation of a CD; group.

If we compare these results to the cell experiments utilising CDs-SAM, there is a much higher extent
of labelling when cells are incubated with CD3;-MTA. Figure 37 shows the MS spectra of CD; labelling
on the monomethylation mark of H3K4 at 48 hours observed for both CD;-SAM (left) and CD3;-MTA
(right) incubation. The data shown in Figures 55 and 56 indicates that CD;-MTA can be utilised in the
methionine salvage pathway to produce CD3;-SAM via CDs;-methionine. The CD3;-SAM produced via
the pathway can then be utilised in intracellular methylation reactions. Importantly this result could
explain the ’heavy’ labelling obtained when HEK-293T cells were incubated with CD;-SAM (these
experiments are detailed in Section 3.3). When CD;-SAM degrades to CDs-MTA over time it can enter
the cells and label via the intracellular production of CD;-SAM produced from the methionine
salvage pathway. CD3-SAM only degrades to 21.4% CDs;-MTA over 48 hours as evidenced from the
degradation study in Section 3.4. Therefore, this degradation could explain the lower extent of

labelling seen for the CD3;-SAM experiments at the same concentration and time points.

118



H3K4 3-8 peptide TKQTAR H3K4 3-8 peptide TKQTAR

415740 1004 417220

100-
E K4
95 L5 @ CH3 methyl 95 D CH;3 methyl
90 904
85 CDs methyl 851 CD; methyl
80

416.220

416.220 417.700

Relative Abundance
@
i

Relative Abundance
o
=)

417240
416.720 418.220
416740

M7.720 418720

418.240 418.920

LN S S S B S S Y 5 L R EL S B B s S B B B S S Sy s S S S D LA L AL L L L L LA LS LR AL AL L L L L B
4155 4160 165 M7 4178 4180 4185 190 4155 416.0 4185 417.0 a7s 4180 4185 419.0

miz miz

CDs-SAM vs. CD;-MTA

Figure 37 — MS spectra showing the CD;incorporation on the monomethylation mark H3K4 when incubating
HEK-293T cells with 200 uM CD;-SAM (left spectrum) vs. 200 uM CD;-MTA (right spectrum) for 48 h.

The next step was to confirm if MDA-MB-231 cells could be labelled with CD;-MTA. MDA-MB-231
cells are deficient in the MTAP gene and therefore the methionine salvage pathway should not
function as it does in HEK-293T cells. If this is the case no labelling should be detected when
incubating MDA cells with CD3;-MTA (these experiments are detailed in Section 3.3). As expected, no
labelling was seen on any of the H3 lysine methylation sites, which is shown in Figure 38 for the MS
spectra of monomethylation mark on H3K4. These results also likely explain the absence of labelling
seen when MDA-MB-231 cells were incubated with CDs-SAM. If CDs-SAM is not cell permeable and
the CD3;-MTA produced from degradation cannot be utilised then no labelling will be observed in

these assays.

Another experiment was performed in which the media of MDA-MB-231 cells was changed to
methionine-depleted media and then incubated with 200 uM CD;-MTA for 20 and 48 hours. There is
no exogenous methionine in this assay and if the methionine salvage pathway cannot utilise the CDs;-
MTA added, CDs-MTA will accumulate over time and no methionine will be produced. Methionine is
essential for cell viability and it is has been suggested that human cells require greater than 25 uM to

185
h.

maintain cell growt Also, as discussed earlier, MTA is toxic to cancer cells at high concentrations

(uM) and interferes with cell proliferation, lymphocyte activation, tumour development,

119



invasiveness and the regulation of apoptosis.’’® The combined effect of the depletion of methionine
and the toxicity of MTA was observed when the MDA-MB-231 cancer cell line became non-viable

and detached from the cell culture plate in both experiments.
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Figure 38 — MS spectra showing CD; incorporation on the methylation mark H3K4mel when incubating
HEK-293T cells with 200 uM CD;-MTA (left spectrum) vs. no CD; labelling observed when incubating
MDA-MB-231 cells with 200 uM CD5;-MTA for 48 h.

The MDA-MB-231 cells were incubated with *CDs-methionine (*CD;.MET) to ensure that labelling
can occur on histones using a ‘heavy’ label in this system and to additionally confirm that the
absence of labelling from CD5;-SAM and CD3;-MTA is due to the reasons discussed. Methionine is cell
permeable and it does not rely on the methionine salvage pathway to label histones, thus making it
a good control for this purpose. After incubation of MDA-MB-231 cells with *CD3-MET for 20 and 48
hours, labelling was observed with the *CD; label on all lysine sites of H3. Two examples of the
‘heavy’ labelling observed can be seen in the MS spectra given in Figure 39 for the 20 h timescale.
Consequently, there is good evidence that the problems associated with the cell assays in Section 3

are due to low cell permeability of the SAM analogues and the degradation of SAM to MTA.

One possible reason that no sufficient labelling was observed with the SAM analogues modified at

the C-2 position is due to their low cell permeability. The C-2 modified analogues degrade to their
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respective MTA analogues; however, the C-2 modified MTA analogues may not be able to be utilised
by the endogenous MTAP enzyme. If MTAP cannot utilise the C-2 modified MTA in the first catalytic
step of the methionine salvage pathway, then CD;-SAM cannot be generated. Due to time
limitations, a sufficient amount of C-2 modified CDs-labelled MTA analogue was unable to be
produced. Therefore, it would be beneficial to investigate whether any of the MTA analogues can be
utilised by endogenous MTAP and thus label histones in cells via CDs-SAM as future work. The
bumped functionality at the C-2 position would be lost in this process; however, it could explain the
lack of specificity observed in the cellular assays if the MTA analogue was being utilised instead to

provide CD3-SAM in vivo.
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Figure 39 — MS spectra showing 13'CD3 incorporation on the methylation marks H3K4me1 (left) and
H3K9me2K14ac (right) for the cell assays incubating MDA-MB-231 cells with 13CD3-M ET for 20 h.

4.3. Investigating two different methionine pathways in tandem using

isotopic labels

It has been confirmed in Section 4.2 that histones can be labelled in cellular assays using both MTA
and methionine in separate experiments via two different methionine sources (media or from the
MSP). MTA utilises the methionine salvage pathway to produce methionine and subsequently SAM

and methionine can be converted to SAM in just one step. To investigate the two sources of
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methionine and how they contribute to histone methylation, it was theorised that by incubating
cells with differentially labelled metabolites we could observe the separate contributions over time.
To track the turnover of methylation on lysine residues of histones in unsynchronised growing cells,
HEK-293T cells were transferred into media containing exclusively CD;-MTA and 13CD3-MET as the
two methionine sources. CD;-MTA was synthesised by degradation of CD3;-SAM as discussed
previously and *CD;-MET was purchased from commercial sources. The cells were then harvested at
five different time points — 2, 6, 12, 20 and 48 hours. The samples were analysed by a high resolution
Orbitrap mass spectrometer to ensure suitable resolution between the two isotopic labels. As an
initial proof-of-concept experiment, a concentration of 100 uM was chosen for each metabolite
(CD5-MTA and *CD;-MET). In this way, the two isotopic labels can be directly compared to each
other and the combined concentration will equal the concentration of L-methionine used in normal

Dulbecco’s Modified Eagle’s Medium (DMEM) media.

An example of the MS data produced from the assays incubating HEK-293T cells with 1:1 CDs-
MTA:*CD5-MET is shown in Figure 40. The MS spectrum in Figure 40 was generated from the 20-
hour experiment and it corresponds to the monomethylation mark on H3K4. The peak at m/z 830.48
relates to the existing endogenous methylation at the K4 site with incorporation of the CD; and **CD;
isotopic labels, labelled in blue and red respectively (m/z 833.50 and 834.50). The incorporation of
both isotopic labels is observed across all the H3 lysine methylation marks and on the histone 4 mark
H4K20. The incorporation was seen for all methylation states (mono-, di- and tri-) across all the H3

methylation marks with the spectra getting more complicated the higher the methylation state.
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Figure 40 — MS spectrum showing CD;incorporation on the monomethylation mark H3K4 for the assay
incubating HEK-293T cells with 1:1 CD3-MTA:13CD3-MET for 20 h. The CD; incorporation is labelled in blue
and the 13CD3 incorporation is labelled in red.

An example highlighting this complexity is given in Figure 41 for the peptide sequence with
dimethylation on both lysine residues K27 and K36. As you can see from this spectrum, there is the
incorporation of various degrees of each individual isotopic label but there are also combinations of
the two isotopes (CD; and CDs) together. These combinations make the analysis much more
difficult to elucidate the ratio of the different isotopic labels because of the significant overlap of the
two contributions. An algorithm could be implemented here to decouple the two contribution areas
for the various methylation states. However, for these initial experiments only the lower
methylation states were analysed to look at the general trend over time for the two methionine

sources.
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Figure 41 — MS spectrum showing CD; incorporation on both H3K27me2 and H3K36me2 methylation marks
for the assay incubating HEK-293T cells with 1:1 CD3-MTA:13CD3-MET for 20 h. The CD; incorporation is
labelled in blue and the 13CD3 incorporation is labelled in red. Some of the various isotopic combinations are
highlighted in the boxes.

To observe if there is any preference for any specific methylation mark/state using one methionine
source over the other, the ratios of incorporation of the two isotopes were plotted over time. The
ratio of the CD; and *CD; incorporation on the dimethylation marks for K9, K27, K36 and K79 are
shown in Figure 42. After incubation of HEK-293T cells with both isotopically labelled metabolites at
a ratio of 1:1 for 48 hours, the ratio of CD; incorporation ranged from ~10-20% with the ratio of
3D, incorporation ranging from ~80-90% (see Figure 42). These ratios were expected because the
CD; label that is incorporated via MTA and the MSP pathway includes six additional enzymatic steps
to yield isotopically labelled SAM (versus *CD;-MET) and therefore will have a smaller contribution
to histone methylation. From this data, it seems there may be a higher contribution of methylation
at K79 via the MSP by around 10%. One possible reason for this higher contribution could be linked
to the slower turnover rate of K79 thus allowing for the production of CD3;-SAM via the MSP."*® At
this early stage it is difficult to give a definite answer and therefore more investigation will have to
be completed to validate if there is a link between the MSP and H3K79 methylation. It is important
to note that a very similar trend is also observed for the monomethylation marks on these H3 lysine

sites as well as the dimethylation marks.
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Figure 42 — Incorporation of the two isotopic labels (1:1, 100 uM:100 pM, CD;:'*CD;) over time in HEK-293T
cells. N.B. Trend lines have been added for clarity and do not signify a mathematical estimate of the
trend course. NB. n=1 (proof of concept).

Following on from these assays, the ratio of the isotopically labelled metabolites was altered to 3:1
CD3-MTA:**CD5-MET in an attempt to boost the contribution of the MSP to histone methylation. To
boost the MSP contribution further, the overall concentration was lowered for each metabolite to
75 uM:25 uM. By lowering the overall pool of methionine available to the cells, it should push the
cells to utilise MTA more in histone methylation reactions. The rest of the cell assay conditions were
kept identical and the ratios for each isotope over time are shown in Figure 43. The time course
experiments show that the contribution of histone methylation via the MSP has indeed increased at
the higher 3:1 ratio. At 48 hours, the contribution via MSP was 20-30% compared to 10-20%
obtained from the 1:1 ratio experiments. In agreement with the 1:1 experiments, methylation on
H3K79 had a higher contribution via the MSP than the rest of the H3 lysine targets. Another
interesting trend that appeared out of these experiments is the spike in contribution via the MSP at

20 hours and a corresponding reduction in contribution via methionine at the same time point.
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Figure 43 — Incorporation of the two isotopic labels (3:1, 75 uM:25 uM CD3:13CDg) over time in HEK-293T
cells. N.B. Trend lines have been added for clarity and do not signify a mathematical estimate of the
trend course. NB. n=1 (proof of concept).

The time course experiment was repeated at the 3:1 ratio to see if a similar trend can be observed
showing a reduction in the methionine contribution at 20 hours. The results from this time course
experiment are shown in Figure 44, and comprises the ratio of each isotope (CD; and “*CDs)
incorporated at the methylation marks utilised in all previous figures (H3K9, K27, K36 and K79). In
agreement with the initial 3:1 CD5-MTA:*CD5s-MET experiment, the contribution via the MSP was at
20-30% and methylation on H3K79 has a higher contribution via the MSP than the rest of the H3
lysine targets. Unlike the initial experiment (Figure 43), the reduction in the incorporation via the
methionine cycle and increase in incorporation via the MSP at 20 hours was less pronounced;

however, it is still present.
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Figure 44 — Repeat experiment of the incorporation of the two isotopic labels (3:1, 75 uM:25 uM CD3:13CD3)
over time in HEK-293T cells. N.B. Trend lines have been added for clarity and do not signify a mathematical
estimate of the trend course. NB. n=1 (proof of concept).

These are just initial experiments and therefore a definite reason of why this trend occurs at this
time point cannot be given. However, one could speculate that the trend is related to the stage of
the cell cycle the cells are in at the time of the assay. If the cells were in S phase, then the cells will

187

need methionine primarily for DNA synthesis. =’ During S-phase, more histones are synthesised to

accommodate the new DNA and hence more histone methylation is required; especially K9 and K27

18 Furthermore, rates of protein

dimethylation since the majority of chromatin is heterochromatin.
production during S-phase are very low and therefore a significant amount of methionine will be
utilised directly for the production of SAM. However, during G, and G,, there is a large amount of
protein production and thus requires a significant amount of methionine. The heterochromatin
marks will not change much during this period, but there may be changes in histone methylation
arising from transcription. Since methionine is being heavily used in translation, one could
hypothesise that the MSP is utilised more to produce SAM and ensure histone methylation

processes are still functioning at their ‘usual’ rate. Therefore, these histone marks will see an

increase in methylation produced from SAM originating from MTA.

The HEK-293T cells used in all these experiments were unsynchronised and therefore it is unknown

what stage of the cell cycle they were in when harvested. It is important to note that the cells in this
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repeat experiment were less confluent than the initial experiment and therefore when they were
harvested at 20 hours the trend may have been missed due to the cells being in a different stage of
the cycle. In all these experiments we were only observing snapshots in time and not a continuous
time course and this could be why the trend was missed in this repeat experiment. Further
investigation of this trend could involve performing experiments on synchronised cells at various
stages of the cell cycle to see what effect the cell cycle has on the contributions from both

methionine sources.

128



5. Conclusions and future work

The synthesis of a small library of ‘heavy’ CDs-labelled SAM cofactors modified at the C-2 position
was successfully completed at 295% purity. The discovery of preferential substitution of the
homocysteine side chain occurring at the C-2 position of chlorinated adenosine (6) led to the
utilisation of a nucleophilic substitution reaction to install substituents at the C-2 position. This
resulted in the successful introduction of the first three substituents to the C-2 position of the
adenine ring — piperidine, methylpiperazine and thiophenyl. After introduction of the homocysteine
side chain, a ‘heavy’ methyl group (CD3) was introduced to the sulphur position through optimisation
of a protocol for the in situ generation of the strong methylation reagent, methyl triflate (MeOTf).
This provided a readily detectable group via LC-MS/MS analysis in subsequent biological assays. For
the introduction of the phenyl group, a palladium cross-coupling reaction was optimised to provide
the fourth SAM analogue in the series. This methodology could be considered for future synthesis of

SAM analogues.

The activities of the small library of cofactor probes were then validated by a simple in vitro assay
utilising mononucleosomes. Once the SETD7 and G9a assays were optimised with CD;-SAM, these
assays were then repeated for the four SAM analogues. LC-MS/MS analysis demonstrated that all
four SAM analogues methylated at H3K4 via SETD7, but afforded little methylation on H3K9 when
G9a was utilised. This significant drop in methylation observed for G9a’s target compared to SETD7’s
provides evidence for the SAM analogues selectivity for SETD7. Future work will entail testing a
wider range of HKMTs to establish an improved selectivity profile for the probes synthesised. From
the in vitro assays performed, the piperidine analogue seems to have the best selectivity profile and

thus should be continued further for future biological assays.

Cellular assays were then optimised with CD3;-SAM, which resulted in successful labelling on all
histone lysine sites processed from HEK-293T cells; albeit at low quantities. However, no labelling
was observed for any of the four SAM analogues under the same conditions in this cell line. Even
with overexpression of active SETD7 in HEK-293T cells, this did not increase labelling at H3K4 with
either CDs-SAM or the SAM analogues. These results provide evidence that H3K4 is not a valid target
for SETD7 in a physiological environment despite being catalytically active against H3K4 on
mononucleosomes. Moreover, investigation into breast cancer cells lines (MDA-MB-231 and MCF7),
which are reported to have endogenous expression of SETD7, did not show any ‘heavy’ labelling. In
contrast to HEK-293T cells, no labelling was seen with both breast cancer cell lines even with

incubation of CDs;-SAM. This then prompted an investigation into the degradation of CDs-SAM to
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investigate this disparity. The degradation study of CD;-SAM showed that CD3;-MTA was formed in
significant quantities under equivalent conditions to the cellular assays. This also occurred with the
SAM analogues modified at the C-2 positon, which all degraded to their MTA equivalent. Since MTA
is involved in the methionine salvage pathway and is more cell permeable than SAM, this was likely
the source of SAM used for methylation in the cell assays. Since MDA-MB-231 and MCF7 cell lines do
not have a functioning methionine salvage pathway, this explains why no labelling was observed

with these systems.

In light of the permeability issues of SAM, further investigation into the in nucleo assays should be
performed to confirm that SETD7 cannot utilise chromatin for methylation at H3K4. The in nucleo
assays do not have the issues of cell permeability and have been optimised for ‘heavy’ labelling with
CD3-SAM. Experiments should be performed with nuclei derived from HEK-293T cells transfected
with SETD7 to see if an increase of labelling at H3K4 can be observed. Also, in nucleo assays could be
performed using nuclei from the breast cancer lines (MDA-MB-231 or MCF7 cells) which have been

reported to have endogenous expression of SETD7.

It is debated in the literature that H3K4 may not be a physiologically valid target for SETD7 and no
evidence for methylation at this position with SETD7 was observed in cellular assays overexpressing
SETD7. However, there has been substantial evidence that SETD7 methylates at a wide range of non-
histone proteins and therefore a small selection were tested for validation. This resulted in two
successful methylation hits being discovered for FOXO1 and FOXO03. These non-histone targets
should be further analysed in a more complex environment to confirm they are valid targets for
SETD7. Moreover, the third non-histone target RelA should be investigated further to see if
acetylation at the reported methylation lysine position (K508) or alternative PTM crosstalk is

blocking successful ‘heavy’ labelling occurring in the in vitro assays performed.

Another way to discover more novel targets of SETD7 was to utilise the most selective 2-piperidine
SAM analogue in lysate experiments; which also provides a more complex environment. In order to
get relevant data from the lysate studies that were performed, an optimised enrichment method
protocol must be developed. This method would ensure that any novel targets could be elucidated
over background data. A post-doc in the group is optimising this protocol and once this is
established, lysate experiments will be processed and analysed for any successful methylation hits
by SETD7. Any successful hits arising from these experiments can then be further validated to result

in a physiological profile of SETD7’s targets.
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A separate investigation was instigated into how the two confirmed sources of methionine in both
assays (MTA and methionine) contribute to histone methylation, which resulted in some interesting
trends. At 20 h, there was a decrease in contribution from methionine which corresponded with an
increase in contribution from MTA and the methionine salvage pathway. One possible explanation
for this is that the contributions from both sources are related to the stages of the cell cycle. One
way this research should be continued would be to observe how these contributions change at
different stages of the cell cycle. One way to synchronise the cells would be to serum starve them,
causing the arrest of the cells in G1 phase. The incorporation of a FUCCI stain would provide a
method to easily determine which stage of the cell cycle the cells were in prior to their analysis.
However, this method also involves genetic modification of the cell line which might perturb

endogenous expression.
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6. Methods

6.1. General materials and instrumentation

All cell lines (HEK-293T, MDA-MB-231 and MCF7) were purchased from ATCC and grown in a Nuaire
incubator at 37 °C with 5% CO,. The cells were handled in a Nuaire LabGuard Class Il biological safety
cabinet and visualised using a CETI microscope (Medline Scientific). The cells were cultured in
Dulbeccos Modified Eagle Medium (DMEM + GlutaMAX; Gibco, Life Technologies) with 10% fetal
boxine serum and 1% Penicillin-Streptomycin (Gibco, Life Technologies). The cells were split with

0.5% Trypsin-EDTA solution (Gibco, Life Technologies).

For lipofectamine transfection, Lipofectamine 2000 (Invitrogen, Thermo Fisher Scientific) was used
and OptiMEM media (Gibco, Life Technologies). The FLAG-SETD7 plasmid was from AddGene
plasmid #24084 (pcDNA Set9 wt was a gift from Danny Reinberg).*® ANTI-FLAG M2 Affinity Gel for
the FLAG immunoprecipitation was from Sigma Aldrich. The VP35 plasmid was obtained with thanks

from the Hugh Brady group at Imperial College London.

All buffer salts and additives were purchased from Sigma Aldrich apart from EDTA (Promega) and
NP-40 alternative (CalBioChem) and all buffers prepared with distilled, deionised water (Siemens
Ultra Clear water purifier (Triple Red)). The pH was adjusted with an Accumet AB200 pH meter
(Fisher Scientific) and then the buffers were stored at 4 °C until use. The inhibitors used when
mentioned are all from Sigma Aldrich and include: sodium butyrate, microcystin LR, 4-
benzenesulfonyl fluoride hydrochloride (AEBSF) or alternatively HALT protease and phosphatase
inhibitor cocktail (100X, Thermo Fisher Scientific).

All centrifugation was performed using a Haraeus MegaFuge 40R centrifuge (Thermo Scientific) for
15-50 mL Falcon Tubes (VWR) or on a 5424R microcentrifuge (Eppendorf) for microcentrifuge tubes
(Eppendorf). When heating of eppendorfs was necessary, a Dri-Block DB-2D heating block (Techne,
Bibby Scientific) was used. Douncing in the in nucleo assays was performed with a 7 mL glass dounce
homogenizer (Fisher Brand). All sonication was performed using a FB15055 sonicatior (Fisher

Scientific).

For the in vitro assays, the recombinant proteins were from the following companies: SETD7
(Abcam), FOXO1 and FOX03 and PARP1 (Cambridge Bioscience, Human Hela mononucleosomes
(AMS Biotechnology).
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For all biological experiments reported in this thesis, three technical repeats were performed for

each experiment. Moreover, experiments were repeated in triplicate unless otherwise specified.

6.2. In nucleo assays

6.2.1. Cell culture

HEK-293T cells were grown in DMEM + GlutaMAX medium supplemented with 10% fetal bovine
serum and 1% Penicillin-Streptomycin. The cells were grown to 70% confluency in 50 cm? plates and

then subsequently harvested using cold (4 °C) PBS and cell scrapers.

6.2.2 In nucleo assay

The protocol followed a previous procedure.*’ The protease, phosphatase and histone deacetylase
(HDAC) inhibitors used in the buffer solutions were microcystin, AEBSF and sodium butyrate. The
harvested cells are washed twice more with cold PBS (4 °C). The cells were then washed twice with 1
mL buffer | (10 mM Hepes-NaOH (pH 7.9), 50 mM KCI, 1.5 mM MgCl,, 0.5 mM DTT, inhibitors) and
centrifuged at 4 °C, 600g, 5 min. Swollen cells were resuspended in 200 pL buffer Il (buffer |, 0.1%
(v/v) NP-40) and incubated on ice for 10 min before douncing (5 strokes). The nuclei were then
collected by centrifugation (4 °C, 600g, 5 min). The nuclei were then washed twice in 200 uL of
buffer Il (20 mM Hepes-NaOH (pH 7.9), 50 mM KCl, 1.5 mM MgCl,, 0.5 mM DTT, 0.2 mM EDTA, 20%
(v/v) sucrose, inhibitors). Nuclei were resuspended in 200 uL cold NA buffer (nuclear acetylation
buffer) supplemented with 1 mM ATP (50 mM Tris-HCI (pH 8.0), 50 mM NaCl, 1 mM EDTA, 0.5 mM
DTT, 10% (w/v) sucrose) and then transferred to rt for 5 min. Then 50 pL of 50 uM S-adenosyl-L-
(methyl-d;)methionine or analogue in NM buffer (nuclear methylation buffer; 50 mM Tris-HCI (pH
8.0), 50 mM NaCl, 10 mM MgCl,, 0.5 mM DTT, 10% (w/v) sucrose) was added to commence the
reaction. Nuclei were incubated at 37 °C for 90 min and gently agitated intermittently to keep nuclei
in suspension. The nuclei were then washed once with NM buffer with inhibitors and kept at -80 °C

ready for histone extraction (see Section 6.8.2).
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6.3. Cell assays

6.3.1. Cell culture

HEK-293T, MDA-MB-231 or MCF7 cells were grown in DMEM + GlutaMAX medium supplemented
with 10% fetal bovine serum and 1% Penicillin-Streptomycin. The cells were grown to 50%
confluency in 50 cm® plates or 6-well plates. One plate or one well of cells was used for each
experiment. The cells were incubated for the indicated time and concentration of CD;-SAM, CDs-
SAM analogue, CD3-MTA or *CD;-L-methionine as described in the results. Cells are harvested at 90—
100% confluency by washing with cold (4 °C) PBS and subsequent lifting of the cells with a cell
scraper. The harvested cells were washed twice more with cold PBS (4 °C) and then taken forward

straightaway to the chromatin isolation step (see Section 6.3.2).

6.3.2. Chromatin isolation

Cell pellets were resuspended in 1 mL NIB buffer (15 mM Tris-HCI (pH 7.5), 60 mM KCI, 15 mM Nacl,
5 mM MgCl,, 1 mM CaCl,, 250 mM sucrose) plus NP-40 [0.3% (v/v) added fresh] and incubated on
ice for 5 min. The chromatin was then collected by centrifugation (4 °C, 600g, 5 min). The chromatin
was then washed twice in 1 mL NIB buffer without NP-40 and the pellet was either taken
straightaway to the histone extraction step or kept at -80 °C ready for histone extraction (Section

6.8.2.).

6.4. Transfections

6.4.1. Calcium phosphate transfection

HEK-293T cells were grown to 50% confluency in DMEM + GlutaMAX medium supplemented with
10% fetal bovine serum and 1% Penicillin-Streptomycin in 50cm? plates. One plate of cells was used
for each experiment. 50, 200 or 500 uM of CD3-SAM or 15 pg of SETD7 plasmid was mixed with 0.5
mL 0.25 M CaCl, solution. Equal volume of HBS solution (50 mM HEPES, 280 mM NaCl, 1.5 mM
Na,HPO,, 12 mM dextrose (pH 7) was added to the mixture and the mixture was thoroughly bubbled
with air using a pipette. The mixture was further mixed by shaking vigorously until frothy and then

let sit for 15 min. 1 mL of each mixture with the varying concentrations of CD;-SAM was added to
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each plate of cells. The cells were incubated for 24 h and then the contents of these plates were
harvested with cold (4 °C) PBS. The harvested cells were washed twice more with cold PBS (4 °C) and

then taken forward straightaway to the chromatin isolation step (see Section 6.3.2.).

6.4.2. Lipofectamine transfection

HEK-293T cells were grown to 60-70% confluency in DMEM + GlutaMAX medium supplemented
with 10% fetal bovine serum and 1% Penicillin-Streptomycin in 50 cm? plates. For each 50 cm?® plate
to transfect, a total of 24 pg of plasmid was added (14:10 pg SETD7:VP35 plasmids) to 1.5 mL of
OptiMEM media. In a separate tube, 60 uL of Lipofectamine 2000 was added to 1.5 mL OptiMEM
media and both tubes were incubated for 5 min at rt. After this time, the tubes were combined and
mixed and incubated for a further 20 min at rt. During this time the media was changed to 7 mL
DMEM + GlutaMAX + FBS w/o Pen-Strep. After 20 min, 3mL of transfection media was added to each
plate and after 5-6 h the media was changed to normal DMEM plus supplements. The cells were

then harvested after 48 h of transfection with cold (4°C) PBS.

6.5. FLAG immunoprecipitation

6.5.1. Preparation of lysates

Each 50 cm® plate of HEK-293T cells harvested from lipofectamine transfection (see Section 6.4.2.)
were resuspended in 1 mL two-step lysis buffer (20 mM Tris.HCI (pH 7.4), 10 mM MgCl,, 10 mM KCl,
2 mM EDTA, 10% glycerol, 1% Triton X-100, HALT protease inhibitors (added fresh)) and incubated
on ice for 10 min. The cells were then sonicated for 30 sec and NaCl was added to a final
concentration of 420 mM. After incubation for 60 min rotating at 4 °C, the cell lysate was then
sonicated for a further 30 sec. The lysate was then centrifuged at 10,000 g for 30 min at 4 °C and the
supernatant was recovered for FLAG immunoprecipitation. The lysate was stored at -80°C until

purification.

6.5.2. FLAG pull-down

1 mL of HEK-293T lysate (for preparation of the lysates see Section 6.5.1.) was diluted with 1:1 low
salt TBS (50 mM Tris-HCl (pH 7.4), 100 mM NaCl, 0.01% (v/v) Triton X-100) and split into two
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samples. During this time, anti-FLAG M2 affinity gel resin was washed 3 x 0.5 mL TBS (50 mM Tris-
HCI (pH 7.4), 150 mM NaCl). Each sample was then mixed with 20 uL of pre-washed anti-FLAG M2
affinity gel beads and left to rotate overnight at 4°C. After centrifugation at 5,000 g for 30 sec, at 4°C,
the supernatant was removed and retained as unbound material (for subsequent SDS-PAGE
analysis). The samples were then washed 3 x low salt TBS (first wash retained for SDS-PAGE) and
then 3 x high salt TBS (50 mM Tris-HCI (pH 7.4), 300 mM NaCl, 0.01% (v/v) Triton X-100). 150 uL of
elution buffer (150 ng/uL FLAG peptide in high salt TBS) was added and incubated at 4°C for 1 h.
Resin was span down (5,000 g, 30 sec) and elution fraction collected. Two more elution fractions
were collected by adding 150 uL fresh elution buffer for overnight, rotating at 4°C and subsequently
for 6 h, rotating at 4 °C. Elution fractions were combined and concentrated using Amicon Ultra 0.5
mL centrifuge filters with 30 kDa cut off (Millipore). Resin was denatured to check elution by adding
150 plL of 2x sample buffer (125 mM Tris-HCI (pH 6.8), 2% (w/v) SDS, 25% (v/v) glycerol, 0.005%
(w/v) bromophenol blue) was added to resin and incubated for 5-10 min. Resin was span down and
supernatant collected. 5% b-mercaptoethanol (b-ME) was added at boiled at 95 °C for 2 min. All
other samples (unbound, first wash and elution) were mixed 1:1 with 2x sample buffer with 5% b-ME

and boiled at 95 °C for 2 min. All samples were kept at -20°C until gel was ran.

6.5.3. SDS-PAGE

Protein samples were treated with mercaptoethanol (Sigma) and Laemmli 2 x Sample Buffer (Sigma)
at 95 °C for 3 min, and then resolved on an 8% SDS-PAGE polyacrylamide gel (100 V for 60 min). The
protein standard used was Precision Plus Protein™ Dual Color (Bio-Rad). To visualise whole protein
content, gels were stained with imperial protein stain (Thermo Scientific) for 1 h using

manufacturer’s instructions. The gel was then destained with H,0 (2 x 30 min).

6.5.4. In-gel digest

In-gel digestion was carried out following a previous protocol.’® The band of interest was cut from
the gel using a scalpel, diced into 1mm? pieces and transferred to a 1.5 mL Eppendorf. 100 pL of 100
mM ammonium bicarbonate/acetonitrile (1:1, v/v) was added to the sample and shaken vigorously
for 30 min. 500 pL of neat acetonitrile was added at rt and shook until the gel pieces become white
and shrink and then acetonitrile was removed. Enough trypsin buffer (13 ng pL™ trypsin in 10 mM
ammonium bicarbonate containing 10% v/v acetonitrile) was added to cover the gel pieces

(approximately 50 pL) and incubated on ice. After 30 min, the sample was checked to see if the
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solution had been fully absorbed and sufficient trypsin buffer was added to ensure gel pieces were
covered. Once the gel pieces were incubated for 120 min, 10-20 pL of 100 mM ammonium
bicarbonate was added. Samples were then incubated for 6 h at 37 °C. Once the sample was cooled
to rt and spun down at 5,000 g for 30 sec, a 1-1.5 pL aliquot was taken for reference. 100 mL of
extraction buffer (1:2, 5% v/v formic acid/acetonitrile) was added to the sample and incubated for

15 min at 37 °C. The supernatant was collected and dried down ready for MS/MS analysis.

6.6. In vitro assay

To confirm whether they are non-histone targets of SETD7, 10 ug of FOXO3, FOXO1 or PARP1 were
incubated with 200 nM SETD7 and 1 mM CD3-SAM in KMT buffer (50 mM Tris-HCI (pH 8.8), 10 mM
MgCl,, 4mM DTT (added fresh)) for 1 h at 37 °C. The total assay volume was 200 pL. The reaction
was stopped by the addition of cold SAH (1 mM, dissolved in 1% FA (formic acid)).

The reaction was then dried down and either directly subjected to in solution digest (Section 6.6.1)
or subjected to two rounds of propionylation (see details in Section 6.8.3) and then in solution digest

directly afterwards.

6.6.1. In-solution digest

Protein sample was dried down in vacuo and then redissolved in 50 yuL 100 mM ammonium
bicarbonate and checked pH was ~ 8. 10 plL of 30 mM DTT was added to the sample, vortexed, span
down and left at 51 °C for 1 h. After cooling down, 10 pL of 100 mM iodoacetamide was added, pH
was checked to be ~ 7.8, and left at rt in dark for 45 min. Reaction was quenched with 2 pL of 30 mM
DTT. Trypsin digest of the proteins was achieved by adding 1.5 pg of trypsin for 6 h at 37°C and

subsequently quenched with 2 pL of glacial acetic acid.

6.7. Lysate assay

HEK-293T cells were transfected with SETD7 plasmid at 70% confluency using the Lipofectamine
method described in Section 6.4.2. After 48 h of transfection, the cells were harvested, washed twice
with PBS and incubated on ice in 2-step lysis buffer (20 mM Tris.HCI (pH 7.4), 10 mM MgCl,, 10 mM
KCl, 2 mM EDTA, 10% glycerol, 1% Triton X-100, HALT protease inhibitors (added fresh)) for 15 min.
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The sample was then sonicated, NaCl was added to a final concentration of 420 mM and incubated
for a further 60 min rotating at 4 °C. The sample was sonicated again and centrifuged at 10,000 g for
30 min. The resultant supernatant was concentrated in 10 kDa centrifugal filters (Vivaspin', GE
Healthcare Life Sciences) and then KMT buffer (50 mM Tris-HCI (pH 8.8), 10 mM MgCl,, 4mM DTT
(added fresh)) was added and the solution concentrated again. The sample was resuspended in KMT
buffer and 1 mM Pip-CD5;-SAM was added to start the reaction and immediately incubated for 1 h at
37 °C. 10 pg or 2 yg mononucleosomes and/or commercial SETD7 (200 nM) was added in additional
control experiments. After 1 h, cold SAH (1 mM) was added to stop the reaction. The samples were

stored at -80 °C for further processing.

6.8. Mass spectrometry work-flow

6.8.1. General instrumentation and materials

For LC-MS/MS analysis, samples were loaded onto a LTQ Velos Pro linear ion trap LC-MS system
(Thermo Scientific) with an ESI primary ionisation method (200-2000 m/z) and secondary CID
fragmentation (collision energy of 35%). The Xcalibur (Thermo Scientific) software was used to
create methods that could perform zoom and targeted scans for peaks of interest with known mass
and approximate retention time. Xcalibur was also used to visualise and analyse the MS data.
Proteome Discovery 1.3 (Thermo Scientific) software was used for SEQUEST database searches to
search for methylation events on non-histone proteins. For high resolution LC-MS/MS analysis,
samples were loaded onto a LTQ Velos Pro orbitrap LC-MS system (Thermo Scientific) using a UHPLC

nanoViper column (20 uM x 550 mm, Thermo Scientific).

A histone standard was run before any histone samples, which was prepared from HEK-293T cells
without any ‘heavy’ CDs-labelled incubation, to estimate the timings of the zoom scans. Tryptic
digest was performed using sequencing grade modified trypsin (Promega). For stage tip clean-up, C-
18 extraction discs (Empire, Bioanalytical Technologies) were used to prepare the handmade tips. All
solvents were LC-MS grade (Sigma Aldrich or Fisher Scientific) and all other chemicals and materials

were purchased from Sigma Aldrich or VWR unless otherwise specified.

6.8.2. Histone extraction

The frozen nuclei were thawed on ice (~ 4 °C) and 0.4 N H,SO, solution (500 pL) was then added

slowly, vortexed and rotated in a cold room for 90 min. Extracted histones were then centrifuged at
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21,000 g for 5 min and the supernatant containing the histones was transferred to a 1.5 mL
Eppendorf. The histones were precipitated by adding 125 pL 100% TCA and kept on ice for 1 h.
Histones were pelleted by centrifugation (21,000 g, 5 min) and washed once with 500 pL acetone +
0.1% HCI (-20 °C). The histones were washed once more with 500 puL acetone (-20 °C) and air dried

after centrifugation (21,000 g, 5 min).

6.8.3. Propionylation and trypsin digest

This protocol is derived from previous work by Garcia et al.**® The dry histone pellet (see histone
extraction in Section 6.8.2.) was then resuspended in 10-100 pL 100 mM ammonium bicarbonate
(NH;HCO3) and then 10 L was sonicated for 10 min and brought through to propionylation. The pH
of the sample was tested and adjusted to pH 7-9 using ammonium hydroxide (NH,OH) and then 5 pL
(or half volume) of propionic anhydride reagent was added (1:3, propionic anhydride:isopropanol).
Immediately after, 3-5 uL NH,OH was added to the sample to make sure pH is ~8 and then
incubated for 15 min at 37 °C. After incubation, the sample was dried to <5 pL and the whole

propionylation procedure was repeated.

Once dried, the sample was made up to 50 pL in 100 mM NH,4HCO3 (pH 8.5) and trypsin was added
in a 1:20 trypsin:histone ratio and left at 37 °C for 6 h for digestion. The reaction was stopped by
freezing at -80 °C. The sample was then dried to <5 plL and made up to 10 pL of 100 mM NH4HCO;

ready for a second round of propionylation.

Propionylation was repeated twice more and dried down ready for stage tip clean up (Section
6.8.4.). If peptide standards were added these were added just before the second round of

propionylation steps and after digestion.

6.8.4 Sample desalting using stage tips

Stage tips were made by punching out one and a half discs of C18 extraction material using a P1000
enlarged tip. This material was then loaded into the bottom of a P200 tip and the tip inserted into
the top of 1.5 mL microcentrifuge tubes. The C18 putty was washed and activated by eluting through
200 pL MeOH by centrifugation (800 g, 5 min). The putty was then washed through with 200 uL 0.1%
AcOH solution (800 g, 5 min) and the two elutions were discarded. The histone peptide sample was
then reconstituted in 200 pL 0.1% AcOH solution (pH ~3—4) and loaded on to the putty (800 g, 5

min). The peptides were then eluted from the putty into a fresh 1.5 mL Lo-bind microcentrifuge tube
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with 200 pL elution buffer (75% MeCN, 20% H,0, 5% FA, 800 g, 5 min). The sample was then dried

ready for MS analysis.
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7. Experimental

7.1 General Experimental

All reagents were obtained from commercial sources and were used as purchased from the
manufacturers. Anhydrous solvents were purchased from Sigma-Aldrich, UK, stored over 4 A
molecular sieves and under an Ar atmosphere or were freshly distilled from calcium hydride
(dichloromethane, toluene, triethylamine, pyridine) and sodium benzophenone (tetrohydrofuran).
Reactions were monitored by TLC using pre-coated aluminium-backed ICN silica plated (60A F254)
and visualised by UV detection (at 254 nm) and staining with potassium permanganate or ninhydrin
solution and then heated with a heat gun. Column chromatography was performed on Fluka 60 (40 —

60 um mesh) silica gel.

All reactions were conducted under normal conditions and at ambient temperature (20 to 25 °C)
unless specified otherwise, with magnetic stirring. Evaporation and concentration under reduced
pressure was performed using a Biichi rotary evaporator at 40 °C. Residual solvent was removed

under high vacuum (1 mbar).

Infrared spectra were recorded neat on a Perkin Elmer Spectrum 100 fitted with a universal ATR
accessory. The intensity of each band is described as s (strong), m (medium) or w (weak), and with
the prefix v (very) and suffix br (broad) where appropriate. '"H NMR spectra were recorded at 400
MHz, using a Bruker AV 400 spectrometer. BC NMR spectra were recorded at 100 MHz, using a
Bruker AV 400 spectrometer. Chemical shifts are reported as & values (ppm) referenced to the
following solvent signals: CDCl; 6, (CHCl;) = 7.26, 6 = 77.0; CD;0D &, (CHD,0D) = 3.34, 6. = 49.0;
CD3;SOCD; 64 (CD3;SOCHD,) = 2.50; 6¢ = 77.0; D,O 6, (DHO) = 4.80. The term ‘stack’ is used to
describe a region where resonances arising from non-equivalent nuclei are coincident, and multiplet,
m, to describe a region where a resonance arises from a single nucleus (or equivalent nuclei) in
which coupling constants cannot be readily measured. Coupling constants are measure in Hertz (Hz).

Connectivities were deduced from COSY90, HSQC and HMBC experiments.

High and low resolution mass spectra were recorded by the Mass Spectrometry Service of Imperial
College London, Department of Chemistry using Micromass Platform Il and Micromass AutoSpeq-Q
or on a LTQ Velos Pro linear ion trap spectrometer (DiMaggio group). The samples were eluted over

a linear gradient of 100% solvent A (99.9% H,0, 0.1% FA) to 5% A and 95% B (95% MeCN, 0.4% H,0,
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0.1% FA) over 10 min, at which point the gradient remained isocratic for 2 min. Melting points were

recorded using a Reichert-Thermovar melting point apparatus.

All crude final SAM analogues were purified by RP-HPLC. The compounds were injected onto a
Supelco Ascentis Express C18 (2.7 um particle size, 150 mm x 4.6 mm, Sigma Aldrich) and were
resolved and fractionated by UV detection (215 nm) with a Dionex Ultimate 3000 UHPLC system
(Thermo Scientific). The flow rate was 0.5 mL/min and a multi-step gradient was used starting at
0.5% B (95% MeCN, 4.8% H,0 and 0.2% TFA) and 99.5% A (5% MeCN, 94.8% H,0 and 0.2% TFA) for
two minutes, then linearly increased to 20% B over 15 minutes, followed by linear increase to 95% B
over a further 7 minutes. All solvents used were HPLC grade and purchased from either Sigma

Aldrich or Thermo Fisher).

7.2 Experimental Procedures

Numbering sample for NMR data (2-bromo-SAM shown here)

(2R,3R,4R,5R)-2-(2-amino-6-chloro-9H-purin-9-yl)-5-((benzoyloxy)methyl)tetrahydro-furan-3,4-diyl
dibenzoate (2)

N, O-Bis(trimethylsilyl)acetamide (BSA, 6.34 mL, 31.2 mmol) was added to a stirred suspension of 2-
amino-6-chloro-purine (1, 4.80 g, 28.3 mmol) in dry acetonitrile (150 mL). After stirring at rt for 45
min, 1-O-acetyl-2,3,5-tri-O-benzoyl-B-D-ribofuranose (16.00 g, 31.7 mmol) and trimethylsilyl
trifluoromethanesulfonate (TMSOTf, 6.80 mL, 30.6 mmol) were added sequentially. The reaction

mixture was stirred at rt for 15 min, after which the flask was transferred to a preheated 80 °C oil

142



bath and stirred for 1 h. Then the mixture was cooled to rt and diluted with EtOAc (100 mL). The
organic phase was sequentially washed with aqueous saturated NaHCO; solution and brine, dried
with Na,S0,, filtered and concentrated under reduced pressure to afford the crude nucleoside.
Purification by column chromatography (33-100% EtOAc/pentane gradient) afforded protected
adenosine 2 as a white foam (11.83 g, 68%): R; = 0.33 (pentane/ethyl acetate 2:1); m.p. 97 — 101 °C;
Vmax (n€at)/cm™ = 3483w (N-H), 3373w, 3204w (=C-H), 2919w (C-H), 1721s (C=0), 1611s (N-H
bending), 1562s, 1512s, 14525, 12625, 1091s, 1069s; "H NMR (400 MHz, CDCl,): & = 4.70 (dd, J = 12.2,
4.4 Hz, 1H,5-CH,), 4.83-4.86 (m, 1 H, 4-CH), 4.94 (dd, J=12.2,3.7 Hz, 1 H, 5'-CH,), 5.17 (brs, 2 H,
2-NH,), 6.26 (d, J = 4.5 Hz, 1 H, 1’-CH), 6.39 (dd, J = 5.4, 3.2 Hz, 1 H, 3’-CH), 6.44 - 6.47 (m, 1 H, 2’-
CH), 7.40-7.47 (m, 6 H, aryl CH), 7.57 = 7.62 (m, 3 H, aryl CH), 7.91 (s, 1 H, 8-CH), 7.91 - 8.05 (m, 6
H, aryl CH); *C NMR (400 MHz, CDCl5): & = 63.2 (CH), 71.3 (CH), 73.5 (CH), 80.3 (CH), 87.3 (CH),
125.8, [128.5, 128.6, 128.7 (CH, CH-aryl, resonance overlap)], 129.2, [129.7, 129.8, 129.9, 130.0 (CH,
CH-aryl, resonance overlap)], [133.5, 133.7, 133.9 (C, C-aryl, resonance overlap)], 141.1 (C), 151.9
(C), 153.1 (C), 159.1 (C), 165.1 (C, €=0), 165.3 (C) ; MS (TOF ES+) m/z 614.1 ([M+H]", 100%); HRMS
(TOF ES+) calcd for C3;HysNsO,Cl [M+H]* 614.1443, found 614.1442.

(2R,3R,4R,5R)-2-(2-bromo-6-chloro-9H-purin-9-yl)-5-((benzoyloxy)methyl)tetrahydro-furan-3,4-diyl

191

dibenzoate (3)

TMS-Br (26.50 mL, 173.3 mmol, 9 eq.) was added dropwise to a stirred solution of adenosine 2
(11.82 g, 19.3 mmol, 1 eq.) in CH,Br, (150 mL) under N,. TBN (39.70 mL, 385.0 mmol, 20 eq.) was
then added dropwise and stirred at ambient temperature for 1 h (TLC). The mixture was cooled for
15 min and then added dropwise to a cold, vigorously stirred mixture of NaHCO3/H,O (200
mL)/CH,Cl, (200 mL). The aqueous layer was extracted and the combined organic phase was washed
(H,0) and dried (Na,SO,). Solvent was evaporated in vacuo and the orange oil was purified by
column chromatography (pentane/EtOAc, 2:1) to afford adenosine 1 as a white solid (8.82 g, 68%): R¢
= 0.64 (pentane/ethyl acetate, 2:1); m.p. 89 — 93 °C; Vynex (neat)/cm™ = 3079w (=C-H), 1722s (C=0),
1587s, 1553s, 1352s, 1261s, 1091s, 1069s, 1025s; ‘H NMR (400 MHz, CDCl3): 6 = 4.71 (dd, J = 12.1,
4.1 Hz, 1 H, 5'-CH,), 4.84 —4.87 (m, 1 H, 4'-CH), 4.91 (dd, J = 12.1, 3.3 Hz, 1 H, 5’-CH,), 6.10 — 6.15
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(stack, 2 H, 3’-CH, 2’-CH), 6.47 (d, J = 4.9 Hz, 1 H, 1’-CH), 7.34 — 7.46 (m, 6 H, Ar-H), 7.52 — 7.61 (m, 3
H, Ar-H), 7.90 — 7.93 (m, 2 H, Ar-H), 8.00 — 8.06 (m, 4 H, Ar-H), 8.24 (s, 1 H, 8-CH); *C NMR (400
MHz, CDCl): & = 63.5 (CH,), 71.6 (CH), 74.4 (CH), 81.6 (CH), 87.1 (CH), 128.1 (CH), [128.6, 1287, 129.1
(CH, resonance overlap)], [129.6, 129.9, 130.0 (CH, resonance overlap)], 131.7 (C), [133.7, 133.9,
134.0 (CH, resonance overlap)], [143.6, 143.6 (CH, resonance overlap)] 152.0 (C), 152.5 (C), 165.2
(C=0), 165.3 (C=0), 166.1 (C=0); MS (TOF ES+) m/z 677.0 ([M+H]", 48%); HRMS (TOF ES+) calcd for
C31H23NsO,CIBr [M+H]" 677.0439, found 677.0447.

(2R,3R,4R,5R)-2-(2-bromo-6-amino-9H-purin-9-yl)-5-(hydroxymethyl)tetrahydro-furan-3,4-diol (4)***

A suspension of 3 (2.00 g, 2.954 mmol) in NH3/MeOH (ca. 7 N, 20 mL) was prepared in a microwave
vial and stirred at rt for 10 mins. It was then transferred to a microwave reactor where it was heated
at 120 °C and stirred for 1 h. The solvent was evaporated under reduced pressure to afford the crude
nucleoside as an orange residue. Purification by column chromatography with sequential elutions of
CH,Cl,, CH,Cl,/MeOH [7 M NHs] (93:7) and CH,Cl,/MeOH [7 M NHs] (9:1) provided 4 as a pale orange
amorphous solid (674 mg, 66%): Rs = 0.52 (CH,Cl,/MeOH 85:15); m.p. 131 — 135 °C; Ve (neat)/ecm™ =
br 3129s (O-H), 1643s, 1594s, 13965, 1351s, 12965, 1281s, 1083s, 1043s; ‘H NMR (400 MHz, DMSO-
ds): 6 =3.56 — 3.67 (m, 2 H, 5’-CH,), 3.92 — 3.96 (m, 1 H, 4’-CH), 4.09 — 4.14 (m, 1 H, 3’-CH), 4.49 —
4.53 (m, 1 H, 2’-CH), 5.05 (t, /= 5.6 Hz, 1 H, 5’-OH), 5.21 (d, /= 4.9 Hz, 1 H, 3’-OH), 5.48 (d, J = 6.2 Hz,
1 H, 2’-OH) 5.81 (d, J = 6.0 Hz, 1 H, 1'-CH),7.86 (br s, 2 H, 6-NH,) 8.36 (s, 1 H, 8-CH); *C NMR (400
MHz, DMSO-dg): & = 61.9 (CH,, 5’-CH,), 71.0 (CH, 3’-CH), 74.1 (CH, 2’-CH), 86.2 (CH, 4’-CH), 87.8 (CH,
1’-CH), 119.0 (C, 5-C), 140.3 (CH, 8-CH), 144.7 (C, 4-C), 150.7 (C, 2-C), 157.1 (C, 6-C); MS (TOF ES+)
m/z 346.0 ([M+H]", 100%); HRMS (TOF ES+) calcd for C;oH:,NsO4Br [M+H]" 346.0151, found
346.0163.
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(2R,3R,4R,5R)-2-(2-bromo-6-amino-9H-purin-9-yl)-5-(chloromethyl)tetrahydro-furan-3,4-diol (6)

A suspension of 4 (100 mg, 0.289 mmol, 1 eq.) in pyridine (92 puL, 0.580 mmol, 2 eq.) and acetonitrile
(3 mL) was cooled to 0 °C. Thionyl chloride (155 uL, 1.300 mmol, 5 eq.) was added dropwise with
stirring and stirring was continued for a further 4 h. Then the solution was warmed to rt and stirred a
further 16 h. The reaction mixture was evaporated in vacuo and the resulting suspension was re-
dissolved in MeOH, H,0 (5.5 mL, 5:1) and NH,OH (1 mL) and stirred for 0.5 h at rt. The reaction
mixture was then concentrated under reduced pressure to afford nucleoside 6 as a light brown solid
(370 mg, 87%): R; = 0.79 (CH,Cl,/MeOH 6:1); m.p. 189 — 191 °C; *H NMR (400 MHz, DMSO-dg): &
=3.83-3.96 (m, 2 H, 5’-CH,), 4.08 —4.13 (m, 1 H, 4’-CH), 4.16 — 4.19 (m, 1 H, 3’-CH), 4.65 - 4.69 (m, 1
H, 2’-CH), 5.50 (d, J = 5.1 Hz, 1 H, 3’-OH), 5.65 (d, J = 6.5 Hz, 1 H, 2’-OH), 5.85 (d, J = 6.1 Hz, 1’-CH),
7.92 (brs, 2 H, 6-NH,), 8.36 (s, 1 H, 8-CH); *C NMR (400 MHz, DMSO-ds): & = 43.8 (5’-CH,), 71.3 (3'-
CH), 73.5 (2’-CH), 84.1 (4’-CH), 88.8 (1'-CH), 98.0 (5-C), 128.3 (8-CH), 144.6 (4-C), 156.5 (2-C), 157.1
(6-C); MS (TOF ES+) m/z 365.0 ([M+H]’, 100%), 364.0, 368.0; HRMS (TOF ES+) calcd for
C10H11NsO3BrCl [M+H]" 364.9789, found 364.9834.

((3aR,4R,6R,6aR)-6-(2-bromo-6-amino-9H-purin-9-yl)-2,2-dimethyl-tetrahydro-furo[3,4-d][1,3]dioxol-

4-yl)methanol (8)

Adenosine 4 (0.560 g, 1.623 mmol) was suspended in acetone (22 ml) containing p-TsOH
monohydrate (1.018 g, 5.357 mmol) and then triethylorthoformate (5.6 mL) was added over a
period of 10-20 min at rt with vigorous mechanical stirring. After 18 h, water (19 mL) and

concentrated ammonium hydroxide (0.43 mL) were added to adjust pH to ~7-8. Volatiles were
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evaporated and purification by column chromatography (CH,Cl,/MeOH, 95:5) afforded acetonide 8
as an orange hygroscopic solid (340 mg, 55%): R; = 0.78 (CH,Cl,/MeOH, 85:15); m.p. 186 — 191 °C;
Vmax (neat)/cm™ = br 3322, br 3179, 2937s (C-H), 1638s, 1592s, 1458s, 1374s, 1350s, 1295s, 1206s,
1072s; 'H NMR (400 MHz, DMSO-d¢): & = 1.33 (s, 3 H, acetonide CH;), 1.54 (s, 3 H, acetonide CH;),
3.52-3.55(m, 2 H, 5’-CH,), 4.20 (td, /= 4.8, 2.6 Hz, 1 H, 4’-CH), 4.93 (dd, / = 6.0, 2.6 Hz, 1 H, 3’-CH),
5.08 (t, J = 5.8 Hz, 1 H, 5’-0H), 5.27 (dd, J = 6.0, 2.8 Hz, 1 H, 2’-CH), 6.05 (d, J = 2.8 Hz, 1 H, 1’-CH),
7.88 (brs, 2 H, 6-NH,), 8.34 (s, 1 H, 8-CH); >C NMR (400 MHz, DMSO-dg): 6 = 25.7 (CHs, acetonide
CH3), 27.5 (CHs, acetonide CHs;), 62.0 (CH,, 5’-CH,), 82.3 (CH, 3’-CH), 84.0 (CH, 2’-CH), 87.2 (CH, 4’-
CH), 89.8 (CH, 1’-CH), 113.6 (C, C-(CHs),), 118.5 (C), 140.2 (CH, 8-CH), 156.7 (C), 163.8 (C); MS (TOF
ES+) m/z 386.0 ([M+H]*, 100%); HRMS (TOF ES+) calcd for Cy5H:¢NsO,Br [M+H]* 386.0464, found
386.0482.

((3aR,4R,6R,6aR)-6-(2-bromo-6-amino-9H-purin-9-yl)-2,2-dimethyl-tetrahydro-furo[3,4-d][1,3]dioxol-

4-yl)methyl 4-methylbenzenesulfonate (9)

To a solution of acetonide 8 (340 mg, 0.883 mmol) in pyridine (12 mL) was added TsCl (337 mg,
1.766 mmol) and the solution was stirred at rt overnight. The reaction was quenched MeOH,
evaporated and worked up. Purification by column chromatography (0-5 % MeOH/CH,Cl, gradient)
afforded tosylate 9 as an orange solid (256 mg, 54%): R; = 0.42 (CH,Cl,/MeOH, 99:1); m.p. 95 — 100
°C; Vmex (n€at)/cm™ = br 3372w, br 3203w, 2927s (C-H), 1721s, 1603s, 1541s, 1443s, 1332s, 1351s,
1298s, 1213s, 1052s, 1023s; ‘H NMR (400 MHz, CDCl,): & = 1.36 (s, 3 H, acetonide CH;), 1.57 (s, 3 H,
acetonide CH;), 2.38 (s, 3 H, tosyl-CHs), 4.23 —4.36 (m, 2 H, 5’-CH,), 4.43 — 4.47 (m, 1 H, 4’-CH), 4.99
(dd, J = 6.0, 3.4 Hz, 1 H, 3’-CH), 5.22 (dd, J = 6.0, 1.6 Hz, 1 H, 2’-CH), 6.12 (d, J = 1.6 Hz, 1 H, 1’-CH),
7.35-7.37 (brm, 2 H, 6-NH,), 7.55-7.57 (m, 2 H, 2 x aryl-CH), 7.79 - 7.81 (m, 2 H, 2 x aryl-CH), 8.07
(s, 1 H, 8-CH); *C NMR (400 MHz, CDCl3): 8 = 21.7 (CHs, tosyl-CHs), 25.4 (CH,, acetonide CHs), 27.1
(CH,, acetonide CHs), 69.3 (CH,, 5’-CH,), 81.4 (CH, 4’-CH), 84.4 (CH, 3’-CH), 85.1 (CH, 2’-CH), 90.6 (CH,
1’-CH), 114.8 (C, acetonide C-CH;), 118.6 (C, C-NH,), 126.4 (CH), 127.9 (CH), 129.6 (C), 132.2 (C),
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139.8 (C), 144.8 (C), 145.1 (C), 156.0 (C); MS (TOF ES+) m/z 540.1 ([M+H]*, 100%); HRMS (TOF ES+)
calcd for C,oH,3NsOgSBr [M+H]™ 540.0552, found 540.0525.

((3aR,4R,6S,6aS)-6-(2-bromo-6-amino-9H-purin-9-yl)-2,2-dimethyl-tetrahydro-furo[3,4-d][1,3]dioxol-
4-yl)iodo-methyl (10)

A solution of tosylate 9 (137 mg, 0.253 mg, 1 eq.) in acetone (5 mL) containing sodium iodide (95 mg,
0.633 mmol, 2.5 eq.) was heated at reflux overnight. The solution was evaporated, dissolved in
EtOAc and washed (2 M Na,S,0;) and evaporated. The residue was purified by column
chromatography (0 — 5% MeOH/CH,Cl, gradient) which afforded iodo 9 as a light yellow solid (25 mg,
9%): R; = 0.13 (CH,Cl,/MeOH, 99:1); 'H NMR (400 MHz, CDCl3): 6 = 1.37 (s, 3 H, acetonide CH;), 1.62
(s, 3 H, acetonide CH;), 3.96 — 4.00 (m, 2 H, 5’-CH,), 4.50 — 4.51 (m, 1 H, 4’-CH), 5.09 — 5.11 (m, 1 H,
3’-CH), 5.15-5.18 (m, 1 H, 2’-CH), 5.79 (d, J = 6.3 Hz, 1 H, 1’-CH), 6.04 (br s, 2 H, 6-NH,), 7.79 (s, 1 H,
8-CH); *C NMR (400 MHz, CDCl3): 6 = 13.1 (CH,, 5-CH,), 25.1 (CHs, acetonide CHs), 27.2 (CHs,
acetonide CHs), 81.7 (CH), 83.4 (CH), 86.6 (CH), 89.1 (CH), 113.4 (C), 118.2 (C), 139.2 (CH), 156.6 (C),
163.4 (C); MS (TOF ES+) m/z 495.1 ([M+H]', 50%), 497.1, 498.1; HRMS (TOF ES+) calcd for
C13H1sNsO5Brl [M+H]* 494.9493, found 495.1230.

((3aR,4R,6R,6aR)-6-(2-bromo-6-amino-9H-purin-9-yl)-2,2-dimethyl-tetrahydro-furo[3,4-d][1,3]dioxol-
4-yl)methyl 4-methanesulfonate (11)

Acetonide 8 (250 mg, 0.649 mmol, 1 eq.) in CH,Cl, (12 mL) was flushed with N, for 1 h before
methanesulfonyl chloride (60 pL, 0.779 mmol, 1.2 eq.) and NEt; (220 pL, 1.558 mmol, 2.4 eq.) were

added and was stirred at rt for 30 min. Then 10 mL of sat. NH,Cl-solution was added and the layers
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separated. The organic layer was washed two times with brine and the combined organic layers
were dried over MgSO, and evaporated. Purification by column chromatography (0 — 5%
MeOH/CH,Cl, gradient) afforded mesylate 11 as a yellow solid (258 mg, 86%): R; = 0.45
(CH,Cl,/MeOH, 99:1); m.p. 84 — 90 °C; Ve (neat)/cm™ = br 3327w, br 3175w, 2979s (C-H), 1722s,
1602s, 1558s, 1452s, 1316s, 1264s, 1091s, 1070s, 1025s; *H NMR (400 MHz, CDCl3): 6 = 1.38 (s, 3 H,
acetonide CH;), 1.60 (s, 3 H, acetonide CHs), 2.97 (s, 3 H, mesylate-CH;), 4.44 — 4.51 (m, 3 H, 4’-CH,
5’-CH,), 5.09 (dd, 1 H, 3’-CH), 5.30 —5.32 (m, 1 H, 2’-CH), 5.95 (br s, 2 H, 6-NH,), 6.06 (d, 1 H, 1’-CH),
7.82 (s, 1 H, 8-CH); *C NMR (400 MHz, CDCl5): & = 25.4 (CHs, acetonide CHs), 27.2 (CHs, acetonide
CH3), 37.6 (CH;, mesylate CHs), 68.5 (CH,, 5’-CH,), 81.4 (CH, 3’-CH), 84.1 (CH, 2’-CH), 84.9 (CH, 4’-CH),
90.7 (CH, 1’-CH), 115.0 (C), 119.6 (C), 140.1 (CH, 8-CH), 145.0 (C), 156.0 (C); MS (TOF ES+) m/z 464.0
(IM+H]*, 95%), 466.0 ([M+H]", 100%); HRMS (TOF ES+) calcd for C14H:19NsO6SBr [M]* 464.0239, found
464.0223.

L-Homocystine methyl ester hydrochloride (12)**

To a solution of L-homocystine (0.200 mg, 0.746 mmol, 1 eq.) in methanol (6 mL) at 0 °C was added
thionyl chloride (0.54 mL, 4.478 mmol, 6 eq.). The solution was stirred overnight at rt and then
removed under reduced pressure. To remove the traces of SOCI, the resulting white oil was diluted
in CHCl; and concentrated again to afford methyl ester 12 as a hygroscopic white amorphous solid
(215 mg, 98%): R¢ = 0.63 (CH,Cl,/MeOH, 17:3); [a]®p = +32.8 (¢ 1.00, MeOH); Vpmex (neat)/cm™ = br
3330s (N-H), 3075s (C-H), 2936s (C-H), 2853s (C-H), 1723s (C=0), 1590s, 1561s, 1452s, 1369s, 1315s,
1263s, 1092s, 1026s, 707s (C-Br); *H NMR (400 MHz, MeOD): & =2.36 (m, 4 H, 2 x y-CH,), 2.90 (m, 4
H, 2 x B-CH.), 3.88 (s, 6 H, 2 x CHs), 4.22 (t, 2 H, 2 x a-CH), 7.92 (s, 3 H, NH;); >C NMR (400 MHz,
MeOD): 6 = 29.6 (CH,, y-CH,), 32.2 (CH,, B-CH,), 51.3 (CHs, terminal CHs), 52.5 (CH, a-CH), 169.2 (C,
C=0); MS (TOF ES+) m/z 297.1 ([M+H]", 100%).
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tert-Butoxylcarbonyl L-homocystine methyl ester (13)'*

To a solution of protected homocystine 12 (175 mg, 0.591 mmol, 1 eq.) in methanol (10 mL) at 0 °C
was added (Boc),0 (387 mg, 1.774 mmol, 3 eq.) and NEt; (0.24 mL, 2.365 mmol, 4 eq.). The solution
was stirred overnight at rt. The MeOH was removed under reduced pressure and the residue was
diluted in CHCI; and washed with ag. HCI (0.1 M). The organic layer was dried (MgS0O,) and removed
under reduced pressure. Purification by column chromatography (pentane/EtOAc, 7:3) afforded
protected homocystine 13 as an amorphous white solid (376 mg, 89%); R¢ = 0.52 (pentane/EtOAc,
7:3); [a]®p = +22.8 (¢ 1.00, CHCl5); "H NMR (400 MHz, CDCl,): & = 1.42 (s, 18 H, 2 x C(CH3);), 1.93 —
2.02 (m, 2 H, B-CH,), 2.19 — 2.26 (m, 2 H, B-CH,), 2.69 (dd, J = 8.2, 6.6 Hz, 4 H, 2 x y-CH,), 3.74 (s, 6 H,
2 x CH3), 4.36 —4.41 (m, 2 H, 2 x a-CH), 5.09 — 5.11 (br m, 2 H, 2 x NH); *C NMR (400 MHz, CDCls): &
= 28.3 (CHs, C-(CHs)s), 32.6 (CH,, B-C), 34.5 (CH,, y-C), 52.5 (CH5;, O-CHs), 80.2 (C, C-(CHs),), 155.3 (C,
C=0), 172.6 (C, C=0); MS (TOF ES+) m/z 497.2 ([M+H]’, 100%), 498.2, 499.2.

tert-Butoxy-L-homocysteine methyl ester (14)**

Method a)

Protected homocystine 13 (50 mg, 0.098 mmol, 1 eq.), triphenylphosphine (27 mg, 0.103 mmol, 1.05
eq.) and sodium acetate (3.3 mg, 0.040 mmol, 0.4 eq.) were suspended in a mixture of MeOH (375
uL), H,O (200 pL) and glacial acetic acid (3.25 pL) and heated under reflux for 30 min. The mixture
was diluted with 5 mL CH,Cl,, washed with 10 mL H,0, 5 mL brine, dried over MgSO, and
concentrated under reduced pressure to afford clear oil. This was purified by column
chromatography (EtOAc/hexane, 3:7) to furnish colourless oil (45 mg, 92%).

Method b)

To a solution of protected homocystine 13 (150 mg, 0.300 mmol) in DMF/H,0 (10:1, 2.2 mL) was

added TCEP (105 mg, 0.375 mmol) and the solution was stirred at rt for 24 h. The mixture was
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diluted with 10 mL CH,Cl,, washed with 20 mL H,0, 10 mL brine, dried over MgS0O, and concentrated
under reduced pressure to afford protected homocysteine 14 as a colourless oil (140 mg, 95%): R =
0.90 (pentane/EtOAC, 7:3); Vmay (neat)/cm™ = br 3363s (N-H), br 2979s (C-H), 1743 (C=0), 1692 (C=0),
1513s, 1440s, 1365s, 1345s, 1305s, 1161s, 1025s; 'H NMR (400 MHz, CDCl5): 6 = 1.46 (s, 9 H, C-
(CHs)3), 1.58 (t, J = 7.9 Hz, 1 H, SH), 1.92 = 1.99 (m, 1 H, B-CH,), 2.09 — 2.15 (m, 1 H, B-CH,), 2.57 -
2.63 (m, 2 H, y-CH,), 3.77 (s, 3 H, O-CH), 4.38 = 4.50 (m, 1 H, a-CH), 5.10 — 5.13 (br m, 1 H, NH); *C
NMR (400 MHz, CDCl3): & = 20.7 (CH,, y-C), 28.3 (CHs, 'Bu), 37.2 (CH,, B-C), 52.2 (CH, a-C), 52.5 (CH,
a-C), 80.1, (C, C-(CH3)3), 155.4 (C, C=0), 172.8 (C, C=0); MS (TOF ES+) m/z 150.1 ([Boc fragmentation
+H]", 100%).

(2R,3R,4S,55)-2-(6-amino-2-(piperidin-1-yl)-9H-purin-9-yl)-5-(chloromethyl)tetrahydrofuran-3,4-diol
(19)

Piperidine (136 uL, 1.374 mmol, 2 eq.) was added to chlorinated adenosine 6 (250 mg, 0.687 mmol,
1 eq.) in H,O (10 mL) and stirred at 100 °C overnight. The solvent was evaporated and then triturated
with H,0 to afford the 2-piperidine adenosine compound 19 as a pale yellow amorphous solid (231
mg, 91%): R = 0.75 (CH,Cl,/ MeOH 6:1); '"H NMR (400 MHz, DMSO-dg): & = 1.53 — 1.60 (m, 6 H,
piperidine 2 x CH,), 3.67 — 3.69 (m, 4 H, piperidine CH,), 3.79 (m, 5’-CH,), 3.94 (m, 1 H, 5’-CH,), 4.04 —
4.07 (m, 1 H, 4-CH), 4.22 (m, 1 H, 3’-CH), 4.77 (m, 1 H, 2’-CH), 5.78 (d, /= 6.2 Hz, 1 H, 1’-CH), 6.80 (br
s, 2 H, NH,), 7.93 (s, 1 H, 8-CH); >C NMR (400 MHz, DMSO-dq): & = 25.0, 25.8, 45.3, 71.8, 72.6, 83.8,
87.7,137.5,152.1, 156.2, 159.1, 207.0; MS (TOF ES+) m/z 369.1 ([M+H]", 100%).
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(2R,3R,4S,5S)-2-(6-amino-2-(4-methylpiperazin-1-yl)-9H-purin-9-yl)-5-(chloromethyl)tetrahydrofuran-

3,4-diol (20)

1-methylpiperazine (152 uL, 1.374 mmol, 2 eq.) was added to chlorinated adenosine 6 (250 mg,
0.687 mmol, 1 eq.) in H,0 (10 mL) and stirred at 100 °C overnight. The solvent was evaporated and
then triturated with H,0 to afford the 2-methylpiperazine adenosine 20 as an orange amorphous
solid (156 mg, 59%); *H NMR (400 MHz, DMSO-dg): & = 2.34 (s, 3 H, piperazine CHs), 2.46 — 2.49 (m, 4
H, piperazine, 2 x CH,), 3.22 — 3.27 (m, 4 H, piperazine, 2 x CH,), 3.77 (m, 1 H, 5’-CH,), 3.93 (m, 1 H,
5'-CH,), 4.01 — 4.03 (m, 1 H, 4-CH), 4.24 (m, 1 H, 3’-CH), 4.78 (m, 1 H, 2’-CH), 5.81 (d, J = 6.0 Hz, 1 H,
1’-CH), 6.82 (br s, 2 H, NH,), 7.96 (s, 1 H, 8-CH); *C NMR (400 MHz, MeOH-d,): 43.8
(methylpiperizine CH,), 43.9 (methylpiperizine CH,), 44.4 (methylpiperizine CH;), 44.9
(methylpiperizine CH,), 45.2 (methylpiperizine CH,), 54.5 (5’-CH,), 71.4 (4’-CH), 72.9 (3’-CH), 83.4 (2’-
CH), 88.7 (1’-CH), 113.1 (5-C), 137.4 (8-CH), 151.6 (4-C), 155.8 (2-C), 159.2 (6-C); MS (TOF ES+) m/z
384.1 ([M+H]", 100%).

S-(((2S,3S,4R,5R)-5-(6-amino-2-(piperidin-1-yl)-9H-purin-9-yl)-3,4-dihydroxytetrahydrofuran-2-

yl)methyl)homocysteine (21)

L-homocysteine thiolactone (209 mg, 1.359 mmol, 2 eq.) and NaOH (163 mg, 4.076 mmol, 6 eq.) in
H,O (12 mL) were flushed with N, for 10 min at rt. Then, 2-piperidine adenosine 19 (250 mg, 0.679
mmol, 1 eq.) and Kl (34 mg, 0.204 mmol, 0.3 eq.) were added and the solution was heated at 100 °C
overnight. The solvent was evaporated, dissolved in 0.5 mL H,0 and neutralised to pH 7-8. After
trituration, the homocysteine product 21 was afforded as a pale yellow amorphous solid (187 mg,
59%); *H NMR (400 MHz, DMSO-dg): & = 1.47 — 1.53 (m, 6 H, piperdine 3 x CH,), 1.85 — 1.89 (m, 2 H,
B-CH,), 2.45 — 2.52 (m, 2 H, y-CH,), 2.67 — 2.71 (m, 1 H, a-CH), 2.83 —2.96 (m, 2 H, 5'-CH,), 3.54 -
3.59 (m, 4 H, piperidine CH,), 3.92 - 3.96 (m, 1 H, 4’-CH), 4.13 - 4.16 (m, 1 H, 3’-CH), 4.72 (t, /= 4.9
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Hz, 1 H, 2’-CH), 5.83 (d, J = 5.1 Hz, 1 H, 1’-CH), 7.85 (s, 1 H, 8-CH); **C NMR (400 MHz, DMSO-dg): 24.3
(B-CH,), 25.4 (piperidine CH,), 28.7 (piperidine CH,), [34.0, 34.5, 34.9 (resonance overlap, piperidine
3 x CH,)], 46.0 (y-CH,), 55.3 (5’-CH,), 73.4 (3’-CH), 81.5 (2’-CH), 83.9 (4’-CH), 88.9 (1’-CH), 137.6 (5-C),
138.9 (8-CH), 151.9 (4-C), 152.9 (2-C), 159.5 (6-C), 191.33 (C=0); MS (TOF ES+) m/z 467.0 ([M+H]",
100%).

S-(((2S,3S,4R,5R)-5-(6-amino-2-(4-methylpiperazin-1-yl)-9H-purin-9-yl)-3,4-dihydroxytetrahydrofuran-

2yl)methyl)homocysteine (22)

L-homocysteine thiolactone (201 mg, 1.302 mmol, 2 eq.) and NaOH (156 mg, 3.906 mmol, 6 eq.) in
H,0 (10 mL) were flushed with N, for 10 min at rt. Then, adenosine 20 (250 mg, 0.651 mmol, 1 eq.)
and Kl (32 mg, 0.195 mmol, 0.3 eq.) were added and the solution was heated at 100 °C overnight.
The solvent was evaporated, dissolved in 0.5 mL H,0 and neutralised to pH 7-8. After trituration, the
homocysteine product 22 was afforded as a pale yellow amorphous solid (168 mg, 53%); 'H NMR
(400 MHz, D,0): 6 =1.93 —2.01 (m, 2 H, B-CH,), 2.43 (s, 3 H, piperazine CH;), 2.54 —2.59 (m, 2 H, y-
CH,), 2.71 — 2.76 (m, 4 H, piperazine 2 x CH,), 2.85 —2.98 (m, 2 H, 5’-CH,), 3.09 — 3.15 (m, 4 H,
piperazine 2 x CH,), 3.62 — 3.65 (m, 1 H, a-CH), 4.19 (dt, J = 7.7, 4.9 Hz, 1 H, 4’-CH), 4.44 (m, 1 H, 3-
CH), 4.99 (m, 1 H, 2’-CH), 5.87 (d, J = 5.1 Hz, 1 H, 1’-CH), 7.92 (s, 1 H, 8-CH); *C NMR (400 MHz,
DMSO-dg): 25.2 (B-CH,), 25.6 (methylpiperizine CHs), 32.5 (5-CH,), 38.7 (methylpiperizine CH,), 45.4
(y-CH,), 49.1 (5’-CH,), 51.3 (methylpiperazine CH,), 73.2 (3’-CH), 79.7 (2’-CH), 83.8 (4’-CH), 88.2 (1'-
CH), 136.2 (5-C), 137.6 (8-CH), 152.1 (4-C), 154.2 (2-C), 157.0 (6-C), 171.2 (C=0); MS (TOF ES+) m/z
482.6 ([M+H]", 100%).
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(2R,3R,4S,5R)-2-(6-amino-2-(thiophenyl)-9H-purin-9-yl)-5-(hydroxymethyl)tetrahydrofuran-3,4-diol
(23)

Sodium thiophenolate (306 mg, 2.319 mmol, 2 eq.) and adenosine 4 (400 mg, 1.159 mmol, 1 eq.)
were stirred in H,0 (5 mL) at 100 °C overnight. After leaving overnight, another equivalent of sodium
thiophenolate was added and the mixture left for a further 24 hours. The mixture was then cooled
down, filtered and washed with cold H,0 to yield adenosine 23 as a pale brown solid (341 mg, 78%);
R¢ = 0.23 (CH,Cl,/MeOH 19:1); *H NMR (400 MHz, MeOH-d,): & = 3.47 — 3.56 (m, 2 H, 5’-CH,), 4.02 —
4.05 (stack, 2 H, 3’-CH and 4’-CH), 4.76 (t, J = 5.4 Hz, 2’-CH), 5.80 (d, J = 6.0 Hz, 1’-CH), 7.43 — 7.49 (m,
3 H, phenyl 3 x CH), 7.60 — 7.63 (m, 2 H, phenyl 2 x CH), 8.14 (s, 1 H, 8-CH); *C NMR (400 MHz,
MeOH-d,): 6 = 62.1 (5’-CH,), 70.8 (4’-CH), 72.9 (3’-CH), 86.1 (2’-CH), 89.6 (1’-CH), 128.7 (phenyl CH),
128.8 (phenyl 2 x CH), 130.6 (5-C), 134.9 (phenyl 2 x CH), 140.2 (8-CH), 149.8 (4-C), 155.7 (2-C), 165.3
(6-C); MS (TOF ES+) m/z376.1 ([M], 100%).

(2R,3R,4S,5S)-2-(6-amino-2-(thiophenyl)-9H-purin-9-yl)-5-(chloromethyl)tetrahydrofuran-3,4-diol (24)

A suspension of adenosine 23 (340 mg, 0.9070 mmol, 1 eq.) in pyridine (146 pL, 1.8130 mmol, 2 eq.)
and acetonitrile (8 mL) was cooled to 0 °C. Thionyl chloride (332 L, 4.5330 mmol, 5 eq.) was added
dropwise with stirring and stirring was continued for a further 4 h at 5 °C. Then the solution was
warmed to rt and stirred for a further 16 h. The reaction mixture was evaporated in vacuo and the
resulting suspension was re-dissolved in MeOH, H,0 (12 mL, 5:1) and NH,OH (2 mL) and stirred for
0.5 h at rt. The reaction mixture was then concentrated under reduced pressure to afford adenosine
24 as a light brown solid (190 mg, 53%): Rf = 0.84 (CH,Cl,/MeOH, 7:1); 'H NMR (400 MHz, MeOH-d,):
6=3.08 (dd, J=11.6, 6.5 Hz, 2 H, 5’-CH,), 3.89 -3.91 (m, 1 H, 4’-CH), 3.99 —4.03 (m, 1 H, 3’-CH), 4.94
—4.91(m, 1 H,2'-CH), 5.75(d, J = 6.3 Hz, 1 H, 1’-CH), 7.31 - 7.39 (m, 3 H, phenyl 3 x CH), 7.62 — 7.64
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(m, 2 H, phenyl 2 x CH), 8.05 (s, 1 H, 8-CH); *C NMR (400 MHz, MeOH-d,): & = 47.8 (5'-CH,), 67.9 (4'-
CH), 71.2 (3'-CH), 85.6 (2’-CH), 89.3 (1’-CH), 127.9 (phenyl CH), 128.1 (phenyl 2 x CH), 130.3 (8-CH),
134.5 (phenyl 2 x CH), 138.6 (5-C), 149.7 (4-C), 158.5 (2-C), 165.1 (6-C); MS (TOF ES+) m/z 394.1
(IM+H]+, 100%); HRMS (TOF ES+) calcd for C;6H1,NsO3SCl [M+H]+ 394.0741, found 394.0744.

S-(((2S,3S,4R,5R)-5-(6-amino-2-(thiophenyl)-9H-purin-9-yl)-3,4-dihydroxytetrahydrofuran-2-

yl)methyl)homocysteine (25)

L-homocysteine thiolactone (39 mg, 0.2545 mmol, 2 eqg.) and NaOH (31 mg, 0.7634 mmol, 6 eq.) in
H,O (1 mL) were flushed with N, for 10 min at rt. Then, adenosine 24 (50 mg, 0.1272 mmol, 1 eq.)
and Kl (6 mg, 0.0382 mmol, 0.3 eq.) were added and the solution was heated at 100 °C overnight.
The solvent was evaporated, dissolved in 0.5 mL H,0 and neutralised to pH 7-8. After trituration the
homocysteine product 25 was afforded as a pale brown solid (24 mg, 43%); "H NMR (400 MHz, D,0):
6=190-1.99 (m, 2 H, B-CH,), 2.21 (dd, J = 14.4, 4.1 Hz, 2 H, 5'-CH,), 2.48 (t, J = 7.6 Hz, 2 H, y-CH,),
3.63(dd, J=5.4,3.4 Hz, 1 H, a-CH), 3.92 - 3.98 (m, 2 H, 3’-CH and 4’-CH), 4.79 — 4.83 (m, 1 H, 2'-CH),
5.73 (d, J=6.0 Hz, 1 H, 1’-CH), 7.49 — 7.53 (m, 3 H, phenyl 3 x CH), 7.61 — 7.64 (m, 2 H, phenyl 2 x
CH), 8.19 (s, 1 H, 8-CH); MS (TOF ES+) m/z 492.1 ([M+H]", 100%).

6-chloro-9H-purine-2-diazonium tetrafluoroborate (27)

A solution of sodium nitrite (179 mg, 2.599 mmol, 1.1 eq.) in H,O (9 mL) was added slowly to a
stirred solution of the purine 1 (400mg, 2.352 mmol, 1 eq.) in 6 N hydrochloric acid (4 mL) at 0 °C
and the reaction mixture was stirred at 0 °C for 15 min. Then aqueous fluoroboric acid (47%, 5 mL)
was added and the precipitate was collected by filtration and washed thoroughly with cold (0 °C)
H,0, MeOH and diethyl ether to provide purine 27 as white crystals (340 mg, 54%): "H NMR (400
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MHz, DMSO-dg): 6 = 7.97 (s, 1 H, 8-CH), 10.86 (s, 1 H, NH); 3C NMR (400 MHz, DMSO-d¢): & = 128.3
(5-C), 144.1 (8-CH), 150.9 (4-C), 152.2 (2-C), 153.5 (6-C).

6-chloro-2-phenyl-9H-purine (28)*

The purine diazonium tetrafluoroborate 27 (100 mg, 0.373 mmol, 1 eq.), phenylboronic acid (55 mg,
0.448 mmol, 1.2 eq.) and 5 mol % palladium acetate catalyst (5 mg, 0.019 mmol) were placed in a
flask under N, atmosphere with protection from light. Degassed 1,4-dioxane (4 mL) was added at rt
and stirred for 8 h. The reaction mixture was then diluted with diethyl ether and washed three times
with brine. The organic phase was dried (MgS0,), filtered and solvent removed in vacuo. The crude
product was purified by column chromatography (CH,Cl,/MeOH 17:3) to provide purine 28 as a
white solid (30 mg, 34%): R¢ = 0.56 (CH,Cl,/ MeOH 17:3); m.p. 207 — 212 °C; Vynex (neat)/cm™ = 3083s
(=C-H), 3051s (=C-H), 3057s (=C-H), 1603s (C-C), 1440s, 1332s, 1304s, 1179s, 1087s, 1025s, 685 (C-
Cl); *H NMR (400 MHz, DMSO-dg): & = 7.31 — 7.40 (m, 3 H, 3 x phenyl CH), 7.78 — 7.80 (m, 2 H, 3 x
phenyl CH), 8.03 (s,1 H, 8-CH); *C NMR (400 MHz, DMSO-dg): 6 = 124.8 (5-C), [128.5, 128.8 (CH,
resonance overlap, phenyl CH)], [132.5, 132.8, 133.1 (CH, resonance overlap, phenyl CH)], 138.5
(phenyl C), 144.4 (8-CH), 151.9 (4-C), 153.2 (2-C), 159.4 (6-C); MS (Cl+) m/z 234 (M+H]", 156 [M+H-
Ph]*, 76 [Ph]".

(2R,3R,4S,5R)-2-(6-amino-2-phenyl-9H-purin-9-yl)-5-(hydroxymethyl)tetrahydrofuran-3,4-diol (26)

Adenosine 4 (200 mg, 0.5797 mmol, 1 eq.), Pd(OAc), (6.5 mg, 0.0290 mmol, 5 mol%), SPhos (28.6
mg, 0.0696 mmol, 12 mol %), phenylboronic acid (120 mg, 0.9855 mmol, 1.7 eq.) and K,CO; (120 mg,
0.8696 mmol, 1.5 eq.) were added to a flask and was purged with N, for 30 min. Degassed 1,4-
dioxane (5 mL) was added by syringe to the reaction vessel and the reaction was stirred at 80 °C for

12 h. After 12 h, another equivalent of phenylboronic acid was added and the mixture stirred for
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another 24 h. When the reaction was complete, the mixture was evaporated in vacuo and the crude
purified by column chromatography with sequential elutions of CH,Cl,, CH,Cl,/MeOH [7 M NH;]
(93:7) and CH,Cl,/MeOH [7 M NHs] (9:1) provided adenosine 26 as a pale yellow amorphous solid
(146 mg, 73%): Rf = 0.42 (CH,Cl,/MeOH 17:3); 'H NMR (400 MHz, MeOH-d,): 6 =3.79-3.93 (m, 2 H,
5-CH,), 4.17-4.20 (m, 1 H, 4'-CH), 4.45-4.47 (m, 1 H, 3'-CH), 4.89 -4.91 (m, 1 H, 2’-CH), 6.11 (t, J =
5.5 Hz, 1 H, 1’-CH), 7.43 — 7.49 (m, 3 H, phenyl 3 x CH), 8.28 — 8.35 (m, 2 H, phenyl 2 x CH), 8.34 (s, 1
H, 8-CH); *C NMR (400 MHz, MeOH-d,): § = 61.8 (5'-CH,), 70.9 (3’-CH), 74.0 (2’-CH), 85.8 (4’-CH),
89.2 (1'-CH), 118.1 (5-C), 126.8 (phenyl CH), 127.8 (phenyl CH), 128.0 (phenyl CH), 129.6 (phenyl CH),
133.5 (phenyl C), 140.7 (8-CH), 150.3 (4-C), 155.9 (2-C), 160.0 (6-C); MS (TOF ES+) m/z 344.1 ([M+H]",
100%); HRMS (TOF ES+) calcd for CigH1sNsO, [M+H]" 344.1359, found 344.1354.

(2R,3R,4S,55)-2-(6-amino-2-phenyl-9H-purin-9-yl)-5-(chloromethyl)tetrahydrofuran-3,4-diol (29)

A suspension of adenosine 26 (145 mg, 0.4215 mmol, 1 eq.) in pyridine (68 uL, 0.8619 mmol, 2 eq.)
and acetonitrile (4 mL) was cooled to 0 °C. Thionyl chloride (154 pL, 1.2851 mmol, 5 eq.) was added
dropwise with stirring and stirring was continued for a further 4 h at 5 °C. Then the solution was
warmed to rt and stirred for a further 16 h. The reaction mixture was evaporated in vacuo and the
resulting suspension was re-dissolved in MeOH, H,0 (6 mL, 5:1) and NH;OH (1 mL) and stirred for 0.5
h at rt. The reaction mixture was then concentrated under reduced pressure to afford chlorinated
nucleoside 29 as a light yellow/orange solid (103 mg, 68%): Rf = 0.66 (CH,Cl,/MeOH 17:3); *H NMR
(400 MHz, DMSO-dg): & = 3.89 —4.02 (m, 2 H, 5'-CH,), 4.21 — 4.24 (m, 1 H, 4’-CH), 4.50 — 4.53 (m, 1 H,
3’-CH), 4.91-4.93 (m, 1 H, 2’-CH), 5.51 - 5.54 (d, J=5.4 Hz, 1 H, 3-OH), 5.64 - 5.67 (d, J=5.8 Hz, 1 H,
2-OH), 6.17 (d, J = 5.5 Hz, 1 H, 1’-CH), 7.45 — 7.51 (m, 3 H, phenyl 3 x CH), 8.32 —8.35 (m, 2 H, phenyl
2 x CH), 8.35 (s, 1 H, 8-CH); *C NMR (500 MHz, DMSO-d¢): & = 44.8 (5’-CH,), 71.3 (3’-CH), 72.8 (2’-
CH), 83.7 (4’-CH), 87.5 (1’-CH), 118.3 (5-C), 127.6 (phenyl CH), 128.2 (phenyl CH), 129.7 (phenyl CH),
138.2 (phenyl €), 140.5 (8-CH), 150.4 (4-C), 155.8 (2-C), 157.8 (6-C); MS (TOF ES+) m/z 361.0 ([M+H]+,
100%).
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S-(((2S,3S,4R,5R)-5-(6-amino-2-phenyl-9H-purin-9-yl)-3,4-dihydroxytetrahydrofuran-2-

yl)methyl)homocysteine (30)

L-homocysteine thiolactone (17 mg, 0.1106 mmol, 2 eq.) and NaOH (13 mg, 0.3317 mmol, 6 eq.) in
2:1 H,0:DMF (1.6:0.8 mL) were flushed with N, for 10 min at rt. Then, adenosine 29 (20 mg, 0.0528
mmol, 1 eq.) and KI (1 mg, 0.0166 mmol, 0.3 eq.) were added and the solution was heated at 100 °C
overnight. The solvent was evaporated, dissolved in 0.5 mL H,O and neutralised to pH 7-8. After
trituration the homocysteine product 30 was afforded as a pale brown solid (13.6 mg, 56%); ‘*H NMR
(400 MHz, D,0): 6 = 1.87 —1.90 (m, 2 H, B-CH,), 2.31 - 2.40 (m, 2 H, 5'-CH,), 2.52 —2.54 (m, 2 H, y-
CH,), 3.57 = 3.62 (m, 1 H, a-CH), 3.99 — 4.01 (m, 1 H, 4-CH), 4.13 — 4.17 (m, 1 H, 3’-CH), 4.79 — 4.83
(m, 1 H, 2’-CH), 5.73 (d, J = 5.6 Hz, 1 H, 1’-CH), 7.33 — 7.38 (m, 3 H, phenyl 3 x CH), 7.58 — 7.61 (m, 2
H, 2 x phenyl CH), 8.11 (s, 1 H, 8-CH); MS (TOF ES+) m/z 461.36 ([M+H]+, 100%).

(2R,3R,4S,5R)-2-(6-amino-2-(o-tolyl)-9H-purin-9-yl)-5-(hydroxymethyl)tetrahydrofuran-3,4-diol (31)

Adenosine 4 (100 mg, 0.2899 mmol, 1 eq.), Pd(OAc), (3 mg, 0.0145 mmol, 5 mol %), SPhos (14 mg,
0.0348 mmol, 12 mol %), o-tolylboronic acid (67 mg, 0.4928 mmol, 1.7 eq.) and K,CO; (60 mg,
0.4348 mmol, 1.5 eq.) were added to a flask and was purged with N, for 30 min. Degassed 1,4-
dioxane (2.5 mL) was added by syringe to the reaction vessel and the reaction was stirred at 80 °C
for 12 h. After 12 h, another equivalent of o-tolylboronic acid was added and the mixture stirred
until completion. When the reaction was complete, the mixture was evaporated in vacuo and the
crude mixture was purified by column chromatography with sequential elutions of CH,Cl,,
CH,Cl,/MeOH [7 M NH3] (93:7) and CH,Cl,/MeOH [7 M NH;] (9:1) which furnished adenosine 31 as a
pale yellow amorphous solid (55 mg, 53%): Rf = 0.38 (CH,Cl,/MeOH 17:3); "H NMR (400 MHz, MeOH-
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da): 6 =2.33 (s, 3 H, 0-CH;), 3.82 —3.92 (m, 2 H, 5’-CH,), 4.15 — 4.17 (m, 1 H, 4’-CH), 4.31 — 4.36 (m, 1
H, 3’-CH), 4.78- 4.80 (m, 1 H, 2’-CH), 6.01 — 6.03 (d, J = 5.2 Hz, 1 H, 1’-CH), 7.11 — 7.19 (m, 1 H,
aromatic CH), 7.23 - 7.35 (m, 2 H, aromatic 2 x CH), 7.51 — 7.53 (m, 1 H, aromatic CH), 8.38 (s, 1 H, 8-
CH); *C NMR (400 MHz, MeOH-d,): 19.1, 60.5, 70.7, 72.9, 84.2, 88.3, 106.7, 117.2, 121.2, 124.2,
126.1,127.6,129.6, 130.1, 135.2, 144.3, 156.6; LC-MS (ESI) m/z 357.25 ([M+H]*, 100%).

(2R,3R,4S,5R)-2-(6-amino-2-(naphthalen-2-yl)-9H-purin-9-yl)-5-(hydroxymethyl)tetrahydrofuran-3,4-
diol (32)

Adenosine 4 (100 mg, 0.2899 mmol, 1 eq.), Pd(OAc), (3 mg, 0.0145 mmol, 5 mol %), SPhos (14 mg,
0.0348 mmol, 12 mol %), 2-naphthylboronic acid (85 mg, 0.4928 mmol, 1.7 eq.) and K,CO; (60 mg,
0.4348 mmol, 1.5 eq.) were added to a flask and was purged with N, for 30 min. Degassed 1,4-
dioxane (2.5 mL) was added by syringe to the reaction vessel and the reaction was stirred at 80 °C
for 12 h. After 12 h, another equivalent of 2-naphthylboronic acid was added and the mixture stirred
until completion. When the reaction was complete, the mixture was evaporated in vacuo and the
crude mixture was purified by column chromatography with sequential elutions of CH,Cl,,
CH,Cl,/MeOH [7 M NH3] (93:7) and CH,Cl,/MeOH [7 M NH;] (9:1) which furnished adenosine 32 as a
pale yellow amorphous solid (46 mg, 40%): Rf = 0.33 (CH,Cl,/MeOH 17:3); "H NMR (400 MHz, MeOH-
ds): 6=3.72-3.90 (m, 2 H, 5’-CH,), 4.12 —4.15 (m, 1 H, 4’-CH), 4.29 — 4.33 (m, 1 H, 3’-CH), 4.66 (t, J =
5.6 Hz, 1 H, 2’-H), 5.91 (d, / = 5.9 Hz, 1 H, 1’-CH), 7.02 — 7.04 (m, 1 H, naphthalene CH), 7.05 — 7.07
(m, 1 H, naphthalene CH), 7.07 — 7.10 (m, 1 H, naphthalene CH), 7.21 (t, / = 7.5 Hz, 1 H, naphthalene
CH), 7.30-7.36 (m, 1 H, naphthalene CH), 7.60 (d, J = 8.2 Hz, 1 H, naphthalene CH), 7.66 - 7.71 (m, 1
H, naphthalene CH); *C NMR (400 MHz, MeOH-d,): 61.8, 71.0, 74.1, 86.5, 89.6, 108.5, 117.8, 122.5,
125.7, 125.8, 126.5, 127.2, 127.9, 128.5, 129.0, 135.2, 140.6, 144.3, 154.5, 156.6; LC-MS (ESI) m/z
393.14 ([M+H]", 100%).
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S-adenosyl-L-methionine-d; (33)

AgOTf (200 mg, 0.780 mmol, 6 eq.) and CD;l (538 pL, 7.804 mmol, 60 eq.) were added to HCOOH (5
mL) and stirred for 1 h which resulted in the formation of a yellow precipitate. Then S-adenosyl-L-
homocysteine (50 mg, 0.130 mmol, 1 eq.) was added and the solution was stirred for 24 h. After this
time the solution was diluted with H,0 (5 mL) and the insoluble Agl was filtered over a syringe filter
and the solvent was evaporated. The residue was purified using an Amberlite XAD-4 column
prepared with H,0 (+0.1% FA). The product was eluted using the following solvents sequentially: i)
H,0 (+0.1% FA), ii) H,0 (+0.1% FA)/MeCN (+0.1% FA) 9:1, iii) H,0 (+0.1% FA)/MeCN (+0.1% FA) 8:2,
iv) water (+0.1% FA)/MeCN (+0.1% FA) 7:3. Each fraction was concentrated individually and the
nature and purity was determined using NMR. The desired CDs-labelled SAM product 33 was found
to be a colourless residue (24 mg, 46%) which was 295% pure by LC-MS analysis: ‘*H NMR (400 MHz,
D,0): § =2.39—-2.45 (m, 2 H, B-CH,), 3.46 —3.54 (m, 1 H, y,-CH), 3.68 — 3.75 (m, 1 H, y,-CH), 3.62 (t, J
=7.7 Hz, 1 H, a-CH), 3.93 —4.02 (m, 2 H, 2 x 5’-CH,), 4.57 — 4.60 (m, 1 H, 4’-CH), 4.64 (dd, J = 10.3, 4.5
Hz, 1 H, 3’-CH), 4.87 (dd, J = 10.3, 4.2 Hz, 1 H, 2’-CH), 6.19 (d, / = 4.2 Hz, 1 H, 1’-CH), 8.24 (s, 1 H, 2-
CH), 8.29 (s, 1 H, 8-CH); *C NMR (400 MHz, D,0): 6 = 24.6 (B-CH,), 38.3 (5’-CH,), 43.8 (y-CH,), 50.8
(a-CH), 72.6 (3’-CH), 73.1 (2’-CH), 90.1 (1’-CH), 121.2 (5-C), 143.5 (8-CH), 144.4 (4-C), 148.0 (2-CH),
150.0 (6-C), 169.9 (C=0); LC-MS (ESI) m/z 402.2 ([M]*, 100%); HRMS (TOF ES+) calcd for C3;H,5NsO,Cl
[M]" 402.1663, found 402.1739.
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S-(((2S,3S,4R,5R)-5-(6-amino-2-(piperidin-1-yl)-9H-purin-9-yl)-3,4-dihydroxytetrahydrofuran-

2yl)methyl)methionine-d; (34)

A solution of homocysteine 21 (20 mg, 0.0428 mmol, 1 eq.) was prepared in HCOOH (2 mL) and
stirred for 1 h. In tandem, AgOTf (66 mg, 0.257 mmol, 6 eq.) and CD3l (167 pL, 2.568 mmol, 60 eq.)
were added to CCl, (1 mL) resulting in the formation of a yellow precipitate. After 1 h, the second
mixture was filtered over a syringe filter into the first solution and subsequently stirred at high speed
for a further 24 h. After this time, the solution was diluted with H,0 (3 mL) and the solvent
evaporated in vacuo. The crude residue was purified by HPLC and the desired CDs-labelled product
34 was found to be a yellow resin which was 295% pure by LC-MS analysis (8.5 mg, 42%): 'H NMR
(500 MHz, D,0): 6 = 1.60 — 1.66 (m, 6 H, piperidine 3 x CH,), 2.23 — 2.28 (m, 2 H, B-CH,), 3.37 — 3.42
(m, 2 H, 5'-CH,), 3.46 — 3.50 (m, 1 H, y,-CH), 3.59 — 3.62 (m, 1 H, a-CH), 3.63 — 3.65 (m, 4 H,
piperidine 2 x CH,), 3.68 —3.73 (m, 1 H, y,-CH), 4.39 —4.42 (m, 1 H, 4’-CH), 4.49 — 4.53 (m, 1 H, 3’-
CH), 4.78 — 4.82 (m, 1 H, 2’-CH), 5.92 (d, J = 3.7 Hz, 1 H, 1’-CH), 8.01 (s, 1 H, 8-CH); *C NMR (500
MHz, D,0): & = 23.4 (B-CH,), 24.9 (piperidine CH,), 38.6 (5’-CH,), 40.7 (piperidine CH,), 43.1 (y-CH,),
46.9 (piperidine CH,), 49.9 (a-CH), 52.5 (piperidine C), 72.2 (3’-CH), 72.7 (2’-CH), 77.9 (4’-CH), 89.2
(1’-CH), 115.1 (5-C), 141.1 (8-CH), 150.3 (4-C), 150.6 (2-C), 151.9 (6-C), 181.9 (C=0); MS (TOF ES+)
m/z 485.44 ([M]", 100%).
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(((2S,3S,4R,5R)-5-(6-amino-2-(4-methylpiperazin-1-yl)-9H-purin-9-yl)-3,4-dihydroxytetrahydrofuran-

2-yl)methyl)methionine-d; (35)

A solution of homocysteine 22 (20 mg, 0.0413 mmol, 1 eq.) was prepared in HCOOH (2 mL) and
stirred for 1 h. In tandem, AgOTf (64 mg, 0.2480 mmol, 6 eq.) and CDsl (161 pL, 2.4792 mmol, 60 eq.)
were added to CCl, (1 mL) resulting in the formation of a yellow precipitate. After 1 h, the second
mixture was filtered over a syringe filter into the first solution and subsequently stirred at high speed
for a further 24 h. After this time, the solution was diluted with H,0 (3 mL) and the solvent
evaporated in vacuo. The crude residue was purified by HPLC and the desired CDs-labelled product
35 was found to be a clear resin which was >95% pure by LC-MS analysis (8.2 mg, 40%): ‘*H NMR (400
MHz, D,0): 6 = 2.12 - 2.19 (m, 2 H, B-CH,), 2.48 (s, 3 H, methylpiperazine CH;), 2.76 — 2.81 (m, 4 H,
methylpiperazine 2 x CH,), 2.94 — 2.98 (m, 2 H, y-CH,), 3.09 — 3.16 (m, 2 H, 5’-CH,), 3.14 - 3.18 (m, 4
H, methylpiperazine 2 x CH,), 3.64 —3.66 (m, 1 H, a-CH), 4.39 (m, 1 H, 4’-CH), 4.50 (m, 1 H, 3’-CH),
4.88 (m, 1 H, 2’-CH), 5.91 (d, J = 5.5 Hz, 1 H, 1’-CH), 8.09 (s, 1 H, 8-CH); *C NMR (400 MHz, D,0): 24.8
(B-CH,), 25.0 (methylpiperazine CH3), 32.3 (5’-CH,), [38.6, 38.8 (resonance overlap, methylpiperazine
2 x CH,)], [42.4, 42.9 (resonance overlap, y’-CH,)], 44.1 (a-CH), [52.0, 52.1 (resonance overlap,
methylpiperazine 2 x CH,)], 72.5 (3’-CH), 72.7 (2’-CH), 77.8 (4’-CH), 89.1 (1'-CH), 114.8 (5-C), 139.4
(8-CH), 150.7 (4-C), 152.5 (2-C), 154.6 (6-C), 171.5 (C=0); MS (TOF ES+) m/z 500.17 ([M]", 100%).
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S-(((2S,3S,4R,5R)-5-(6-amino-2-(thiophenyl)-9H-purin-9-yl)-3,4-dihydroxytetrahydrofuran-2-

yl)methyl)methionine-d; (36)

A solution of homocysteine 25 (20 mg, 0.0406 mmol, 1 eq.) was prepared in HCOOH (2 mL) and
stirred for 1 h. In tandem, AgOTf (63 mg, 0.2434 mmol, 6 eq.) and CDsl (151 pL, 1.0417 mmol, 60 eq.)
were added to CCl, (1 mL) resulting in the formation of a yellow precipitate. After 1 h, the second
mixture was filtered over a syringe filter into the first solution and subsequently stirred at high speed
for a further 24 h. After this time, the solution was diluted with H,0 (3 mL) and the solvent
evaporated in vacuo. The residue was purified by HPLC and the desired CD;-labelled product 36 was
found to be a yellow resin which was >95% pure by LC-MS analysis (5.1 mg, 29%): "H NMR (500 MHz,
D,0): 6 =2.05-2.11 (m, 2 H, B-CH,), 2.61 (dd, J = 14.4, 4.1 Hz, 2 H, 5’-CH,), 2.69 (t, /= 7.6 Hz, 2 H, y-
CH,), 3.78 (dd, / = 5.4, 3.4 Hz, 1 H, a-CH), 3.81 —3.86 (m, 1 H, 4’-CH), 4.33 (m, 1 H, 3'-CH), 4.90 (t, J =
5.8 Hz, 1 H, 2’-CH), 5.77 (d, J = 6.0 Hz, 1 H, 1’-CH), 7.59 — 7.63 (m, 3 H, phenyl 3 x CH), 7.67 — 7.70 (m,
2 H, phenyl 2 x CH), 8.31 (s, 1 H, 8-CH); *C NMR (500 MHz, D,0): & = 24.8 (B-CH,), 38.6 (5’-CH,), 43.3
(y-CHy), 51.6 (a-CH), 71.2 (3’-CH), 72.6 (2’-CH), 79.3 (4’-CH), 90.4 (1’-CH), 115.1 (5-C), 128.3 (phenyl
C), 130.0 (phenyl 2 x CH), 130.6 (phenyl CH), 135.5 (phenyl 2 x CH), 142.7 (8-CH), 148.7 (4-C), 153.8
(2-C), 163.1 (6-C), 171.0 (C=0); MS (TOF ES+) m/z 510.36 ([M], 100%).

(((2S,3S,4R,5R)-5-(6-amino-2-phenyl-9H-purin-9-yl)-3,4-dihydroxytetrahydrofuran-2-yl)methyl)(3-

amino-3-carboxypropyl)(methyl-d3)sulfonium (37)

A solution of homocysteine 30 (10 mg, 0.0217 mmol, 1 eq.) was prepared in HCOOH (1 mL) and
stirred for 1 h. In tandem, AgOTf (33.5 mg, 0.1304 mmol, 6 eq.) and CDsl (85 uL, 0.5849 mmol, 60
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eq.) were added to CCl, (0.5 mL) resulting in the formation of a yellow precipitate. After 1 h, the
second mixture was filtered over a syringe filter into the first solution and subsequently stirred at
high speed for a further 24 h. After this time, the solution was diluted with H,O (1.5 mL) and the
solvent evaporated in vacuo. The crude residue was purified by HPLC and the desired CDs-labelled
product 37 was found to be a yellow resin (2.6 mg, 25%) which was 295% pure by LC-MS analysis: 'H
NMR (500 MHz, D,0): § =2.13 -2.26 (m, 2 H, B-CH,), 3.20-3.28 (m, 1 H, y,-CH), 3.37 -3.46 (m, 1 H,
a-CH), 3.60 — 3.65 (m, 1 H, y,-CH), 3.90 — 4.00 (m, 2 H, 5'-CH,), 4.58 — 4.65 (m, 1 H, 4'-CH), 4.71 —
4.75 (m, 1 H, 3’-CH), 5.07 = 5.12 (m, 1 H, 2’-CH), 6.23 (d, / = 4.0 Hz, 1 H, 1’-CH), 7.85 - 7.61 (m, 3 H,
phenyl 3 x CH), 8.14 — 8.06 (m, 2 H, phenyl 2 x CH), 8.47 (s, 1 H, 8-CH); LC-MS (ESI) m/z 478.43 ([M]",
100%).

*13C NMR could not be obtained

5’-methylthioadenosine-CD; (CD;-MTA)

CD3-SAM (10 mg, 0.025mmol) was dissolved in 1 mL of pH 8.8 Tris-HCl buffer and heated at 37 °C for
7 days. The resultant mixture was then separated by RP-HPLC to furnish CD;-MTA as a white residue
(3.2 mg, 40%) which was 295% pure by LC-MS analysis. Any remaining CD3-SAM in the mixture was
collected from HPLC and left to degrade further to obtain a higher yield: *H NMR (500 MHz, D,0): § =
3.07 —2.91 (m, 2H, 5’-CH), 4,38 (dt, J = 7.0, 4.9 Hz, 1 H, 4’-CH), 4.46 (t, J = 5.0 Hz, 1 H, 3’-CH), 4.91 (t, J
=5.2 Hz, 1 H, 2’-CH), 6.17 (d, J = 5.0 Hz, 1 H, 1’-CH), 8.46 (s, 1 H, 2-CH), 8.56 (s, 1 H, 8-CH); *C NMR
(500 MHz, D,0): & = 35.6 (5'-CH,), 72.4 (3’-CH), 73.6 (2’-CH), 83.7 (4’-CH), 88.4 (1'-CH), 114.4 (5-C),
117.5 (8-CH), 121.1 (4-C), 142.9 (2-CH), 144.7 (6-C); LC-MS (ESI) m/z 301.35 ([M+H]", 100%).
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