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Abstract

Chapter 1 introduces the Protein Arginine Methyltransferases (PRMTs) as epigenetic
regulators that decorate peptidic arginine with methyl groups. Evidence for PRMT
involvement in cancer pathogenesis is reviewed and their plausibility as therapeutic targets is
introduced. The methylation patterns conferred by the PRMTs is described, and the existence
of novel patterns is considered. Techniques for assaying PRMT activity are compared and
contrasted and a discussion of current PRMT inhibitors is presented. The chapter concludes

by outlining the aims of the thesis.

Chapter 2 describes synthesis towards novel methylated arginine molecules that are fully

protected for inclusion in peptides via solid phase peptide synthesis.

Chapter 3 outlines the total synthesis of protected d-monomethylated arginine for peptide
synthesis. This methylation pattern is known in yeast but has not yet been identified in

humans.

Chapter 4 details a new mass spectrometry-based assay that can be applied for inhibitor and
substrate analyses. Synthesis of a novel histone peptide containing the §-monomethylated
arginine, produced in Chapter 3, is also described and this is tested for relevance as a human
epigenetic marker. Novel polymethylation patterns are also explored in a total of five histone
peptides. This chapter concludes with discussion of possible methylation pattern

rearrangements.
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Chapter 5 describes the synthesis and testing of two series of putative PRMT inhibitors
based on previously identified scaffolds within this research group. Data obtained from three
different assays, including that outlined in Chapter 4, are analysed and suggestions as to the

direction of PRMT assay design are offered.

Chapter 6 provides the experimental data to support Chapters 2-5, including all organic

synthesis procedures, protein & peptide syntheses and assay methodology.
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Chapter 1: Introduction

Manipulation of the epigenome for therapy is a research-intensive field with particular hope for
success in the fields of cancer, inflammatory and degenerative diseases'”. As more of the
complex biology involved in epigenetic regulation is uncovered, our ability to identify suitable
targets for therapeutic intervention increases’. This thesis explores the possible existence of
novel methylation patterns of the amino acid arginine 1 (Arg, R) under the working hypothesis
that they could be epigenetic markers. Furthermore, this work describes the search for small
molecule inhibitors of the Protein Arginine Methyltransferase (PRMT) family of enzymes as part

of a cancer drug discovery project.

1.1 — Epigenetic Regulation

The prefix ‘epi-> means ‘above’ or ‘upon’; epigenetics is the layer of control above the genome.
The concept of an ‘epigenetic landscape’ was first proposed by C.H. Waddington in 1957
although it wasn’t until the explosion of data heralding the 21* century that the field really took
off. A brief background to epigenetics is given in this section; covalent modifications, called
epigenetic markers, are added to a huge variety of cellular substrates by epigenetic machinery.

These covalent modifications bring about phenotypic changes in the cell.

' )/ 'Reader’
// 'Writer' J

Epigenetic Substrate

LA

'Eraser’ Epigenetic marker

Figure 1.1 — Epigenetic machinery can be thought of as ‘writers’, ‘readers’ or ‘erasers’.



1.1.1 —Epigenetic Machinery and Control

Epigenetic machinery can be broadly summarised into the categories of ‘writer’, ‘reader’ or
‘eraser’ (Figure 1.1). The ‘writers’ are enzymes that append a chemical group to the target, the
‘readers’ recognise and bind to markers in the context of the local environment and can be
thought of as decipherers, which bring about phenotypic changes. The ‘erasers’ remove
epigenetic markers. The exact combination and pattern of epigenetic markers on different
substrates is thought to be integral to the cell phenotype and while some markers are transient,
some are more permanent and are heritable. A variety of markers, ‘readers’, ‘writers’ and

‘erasers’ exist and the substrate scope upon which they act is substantial.

1.1.2 — Classical Epigenetics: Histones, DNA and Transcription

DNA is stored in cells wrapped around octamers of histone proteins that are stacked into
chromosomes’. This octamer, called the nucleosome, incorporates two copies each of histone
proteins H2A, H2B, H3 and H4 all of which are highly conserved®. Nucleosomes pack together
via linker H1 regions into chromatin, which makes up the final unit of storage — the chromosome
(Figure 1.2). Tightly bound regions of DNA (heterochromatin) are inaccessible to transcriptional

machinery, whereas loosely bound regions of DNA (euchromatin) can be accessed and

transcribed to mRNA.
—~«— Histone modification
ii Histone
} Histone talil r DNA modification
9 ®
Chromosome Nucleosome DNA

Figure 1.2 — Organisation of DNA into chromosomes, showing an expanded view of the nucleosome and
representation of epigenetic modifications by coloured hexagons, defined in Figure 1.3.



Figure 1.3 exemplifies different epigenetic modifications. Histone proteins are major epigenetic
substrates, with the possibility for modification by different ‘writers’ at various amino acid
residues in their ‘tail’ regions. DNA is also a major epigenetic substrate with modifications
occurring on the base cytosine. The nature of the chemical modifications influences whether
chromatin exists as hetero- or euchromatin, by altering local charge and steric properties of both
macromolecules. The associated structural changes of chromatin affect signalling via epigenetic

‘readers’, which goes some way to control the expression or silencing of individual genes.

Histone modifications

N ooy,
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N N/
N A o) N A o) N A o) N O $
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Figure 1.3 — Epigenetic modifications of amino acids, the DNA base cytosine and the RNA base adenosine.

1.1.3 — Emerging Epigenetic Concepts: RNA, the Ribosome, Translation and Trafficking

DNA and histone modifications are well studied, but the field of ‘RNA epigenetics’ is also
coming into its own. A plethora of post-transcriptional RNA modifications have been identified
although their purposes are less well defined’. One recent example is the epigenetic modification
of mRNA; the mRNA marker N°-methyladenosine (Figure 1.3) is shown to be important for

stem cell differentiation in mouse models by altering mRNA translation®. RNA epigenetics also



involves modification of tRNA and rRNA. Modifications of the former are becoming better
defined with roles emerging for specific tRNA chemical markers’. rRNA modifications can lead
to alterations in ribosomal structure, which are postulated to affect the efficiency with which

certain proteins are synthesised compared to others'.

It has also been suggested that epigenetic machinery has a role to play in protein trafficking in
the cell. The extent of acetylation on the microtubule subunit o-tubulin is partially under the
control of histone deacetylase (HDAC) 6, an epigenetic ‘eraser’. It is reported that transport of
the Epidermal Growth Factor Receptor (EGFR) along microtubules is facilitated when HDAC6
is inhibited leading to o-tubulin acetylation, suggesting that epigenetic machinery has some

control over protein trafficking''.

1.1.4 — The Epigenome and Disease

Deciphering the ‘epigenetic code’ in order to understand the ‘which?’, ‘when?’, ‘where?’ and
‘why?’ of epigenetic modifications is an ongoing effort. Huge progress has been made in the last
five years and in 2015 the first epigenomic database — ‘The Epigenome Roadmap’ — was made

available online'? which contained analyses of 111 reference human epigenomes>.
y p1g

Epigenetic dysregulation is prevalent in many diseases, notably those where gene expression or
DNA replication/repair is aberrant such as cancer and inflammatory disease (reviewed by Chi)'*.
Drugging the epigenome is a continued aim for medicinal chemists fuelled by success stories
such as the development of HDAC inhibitors and of bromodomain inhibitors'’ targeting
epigenetic acetyl-Lys ‘erasers’ and ‘readers’ respectively. The first licenced example of a HDAC
inhibitor is Vorinostat® (Merck) shown to have tangible clinical outcomes in treating Cutaneous

T-Cell Lymphoma'®. Undoubtedly HDAC inhibitors have good therapeutic value, but patients



receiving this treatment often suffer from side effects attributed to off-target interactions; the root
cause is widely thought to be poor selectivity of the drugs for individual HDAC homologues'’.
Aided by the Epigenome Roadmap, epigenetic drug discovery continues to be a cutting-edge

research field.

1.1.4.a —Methyltransferases

This work is concerned with the epigenetic ‘writer’ family of enzymes called the
methyltransferases (MTs). Members of the overarching MT family have been divided into three
classes (Figure 1.4), defined by mining genomic open reading frames (ORFs) using
bioinformatic tools'®. All family members transfer methyl groups from the universal cofactor S-

adenosyl-L-methionine (SAM) 2 (Figure 1.5) to target substrates.

Class I MTs encompass the Protein Arginine Methyltransferases (PRMTs) and Class II the SET-
domain-containing Protein Lysine Methyltransferases (PKMTs). These two classes catalyse
methylation of Arg or lysine (Lys, K) residues respectively. Class IIl MTs are membrane-bound
and are not further discussed herein. This work primarily focuses on the role of the Class I MTs,

the PRMTs, in epigenetic regulation.

METHYLTRANSFERASES

Class | - PRMTs Class Il - PKMTs Class lll — membrane bound

Typel Typell Type lll Type IV

Figure 1.4 — Classification of methyltransferases.



1.2 — The Protein Arginine Methyltransferases

The PRMTs catalyse N-methylation of the guanidine side chain of Arg residues within various
cellular proteins (Figure 1.5). This was first realised in the 1960’s when radioactivity studies
showed calf thymus nuclei capable of incorporating methyl groups from '*C-labelled SAM 2 into
non-Lys amino acids'’. Earlier work®, on what later became known as the PKMTs, meant that
standards of methylated Lys homologues were available for chromatographic distinction from
these newly identified'’ methylated amino acids. One of these new species was later defined*' >
as o-N-monomethylated Arg 3 (MMA(w)) and subsequent work on human urine samples®*

suggested w-N, N-(asymmetrically) dimethylated Arg 4 (ADMA) and w-N,N’-(symmetrically)

dimethylated Arg 5 (SDMA) accounted for the other species.

To date nine different putative human PRMTs have been discovered, split into subtypes I-IV>.
PRMTs are named 1-9 but PRMT4 is more commonly referred to as CARMI1 (Coactivator

Associated Arginine Methyltransferase 1).

1.2.1 —Arginine Methylation

The guanidine side chain of Arg contains three nitrogen atoms, each of which is chemically
amenable to methylation (Figure 1.5). Therefore in principle multiple methylation patterns are
possible, of which four have so far been observed (Figure 1.5). The Lys side chain has one

nitrogen atom and all of the mono-, di- and tri-methylated species have been defined™.

The majority of PRMTs methylate Arg almost exclusively within a ‘Glycine, Arginine-Rich’

(GAR) sequence””*®. The exception is CARM1, which preferentially methylates at a “Proline,



Glycine, Methionine-rich’ (PGM) site”, and PRMT5 which can methylate at both GAR and

PGM sites>.

1.2.1.a — Recognised Methylation Patterns

Different patterns of methylation are recognised by different ‘readers’ and have specific

downstream effects in the cell. There are four types of reported methylation patterns on Arg,

three of which have so far been shown to have physiological relevance in humans (Figure 1.5).

Type I-III PRMTs generate the MMA(w) pattern 3. Type I PRMTs further methylate to the

ADMA pattern 4 and type Il to SDMA 5, while type III is thought to catalyse no further reaction.

A type IV PRMT has been discovered’' in Saccharomyces cerevisiae where it catalyses

formation of d-N-monomethylarginine (MMA(0)) 6. No evidence for a human homologue has

been reported to date.
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Figure 1.5 — A) Methylation patterns conferred by types I-IV PRMTs B) Structure of known methylated Arg residues
C) Schematic of PRMT-catalysed methylation of a protein-embedded Arg residue using SAM 2 as cofactor and
producing breakdown product SAH 7.



1.2.1.b— Methylation Number and Regioisomerism

For the purpose of this thesis ‘methylation number’ is defined as the total number of methyl
groups on any of the three nitrogen atoms in the guanidine group of Arg. Arginine residues with
the same methylation number can be regioisomers of each other, for example: ADMA 4 and

SDMA 5 both have a methylation number of two, but have different regiochemistry.

1.2.1.c — Methyl-Arginine Recognition
The major known ‘readers’ of methylated Arg are Tudor domain-, WD40 domain- and ADD
domain- containing proteins’’. The relevance of different marker-reader interactions is currently

unclear but is an active area of research.

1.2.2 — Arginine Demethylation
Despite the early discovery of histone methyltransferases'®, it was decades later that any enzyme

33 1In fact, it was initially thought that Arg/Lys

was discovered that could reverse the process
methylation was either infrequently or never reversed based on work from the seventies showing

low turnover of methyl-histones®®*’; for a long time it was widely accepted that the high stability

of the N-Me bond might act as a barrier to demethylation.

1.2.2.a — Oxygenation/Hydroxylation
The first true histone demethylase to be discovered was LSDI1, which acts as an epigenetic
‘eraser’ on methyl-Lys (Scheme 1.1A)*®. The second major class of Lys demethylases are the

JmjC family of oxygenases, which act via a hydroxylation pathway Scheme 1.1B*°.
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Scheme 1.1 — A) LSD1-catalysed demethylation of monomethyl Lys B) JmjC family catalysed demethylation via
hydroxylation.

Demethylation of Arg however is much more controversial. In 2007 the oxygenase JMJD6 was
reported to remove methyl groups at H3R2 and H4R3 via hydroxylation in an analogous manner
to the Lys demethylases (Scheme 1.2)*°. The authors used commercially available antibodies
reportedly specific for mono- and di-methyl Arg to assess the extent of methylation on bulk
histones via Western blotting™. However, the antibodies were generated against a synthetic
peptidic immunogen (conjugated to the carrier protein keyhole limpet hemocyanine (KLH)) and
in some cases the sequences are proprietary”. The discrepancy between immunogen (peptide) and
experiment substrate (bulk histones) could undoubtedly lead to artefactual results. Indeed, in

2009 the first contradictory evidence for JMJD6’s role as an Arg demethylase was published’.

? Details of commercially available antibodies used are stated in the supplementary information for ref. 40. Details of
immunogens can be found by cross-reference to the manufacturers’ websites. Not every antibody was traceable.



This work, using mass spectrometry (MS) analyses and not relying upon antibody-based
recognition, found that IMJD6 could not demethylate histone H3 and H4 fragments but that the
enzyme was in fact a Lys hydroxylase. The search for a true Arg demethylase continues while

de-convolution of JMJD6’s role remains a point of discussion™.

Hypothesised JMJD6-mediated demethylation

CHg CHjy CHj
| + { * | * +
H3C/N\’&NH2 Ho\/N\«’&NHZ j]\ HNYNHZ HZNYNHZ
NH NH H 4 H NH NH
- m-szemm—ss----- > TR EREEE
. ’ \\ il
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MAN g 7'1,.N LIAN 'x,IAN
H 0O, Cco, H H H
o 0 0 o)
N-Methylhydroxy, .
ADMA N-Methyl- Arginine MMA(w) Arginine
12 13 14 15

Scheme 1.2 — Hypothesised mechanism of Arg demethylation by JMJD6 that has been opposed by subsequent
characterisation of JMJDG6 as a Lys hydroxylase.

Arg hydroxylation has been described for ribosomal residues, catalysed by the ribosomal
oxygenase (ROX) family of proteins™. However, so far structural evidence and substrate
analyses point towards the ROX family as genuine Arg (and Lys) hydroxylases without a role as

demethylases™.

1.2.2.b - Deimination

The second proposed method of demethylation is via deimination although this does not restore
unmethylated Arg, but instead produces citrulline. Peptidylarginine Deiminase 4 (PAD4)
converts Arg to citrulline within proteins® (Scheme 1.3A) as evidenced by mutagenesis and
crystallographic data*®. There is much discussion as to whether PAD4 has any physiological

relevance as a histone demethylase®’ acting via the mechanism outlined in Scheme 1.3B.
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Certainly free mono- and di-methyl Arg are demethylated in this way by the dimethylargininse
DDAH™, but for peptidyl Arg opinion is moving towards the theory that (peptidyl-) citrulline
itself is a post-translational marker mutually exclusive with methylation, and that the PAD
family cannot demethylate histones via deimination®’. Free Arg can also be converted to
citrulline via nitric oxide synthase (NOS)*’ (Scheme 1.3C). By extension this principle might be
applicable to free methyl-Arg (Scheme 1.3D), however it should be noted that this is speculation

and that no such activity has been observed for peptidyl Arg to date.

A)  PAD4-catalysed deimination of peptidyl Arg B)  Possible PAD4-catalysed deimination of peptidyl MMA(w)
+ H +
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Scheme 1.3 — A) Mechanism of peptidyl Arg 15 deimination by PAD4 B) Proposed mechanism for PAD4-catalysed
deimination of peptidyl Me-Arg 15 that is now thought to have limited physiological relevance C) Known
deimination of free Arg 15 to citrulline 16 catalysed by NOS D) Hypothesised deimination of free Me-Arg 14.

Despite the aforementioned controversies, it is generally accepted that arginine

methylation/demethylation in vivo is a dynamic process™ . This concept of methyl-marker
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exchange sets the stage for a discussion of novel methylation patterns and their possible inter-

conversion.

1.2.3— Novel Methylation Patterns

Since the guanidine side chain of Arg has three nitrogen atoms, there are nine theoretically
possible permutations of methylation patterns. Four of these have been identified in cells as
outlined in Figure 1.5, but there are no reports of investigations into the remaining five (Figure
1.6). This thesis hypothesises that Arg residues with a methylation number higher than two
might exist and/or have physiological/biological relevance. This thesis also hypothesises that

interconversion of regioisomers with the same methylation number could also be possible.

8 $ 8 $
z z Y Y +
I | | | |
19 20 21 22 23
Dimethylated Trimethylated Tetramethylated

Figure 1.6 — Novel methylation patterns.

1.2.4 — Structure, Mechanism and Function of the PRMTs

The nine human PRMTs have two conserved domains — a Rossmann fold that binds SAM and a
B-barrel that contributes to substrate binding (Figure 1.7). Individual PRMTs have smaller
structural elements that influence their substrate specificity’’. PRMTS contains a large TIM-
barrel that is important for recruitment of the cofactor MEP50 (also known as WDA45) an
essential component for activity’>. Many of the PRMTs also harbour dimerisation arms within

their B-barrel domains. In some PRMTs dimerisation is also assisted by a flexible conserved o-

12



helix; this motif has been hypothesised to have importance in cofactor binding by burying SAM

in the B-barrel, in the process revealing the substrate binding site.

Crystal structures have assisted in determining the binding mode of substrates and inhibitors.
Alongside site-directed mutagenesis (SDM) studies, they have also shed light on the mechanisms

controlling the nature of methylation patterns (vide infra)’".

Dimerisation arm

a-helix Rosmann Fold 1 B-barrel
'_I_| I L 1 [ ! 1
PRMT1-4, 6,7 —l— — A —
TIM barrel
PRMT5 — — — —
PRMTS, 9 — — |

Figure 1.7 — Core domains of the PRMTs, including conserved Rossmann fold and B-barrel domains. Adapted from
Schapira et al.”".

1.2.4.a — Methylation Mechanism

All PRMTs have two conserved glutamic acid (Glu, E) residues — the ‘double-E loop’ — within
the conserved ‘Rosmann fold’ domain that are essential to catalysis®. The mechanism for
PRMT1-catalysed methylation is described below and depicted in Scheme 1.4 as an archetype

for the entire family.

The proposed mechanism relies on the conserved Glu residues to enhance nucleophilicity of the
substrate guanidine and enable it to make an Sx2 attack on SAM>*. In Scheme 1.4, the two Glu
residues in the ‘double-E loop’ are shown localising and stabilising the positive charge

developing on nascent methyl-Arg through hydrogen bonding™*>’.
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Scheme 1.4 — Proposed mechanism for PRMTI-catalysed methylation of substrate Arg as an archetypal example for
all PRMTs. Scheme reproduced from Zhang et al.””.

1.2.4.b - Kinetics

PRMT1 is reported to follow partially-processive enzyme kinetics, defined by Obianyo et al.”® as
follows: “The term partially processive was used to explain that PRMT1 catalyzes the production
of MMA and ADMA containing peptides in approximately equimolar amounts, even in the
presence of an excess of the unmethylated peptide substrate, ruling out a fully processive
mechanism in which the production of the ADMA product is obligatory, i.e. the concentration of

the intermediate does not rise above the concentration of the enzyme.”

Importantly, dissociation of SAH must occur after the first methylation event and prior to the
second to allow space for a second equivalent of SAM in the cofactor-binding pocket (Scheme
1.5). The term ‘partially processive’ in this context means that intermediate MMA(w) may or

may not dissociate before the second methylation event takes place.
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Scheme 1.5 — Proposed ‘partially processive’ mechanism for PRMT-catalysed methylation of Arg, adapted from
Obianyo et al.’’. Me, = substrate containing unmethylated Arg, MMA(w) = intermediate containing o-
monomethylated Arg, ADMA = product containing asymmetrically dimethylated Arg, SAM = cofactor S-adenosyl-L-
methionine, SAH = cofactor breakdown product S-adenosyl-L-homocysteine, E = enzyme.

Scheme 1.5, adapted from Obianyo et al.*®, implies that order of binding is inconsequential for
substrate and SAM. These conclusions were based on kinetic experiments and dead-end
analogue inhibition studies, although the validity of these conclusions may be called into
question given the complex and poorly understood nature of selective PRMT inhibition (further
discussed in Section 1.5). In contrast to these findings, structural evidence suggests that SAM

binding is necessary to stabilise a conformationally active state of the conserved a-helix that

o 51
enables substrate recognition” .

Molecular dynamic simulations (using rat PRMT1 in complex with SAH and peptide substrate™)
predicts MMA(w) turnover to be faster than unmethylated substrate turnover’*. This was
corroborated experimentally by kinetic experiments using un- and mono-methylated peptide

pairs and comparing their ke./Ky, values (Table 1.1)°".
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Peptide Sequence Keat/ K, (x10° M s

A YIHRIGRGGR 13+1.7
A-Me YIHRIGR(Me)GGR 23£55
B KGGFGGRGGFGGKW 57403
B-Me KGGFGGR(Me)GGFGGKW 76+1.8
C GGRGGFGGKGGFGGKW 17+55
C-Me GGR(Me)GGFGGKGGFGGKW 27+8.9

Table 1.1 — Data from Gui et al.”” showing increased catalytic efficiency, as defined by an increased key/K, , for
monomethylated peptides compared to their unmethylated counterparts.

This latter piece of work postulated that degree of processivity (as defined above) and catalytic
efficiency are strongly affected by the peptide sequence, length and the number of Args present
in the substrate’’. Additionally, subtle differences in the residues flanking the substrate GAR
sequence are thought to have an impact on the overall methylation number of the product but

further work will be necessary to unravel these intricacies.

1.2.4.c — Methylation Pattern is Conferred by Conserved Active Site Residues

As well as a role in catalysis, it is thought the two conserved Glu residues are involved in
methylation pattern conferral. In type I PRMTs, exemplified by CARMI in Figure 1.8A, one of
these Glu’s is predicted to hydrogen bond to the Arg substrate and hold it in position for attack
on SAM®'. H415 and E258 hydrogen bond to the w-nitrogen and thus may act as a steric block to
disfavour N-methylation at this position (Figure 1.8A). The cavity observed below Y518
however is thought to be large enough to accommodate two methyl groups on the same nitrogen
of the substrate guanidine. Together these observations are consistent with an ADMA-producing

phenotype.
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Sinefungin

TYPE I: CARM1

TYPE Il: PRMTS5

Figure 1.8 — Structures of A) CARM1 with SAH (PDB:2Y1X)*® as a representative of the type I PRMTs and B)
PRMTS5 with Sinefungin (PDB: 4GOB)’’ as a representative of the type II PRMTs. Structures adapted from
Schapira et al. published by The Royal Society of Chemistry °'.

For type II PRMTs, exemplified by PRMTS5 in Figure 1.8, F327 is thought to be an essential
contributor to the SDMA-producing phenotype’*’. SDM studies introduced an F327M mutation
to PRMTS, which resulted in a mutant enzyme that could produce native SDMA and also
unnaturally produce ADMA. This was determined by Western blot analysis using methylation-
pattern specific antibodies (confirmed to be specific vs. controls) although no quantification of
the ratio of products was obtained®. The authors hypothesise that this implicates F327 in
conferring a type-II phenotype on PRMTS5 by introducing conformational inflexibility. It was
thought that the flexibility of Met — which is found in this position in type I enzymes e.g. M163
in CARMI (Figure 1.8A) - plays some part in conferring an ADMA-phenotype. However, the
authors comment that the reverse mutation (M to F) in PRMTI1 did not confer a type II
phenotype, although the data is not presented. It could however be argued that this explanation is
not consistent with the observation that type I enzymes cannot produce SDMA. The relevance of
this finding is therefore called into question, especially when one considers these results are
corroborated by a crystal structure of Caenorhabditis elegans PRMTS in complex with SAH

rather than peptide (PDB: 10R8).
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Human PRMTS requires the coenzyme MEPS50 for catalytic activity, and the subsequently
reported structure of the human PRMTS5:MEP50 complex (PDB: 3GQB) allowed a more detailed
insight into possible structural features that may confer an SDMA-producing phenotype (Figure
1.8B)”. Here, the H415 in CARM1 is seen replaced by a serine (Ser, S); S578 is smaller than

H415 suggesting an N-Me group may be accommodated in this cavity” .

If F327 in PRMTS5 truly does restrict repositioning of the Arg substrate® then it would be
necessary for the MMA(w) intermediate to dissociate fully from PRMTS before re-binding
(‘non-processive kinetics’) in a new orientation with N-Me occupying the cavity adjacent to
S578 before a second methylation event could take place. Kinetic analyses” support this theory
and until any further mutagenesis, structural and kinetic studies take place, it seems a reasonable

working model.

1.2.4.d — The PRMT Family Has a Diverse Substrate Range and Functional Relevance

Figure 1.9 offers an insight into the type of processes PRMTs are implicated in and a broad
overview of the classes of substrates upon which the PRMTs act, which include: histones,
transcription factors, transcriptional coactivators, transcriptional repressors, RNA metabolic

regulators, signal transducers, and DNA repair complexes and polymerases®' .

The network is expanding, and innovative methods are being employed to identify further
substrates. Notably, allyl- and azido- SAM-analogues have been used to label PRMT substrates
and subsequent ‘click chemistry’ reactions with an allyl/azido-reactive fluorophore have

facilitated their identification®.
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PRMT Function Type Primary Substrates
PRMT1 Transcriptional activation, signal transduction, Typel H4R3, MRELI1, 53BP1,
RNA splicing, DNA repair SAM68
PRMT2  Transcriptional regulation Type I H3R8
PRMT3 Ribosomal homeostasis Type 1 RPS2, P53
CARM1  Transcritional activation, RNA splicing, cell cycle Typel H3R17, AIB1, p300, CBP,
progression, DNA repair RNA Pol IT CTD
PRMT5  Transcriptional repression, signal transduction, Type Il H3R8, H4R3, E2F1, p53,
piRNA pathway EGFR, CRAF
PRMT6  Transcription regulation Typel H4R3, H2AR29
PRMT7  Male germline gene imprinting Type 1I/111 H4R3, H2AR3, H3R2
PRMTS8 Brain specific function Type 1 Unknown
PRMT9  Role in splicing Typell SAP145

Figure 1.9 — Schematic depicts a broad overview of PRMT substrates and subsequent cellular effects; Black ovals:
class of PRMT substrate; Grey boxes: processes that are affected;, Unboxed writing: examples of substrates. Table
gives examples of major substrate classes and is adapted from Yang & Bedford™”.

1.2.5 — The PRMTSs are Modern Therapeutic Targets
Evidently the PRMTs have a very broad substrate scope, therefore it is natural that dysregulation
of PRMT expression, activity or control could cause a whole host of disease phenotypes.

McBride and Silver’s review points to possible PRMT involvement in cardiac disease, multiple
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sclerosis and autoimmune disease®® while a more updated account is provided by Bedford and
Clarke who add spinal muscular atrophy and viral pathogenesis to the list®>. The most evidence
though has been gathered for PRMT involvement in cancer, which is the angle of interest for

work presented in this thesis.

1.3 — The PRMTs Are Anti-Cancer Targets

1.3.1 —Cancer Pathogenesis

In their 2000 seminal review, Hanahan and Weinberg defined six ‘hallmarks’ that a healthy cell
acquires to be cancerous®’; these are defined by the authors as ‘acquired functional capabilities
that allow cancer cells to survive, proliferate and disseminate...’. Their updated model®® includes
two further hallmarks and two enabling characteristics. The hallmarks of cancer encompass
properties that promote genome instability and dysfunctional DNA regulation, which facilitate

mutation, and properties that enhance a cell’s ability to survive, propagate and metastasise.

One of the hallmarks, ‘deregulating cellular epigenetics’, is of particular relevance when
discussing PRMT involvement in cancer pathogenesis. Any process that exerts control over gene
expression is prone to exploitation by cancer; as epigenetic ‘writers’, the PRMTs are heavily

involved in epigenetic regulation.

The contributions of PRMT1, CARMI1 and PRMTS5 to cancer pathogenesis are well documented,

28,64,69
d ,07,07,

with roles for the remaining family members being less well define ; the following

subsections discuss the evidence for this.
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1.3.2 - PRMT1 and Cancer

One of the earliest indications of PRMT involvement in cancer was the role of PRMTI in
oncogenic transformation of mixed lineage leukaemia (MLL) cells. The MLL gene is commonly
mutated in both acute myeloid and lymphoid leukaemias where it contributes to

leukaemogenesis by forming one of a large number of different chromosomal fusions’".

The first evidence of oncogenesis that is PRMT family-dependent was reported in 2007 where
PRMT1 was found to be part of a three-protein complex (PRMTI1-Sam68-CBP) that has
oncogenic transcriptional activity in MLL cells”'. Elegant prmt! truncation and mutation studies
demonstrated that the asymmetric dimethylation pattern at H4R3 conferred by PRMTT1 is critical
to leukaemogenesis in MLL. Overall, H4R3 methylation by PRMT1 and H4 global acetylation
by complex member CBP (a histone acetyltransferase (HAT)) were crucial for expression of key

downstream MLL oncogenic transforming factors (Figure 1.10).

H4R3

H4R3(Mey) o
H4(Ac) —-—\_’ Oncogenic transforming factors

Sam68 CBP

H4

Figure 1.10 - Upregulation of oncogenic transforming factors as described by Cheung et al.”".

In addition to its role in blood cancer, histological analyses have also showed PRMT1 (along
with PRMT6) to be upregulated in lung, bladder and breast cancer’”. Recently, it was found that
PRMT1 might have some control over the epithelial-mesenchymal transition (EMT) in non-
small cell lung cancer. EMT enables cell movement and therefore facilitates metastasis, one of
the final hallmarks of cancer. E-Cadherin is frequently used as a biomarker in this context and its

down-regulation heralds the EMT. Avasarala ef al. altered PRMT1 levels in NSCLC cell lines by
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overexpression and siRNA knockdown, and used immunoblotting to identify PRMT1 and E-
Cadherin followed by densitometry to quantify them”. They showed that high PRMTI
expression is associated with low E-Cadherin levels, drawing the conclusion that PRMT1 can
facilitate the EMT. Whilst densitometry data should always be treated with caution given the
technique’s limitations™ (e.g. limited concentration range, non-equivalent staining etc.) these
findings were augmented by microscopy work (wound-healing and invasiveness assays) showing
a statistically significant correlation between PRMT1 upregulation and propensity for EMT. The
authors suggest the E-Cadherin repressor Twistl to be a PRMT1 substrate and the mediator of

this effect.

1.3.3 - CARM1 and Cancer

Historically, there has been controversy surrounding the role of CARMI1 in cancer development.
CARMI is most commonly associated with estrogen-receptor positive (ER+) breast cancer but
there remains a conflict of opinion as to whether it accelerates or inhibits cancer development.
For example, Frietze et al. propose that CARMI1 upregulation is essential for proliferation of
MCEF-7 cells in ER+ breast cancer’. DNA fluorescence staining and flow-cytometry were used
to quantify the proportion of cells in each phase of the cell cycle in the presence and absence of
the hormone estradiol. Experiments where CARM1 was knocked down (via siRNA) gave a
lower proportion of cells in S, G, and M phases (Figure 1.11) compared to control, interpreted
by the authors to suggest a role for CARMI1 in enabling cell-cycle progression. RT-PCR analyses
suggest that CARMI-associated upregulation of the transcription factor E2F1 could bear

responsibility for acquisition of this hallmark of cancer.
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In M-Phase cell division (mitosis) takes place prodcuing two daughter cells
—

Gap phase 2 - quality control checks { G, Gy } Gap phase 1 - quality control checks

\-/Go } Quiescent (resting) cells

During S-Phase DNA synthesis takes place {
to produce a copy of all chromosomes in the cell

Figure 1.11 — The cell cycle. During S phase DNA is synthesised and in M phase the cell divides by mitosis. G-
phases are ‘gap’ phases whereby ‘quality control’ checks take place. Figure reproduced from www.nexcelom.com.

In contrast to the evidence above, Kim et al. propose that CARMI1 is not upregulated in breast
cancer (and prostate) samples’®. This study analysed tissue microarrays of real patient samples so
arguably the data is of more clinical relevance than that of Frietze ef al.”” who used model cell
lines. However, it should also be noted that immunohistochemical (IHC) analyses of these
tissues were performed using polyclonal anti-CARMI antibodies with no indication of how they
were generated. Quality of antibody can have a profound impact on the sensitivity and/or
specificity of an immunochemical experiment and there is a possibility that use of polyclonal
antibodies, which are heterogeneous by nature, could have introduced error that skewed the

results.

Going one step further than Kim ef al.”® is the study by Al-Dhaheri et al.”’ suggesting CARM1
can actually inhibit cell growth in ER+ cancer. This was monitored using a colorimetric cell
proliferation assay that relies upon turnover of reagent 3-(4, 5-dimethylthiazolyl-2)-2, 5-
diphenyltetrazolium bromide 24 (‘MTT’) by metabolically active cells via dehydrogenase
activity (Scheme 1.6). One of their proposals was that higher levels of CARM1 bring about an

upregulation of the cyclin-dependent kinase inhibitors (CDKs) p21°P' and p27*P therefore
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inhibiting cell growth. The latter conclusion appears to have been based primarily on qualitative
Western blot analysis, with no discussion of any attempt to quantify the two CDKs, so further

work in this area is undoubtedly required.

Metabolic reductases S

MTT Formazan
24 25

Scheme 1.6 — MTT-based cell proliferation assay relies on formation of purple formazan that can be quantified by
spectrophotometry. MTT is turned over by metabolically active proliferating cells.

Recently though, more evidence is accumulating to support the role of CARMI1 as an oncogenic
contributor in breast cancer. CARMI is now thought to negatively regulate the tumour
suppressor pRb, which controls cell-cycle restriction, by methylating it’”®. As part of this work
pRb was identified as a CARMI substrate by monitoring CT; transfer onto whole (and
truncated) pRb followed by MS corroboration using synthetic peptides. Recently, CARM1 has
also been shown to correlate with aggressiveness of tumour in ER+ breast cancer, although using
polyclonal anti-CARMI antibodies as part of an IHC study’”. Perhaps most strikingly, in 2014
the chromatin remodelling factor BAF155 was shown to be methylated by CARMI1 resulting in
its activation and therefore enhancement of its downstream effects, which include tumour
progression and metastasis in breast cancer cells®’. Antibodies generated against asymmetrically
dimethylated BAF155 peptide sequences were used in tandem with CARM1 knockout cell lines.
Knockouts can often represent an unrealistic ablation of a protein’s role, but the findings in this
study were corroborated by shRNA knockdown. Each are not without their limitations and use of

an accurate on-target chemical probe might give this work added value.
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In addition to the plethora of reports documenting CARM1 involvement in breast cancer, it has
also been implicated in androgen-resistant prostate cancer®', colorectal cancer’®, melanoma®* and

early-stage hepatocarcinomas™.

1.3.4 — PRMTS Causes Malignancies by Influencing Cell-Cycle Control
A wealth of evidence supports the involvement of PRMTS in malignant transformation of cells;
the intimate relationship between PRMTS and cell-cycle control proteins bear responsibility for

this.

PRMT)S and the Guardian of the Genome:

PRMTS interacts with p53, the master regulator of genomic stability; the former is recruited to
the p53 complex when DNA has been damaged®’. This work also showed that during DNA-
damage, p53 influences the cell’s decision to attempt repair vs. apoptosis. Using ectopic and
endogenous PRMTS and p53, as well as siRNA-knockdown, levels of PRMTS5 in the cell were
manipulated. It was concluded that PRMT5-mediated methylation of p53 influences the p53
response by altering its promoter specificity; p53 R to K mutants (R333K, R335K, R337K) were
assayed via chromatin immunoprecipitation (ChIP) to support this claim. Notable was the

observation that depletion of PRMTS5 prompted p53-driven apoptosis.

E.g. DNA damage Tumour Suppression

|

Oncogenes/tumour suppressor genes
E.g. Autophagy
Angiogenesis

l Cell migration
Apoptosis

Altered metabolism

»—  Cell cycle arrest/ DNA damage repair

Figure 1.12 — p53 is a transcription factor whose specificity for different promoters, and therefore downstream
effects, is influenced by various different factors.

Cellular stresses
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Subsequent research using the C. elegans PRMTS5 homologue, which has 48% sequence
similarity to human PRMTS, suggested similar apoptotic-control in the nematode worm®’. Of
particular interest is the finding that nematode prm¢-5 inactivation increases germ cell apoptosis
following exposure to ionising radiation. By extension, one might postulate that targeted
radiotherapy could sensitise human cells in a similar manner; if a PRMTS5 inhibitor is developed
it could therefore offer a new therapeutic avenue in the treatment of apoptotic- or radiotherapy-

resistant cancers.

PRMT)S and Lymphoma:

A direct link exists between PRMTS and mantle cell lymphoma (MCL). Elevated levels of
PRMTS5 in MCL cells increases methylation at H4R3 and H3RS8, which in turn represses
expression of the tumour suppressor gene (TSG) ‘ST7°*°. Masking TSGs is a commonly
employed tactic for nascent cancer cells whilst acquiring the hallmarks of cancer. Furthermore,
this study showed that lentivirus-induced PRMT5-knockdown inhibited proliferation of MCL

and Burkitt’s lymphoma cells (JeKo and Raji cell lines respectively).

Chung et al. offer further proof of concept for PRMTS5 as an anti-cancer therapeutic target in
blood cancers®’. Their work on Non-Hogkin Lymphoma (NHL) cells identified an inverse
correlation between PRMTS overexpression and amount of the pro-apoptotic factor RBL2. NHL
cells typically exhibit overexpressed levels of PRMTS5. Upon shRNA-knockdown of PRMTS in a
mouse lymphoma cell line, cancer cell growth was halted and apoptosis was induced. It is
possible that this is a result of the concomitant increased expression of RBL2, as monitored by
RT-PCR. The same relationship between PRMTS5 and RBL2 levels was observed by Western
blotting using polyclonal antibodies. Despite the associated flaws of a polyclonal antibody, in the

context of the quantitative RT-PCR data this experiment substantiates their conclusions.
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PRMTS5’s essentiality in lymphomagenesis, and therefore its plausibility as an oncogenic
transforming agent in blood cancer, was only very recently demonstrated®. A dominant-negative
prmt5 construct was introduced to bone marrow cells and transplanted into mice, as was a
shRNA construct. No effect on disease progression was observed but Western blot analysis
suggested the mice overcame the shRNA-mediated knockdown and restored PRMTS expression.
This observation highlights the shortcomings of RNAi techniques to knockdown protein
function. Despite this, the authors utilised their dominant-negative construct in vitro and showed
that colony formation was inhibited, even when exposed to various different oncogenic drivers.
This work therefore suggests, albeit tentatively, a necessity for PRMTS5 in oncogenic

transformation.

PRMTS5 and Melanoma:

Depletion of PRMTS5 in malignant melanoma cells by siRNA up-regulated expression of p27Kipl
and down-regulated expression of the transcription factor MITF, although it should be noted
these observations were from qualitative immunoblotting studies®. p27<"! is a CDK inhibitor
that inhibits cell cycle progression, whilst MITF is essential to melanocyte proliferation. Based
on the observations, one would logically expect a decreased proliferation upon PRMTS5
knockdown, but this was only observed for a subset of melanoma cell lines. In some cell lines
proliferation was actually increased. It is possible that further quantitative data is required, e.g.
by RT-PCR, in order to unravel the complexities described. This thesis postulates that an

improved understanding of epigenetic markers, specifically the possible existence of novel Arg

methylation patterns, could give some insight into the aforementioned oxymoron.
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A second important observation was noted in this work by Nicholas et al.: histological analysis
of athymic mice revealed diverse patterns of PRMTS5 subcellular-localisation®. That same year,
Shilo et al. showed that not only did different types of lung cancer have different PRMTS5-
localisation patterns, but the localisation pattern also correlated with tumour grade. An extension
of this is that localisation patterns of PRMTS could be used as predictors for lung cancer stage in
diagnostic pathology™. A unified procedure using carefully developed and selected antibodies

would be a prerequisite for this to be a successful diagnostic approach.

PRMT)S and Gastric, Lung and Bladder Cancers:

Indication of PRMTS involvement in gastric cancer was initially suggested from cDNA
microarray studies’’. Later, expression of prmt5 was screened for in a systematic genome-wide
search of the NCBI ‘GEQO’ database, revealing statistically significant upregulation in gastric,
lung and bladder cancers as well as in metastatic colon cancer’”. This was the first time PRMT5
was tested for its ability to transform cells; it is thought that PRMTS upregulates various cyclins
and CDKs to accelerate cell cycle progression through the checkpoint at G1-phase as analysed

by flow cytometry””.

It would seem that PRMTS is also implicated in a variety of cancers other than the major
examples discussed above, and as more reports surface we are able to paint a clearer picture of
PRMTS5’s role in carcinogenesis. For example, reports of PRMTS involvement in breast

93,94 95 -
cancer > and neuroblastomas™ are currently emerging.

1.3.5 - PRMT2, PRMT3, PRMT6, PRMT7, PRMTS8 and PRMTY in Cancer
The remaining family members — PRMTs 2, 3, 6, 7, 8 and 9- are certainly not as well studied as

the founding members — PRMT1, CARMI1, PRMTS — in the context of cancer research. A small
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amount of evidence suggests that a role in cancer pathogenesis might extend to all members of
the PRMT family”®, but much of this data is tentative and some of these PRMTs are newly

discovered and as yet poorly characterised.

1.3.6 — Inhibiting PRMTSs Could be a New Therapeutic Avenue for Cancer

There are links between some PRMTs and some specific forms of cancer; certainly PRMTI,
CARMI and PRMTS5 are now widely accepted as anti-cancer targets. At times the evidence for
PRMT involvement in cancer can be contrasting, possibly because of inaccuracies resulting from

the techniques used to draw such conclusions, as critiqued above.

Chemical probes that are able to selectively target PRMTs could be very useful tools for
furthering our understanding of PRMT involvement in cancer and could certainly be used to
augment some of the knockdown work implicating the family in cancers; indeed the search for
selective inhibitors of PRMTs is ongoing. However, probe design and development should be a
very careful process — in a recent commentary’® a large cohort of leading chemical probe experts
offered their opinions and advice on effective probe development. Irrelevant and inappropriate
probes are in use every day, mostly as a result of poor specificity of these probes. In an effort to
remedy this problem the authors have built an open source database: the ‘Chemical Probes

Portal’®’.

1.4 — Assaying For PRMT Activity

PRMT activity can be monitored directly or indirectly, though the former is more common. The
assay techniques described below can also be applied to study of other MTs, such as the PKMTs,

and can be adapted for most SAM-utilising enzymes.
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1.4.1 — Direct Recognition of a Methylation Event

Direct recognition monitors the appearance of a methyl group either by radioactive-labelling of

the methyl-donor, antibody-based recognition of the nascent methyl pattern or by mass

spectrometry on the substrate/product.

1.4.1.a — Radioactivity Readout Using Tritiated or C'*-Labelled SAM

The radiometric assay using CTs-labelled SAM has been widely considered the gold-standard

PRMT assay. Substrates are immobilised and a percentage of hot SAM is added to the assay

mixture. Unreacted cofactor is washed out when the assay is terminated and PRMT activity is

monitored as a function of beta-radiation emission (Scheme 1.7). This technique is medium

throughput but is not without its drawbacks. The assay monitors total radiation output so is

vulnerable to noise from unreacted cofactor and requires specialist training and monitoring for

radiation workers.
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Scheme 1.7 — The radiometric assay monitors transfer of a tritiated methyl group to substrate Arg.



An analogous assay uses C'*-labelled SAM in a similar manner to above, with the same

limitations.

A low-volume high throughput radiometric assay — HotSpot™ — has recently been described for
histone MTs”®. HotSpot™ negates some of the disadvantages of the original radiometric assay by

reducing the amount of protein and radioactive SAM required.

Further variations on the radiometric assay include using SDS-PAGE to separate substrates,
followed by densitometry or scintillation counting of excised radioactive bands or bands to
elucidate activity (Scheme 1.8). This technique should be used cautiously because of the

limitations of densitometry as discussed in Section 1.37,

The most pertinent disadvantage of radiometric assays is their inability to distinguish between
mono- and di-methylated Arg. This thesis hypothesises that radiometric assays are at best
insensitive to kinetic metadata, and at worst prone to inconsistency due to an inability to

differentiate between mono- and di-methylated products.
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Scheme 1.8 — Use of SDS-PADE to separate non-immobilised radioactive assay products. Following excision of
product bands from the gel, PRMT activity is supposedly quantified by monitoring A) density of individual bands or
B) radioactivity of individual bands.

1.4.1.b — Antibody-Based Recognition of Methyl Markers

Antibodies can also be used to assay for PRMT activity using immobilised substrate. A primary
antibody that recognises methylated Args is first used, followed by a secondary antibody that is
typically conjugated to a readout-effector and facilitates quantification of PRMT activity.
Conjugation to horseradish peroxidase (HRP) allows quantification by monitoring

chemiluminescence upon addition of the HRP substrate H,O, (Scheme 1.9A).

Conjugation to o-mouse peroxidase has also been used to quantify PRMT activity via a
colorimetric assay’’ where the substrate 2,2’-azino-bis(3-ethylbenzothiazoline)-6-sulfonate
(ABTS) is used to generate a green radical cation which absorbs at 415 nm (Scheme 1.9B). HRP

is also able to catalyse the colorimetric reaction.

32



Some assays use time-resolved fluoresence (TRF) to monitor PRMT activity after detection of
product with antibodies. Europium conjugated to the secondary antibody is often used as the
fluorophore'”. Generally, after a washing step, Eu is cleaved from the secondary antibody and
exposed to flash of light. Fluorescence decay is monitored to quantify extent of methylation

(Scheme 1.9C).
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Scheme 1.9 — An antibody-based assay using primary and secondary antibodies to detect Arg methylation
patterns. Secondary antibodies conjugated to horseradish peroxidase (HRP) can be used to monitor A)
chemiluminescence using H,O; as a substrate or B) fluorescence using, for example, ABTS as a substrate.
Secondary antibodies conjugated to C) Eu can be used in a time-resolved fluorescence (TRF) assay.
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Antibodies are highly specific for their antigen, but their ability to distinguish un-, mono- and di-
methylated Arg has been called into question'’'. Egelhofer er al.’”’ have created an online
database to which researchers may submit pass/fail assessments of different antibodies based on

- 102
pre-defined metrics

. To date, this database indicates a 0-50% pass rate for 18 different
supposedly specific antibodies that target histone arginine methylation patterns. This brings in
for stark examination the suitability of using antibodies in assessing PRMT-conferred
methylation patterns. For antibody-based PRMT assays, even if epitope-specific antibodies were
to be used, it would remain impossible to distinguish whether luminescent/colorimetric readout
originates from mono- or di-methyl Arg and kinetic information is lost this way, leading to a
similar disadvantage observed for radiometric assays. Another consideration is that in the assays

described above, a secondary antibody is used to amplify signal, which can be another source of

€Iror.

When using chemiluminescence a final further disadvantage arises; luminescent readout has a
narrow working range, meaning signal saturation can happen very easily and reduce assay
sensitivity. However, chemiluminescence and colorimetric assays enable higher throughput than
standard radiometric assays since their readout can be monitored rapidly and automatically on a
plate-reader. However, the validity of such data, for the reasons alluded to above, could be
questionable. Furthermore, a similar problem exists for fluorescence-based readout where

quenching and phosphorescence at orthogonal wavelengths can be problematic (Figure 1.13).

34



Excited state ; --=-=2> QUENCH

v T A A e
v I
Energy Y —r
Excitaltion Fluoreiscence ~ Phosphoresgence » Non-radiative decta\y
s~ Intersystem crossing
-- -~ > Vibrational relaxation
Ground state [ /

Figure 1.13 — Fluorescence energy diagram.

1.4.1.c — Monitoring Methylation by Mass Spectrometry

Addition of a methyl group to a peptide substrate can be detected by observing the concomitant
mass increase using mass spectrometry (MS). Published accounts include those using ultra-high
performance liquid chromatography (UPLC) followed by MS/MS analysis to monitor PRMT-
mediated methylation of peptides containing fluorinated and ethylated Args by following their
fragmentation patterns'”’. Furthermore, a MS ‘fingerprint’ exists for the fragmentation of
different methylated Args; Gehrig et al. used electrospray triple quadruple tandem MS to
distinguish between different methylated Arg standards based on their ionic fragmentation
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patterns . If this technique were applied to an assay protocol in the future, then a powerful MS

assay might result which could inform us of the methylation regiochemistry.

Matrix-assisted laser desorption ionisation time of flight mass spectrometry (MALDI-TOF-MS,
or just MALDI) has been used in kinetic studies’’ to distinguish between methylated peptides
with different methylation number, but not regioisomers of the same methylation number. Both

MS/MS and MALDI techniques are highly superior to other assays for monitoring distribution of
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un-, mono- and di-methyl Args. However, these assays are low to medium throughput, which
might go some way to explaining why they are under-represented in the PRMT inhibition
literature. The data gathered from a MS assay is enriched with kinetic metadata compared to
radiometric and antibody-based assays. MALDI assays are also applicable to monitoring other
MTs, demethylases and other epigenetic modifications. MS techniques are advancing all the time
and with high throughput technology such as rapid fire MS'*an assay could be developed that

delivers enriched data.

1.4.2 — Indirect Recognition of a Methylation Event by Coupled Assays

Assays that monitor the appearance of SAH 7 offer an alternative to those described above. SAH
hydroxylase (SAHH) can be used to couple PRMT activity to fluorescent readout via SAHH-
mediated breakdown of SAH to the thiol homocysteine 29. Collazo et al. use this assay
technique on both the PRMTs and PKMTs'*. Addition of a thiol-sensitive fluorophore (e.g. 30)
allows quantification of homocysteine 29 (Scheme 1.10). One advantage is that fluorescence can
be quantified in a high-throughput manner and can be automated using a suitable plate reader. A
similar assay has been described for another SAM-dependent methyltransferase (salicylic acid
carboxyl methyltransferase) which uses 5,5’-dithiobis(2-nitrobenzene) to quantify based on

absorption rather than fluorescence emission'”’ but the principle is also applicable to the PRMTs.
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Scheme 1.10 — The SAHH-coupled assay shown using fluorescence to quantify PRMT activity.

The main disadvantage of any secondary enzyme-coupled assay arises when testing compounds
for inhibitory properties; it must be confirmed that compounds are inhibiting the target (i.e.
PRMT) rather than the secondary enzyme (e.g. SAHH) to avoid unwanted false positives. The

additional limitation of using fluorescence-based readout also applies here (vide supra).

1.4.3 — Assay Substrates

As discussed in Section 1.2.2.c, the PRMT family acts upon a wealth of different substrates and
different family members have different substrate specificities. Full-length or truncated human
histone proteins, as well as histone peptides, are very commonly used as assay substrates and use

of chicken erythrocyte histones has also been reported'®®. For MALDI assays, a peptide
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representing a truncated histone is the most convenient choice for detection; MALDI machines
have varying lower and upper limits of mass detection and this should be accounted for when

selecting appropriate peptides.

Arguably, the most important consideration is the known/prospective kinetics of the selected
substrate. The structural features that control PRMT substrate selectivity and processivity,
reviewed in Section 1.2.2, must be given particular consideration in PRMT assay design as the

researcher considers the information they wish to obtain from their experiment.

1.4.4 — PRMT Sources

The PRMT source is partly dependent on the type of experiment being run and the level of
protein purity required. Impure cell lysates can be used, but purified recombinant PRMTs are
necessary for early drug discovery in order to establish structure-activity relationship (SAR) data
and enzyme specificity. Where recombinant PRMTs are used it is important to avoid expressing
the protein from a FLAG-tagged construct since this has been shown to enrich for PRMTS5
activity during affinity purification'”. E. coli can be used as the expression system for the
majority of PRMTs, the notable exception being PRMTS5 which requires co-expression in
mammalian cells alongside its coenzyme MEP50. Where mammalian cell expression is used,
PRMTs can be isolated by immunoprecipitation. Example protocols for PRMT expression and
purification have been published''® and live versions are available online from the lab of Mark

Bedford at the MD Anderson Cancer Centre, University of Texas''".
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1.5 — Drug Discovery of PRMT Inhibitors

1.5.1 — Early PRMT Inhibition
The first identified PRMT inhibitor is the natural product and cofactor mimetic Sinefungin 32

(Figure 1.14), which non-specifically inhibits SAM-utilising enzymes' ">

. The first example of
selectivity for the PRMTs over the PKMTs was reported by Bedford and co-workers™ from
screening a 9000-member Chembridge library. This work identified the AMI (Arginine
Methyltransferase Inhibitor) series — unsurprisingly compounds with similarity to Sinefungin 32
were common in this series, and such compounds were found to also inhibit the SET-domain
containing PKMTs tested. The original screen (vs. 9000 compounds) was carried out using an
antibody-based detection method. A monoclonal antibody was raised against methylated Npl3p —
a yeast RNA-binding protein. Using Western-blotting, the authors report that treatment of Npl3p
with human PRMT]1 can also generate an epitope recognisable by the same antibody. It is noted
however that this work is lacking a negative control that incubates PRMT1 with antibody in the
absence of Npl3p substrate, which arguably gives reason to doubt the accuracy of this screen.

Furthermore, the assay readout is monitored by chemiluminescence using a secondary antibody

conjugated to a peroxidase as described in Section 1.4.1.b.

Hit molecules from the initial screen were assessed for concentration-dependent inhibition via
ICso. A different assay was used for this work compared to the original screen. The same
antibody-based detection was used but instead of chemiluminescence as the readout, the
substrate ABTS was added to generate a colorimetric output (described in Section 1.4.1.b).
AMI-1 33, a symmetrical bis-aryl sulfonated urea, gave an ICs of 8.8 uM vs. PRMT1 using the
colorimetric assay (Figure 1.14). To test for methyltransferase specificity, AMI-1 was tested vs.
a panel of different PRMTs and PKMTs using a radiometric assay with CT3-SAM; the products

of the reaction were separated by SDS-PAGE and the degree of inhibition quantified using

39



densitometry (Section 1.4.1.a). As previously discussed (vide supra), densitometry is notoriously
imprecise and no other corroborative inhibition assay was reported. The authors’ conclusion is

that AMI-1 displays no inhibition of SET-domain containing PKMTs.

This inhibitor was tested in MCF7 cells and was shown to suppress downstream roles of PRMT1
and CARMI in vitro and was also shown to not compete for the cofactor-binding pocket by
SDS-PAGE. Despite having an ICsy over five times less potent than Sinefungin 32 (1.63 uM Vss.

PRMT1 in this study) AMI-1 33 was touted as a promising lead compound for PRMT-

specificity.
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Figure 1.14 — Pan-MT inhibitor Sinefungin 32 and the first PRMT-specific inhibitor AMI-1, 33.

1.5.2 — Small Molecule Inhibitors

1.5.2.a — Improving Upon AMI-1

Following the seminal paper reporting AMI-1 33 as the first PRMT-specific inhibitor, a series of
target-based studies were conducted in an attempt to find an improvement. AMI-1 was predicted
to have low bioavailability and is analogous to suramin-type sulfonated ureas that are thought to
have pleiotropic interactions with other proteins, so a cross-collaborative effort began to optimise
the compound'"”®. Compounds 34 and 35 (Figure 1.15) were identified as promising new leads

against both recombinant and cellular PRMT1 using a combination of colorimetric and
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radiometric assays (Section 1.4.1). The authors report selectivity for the PRMT family over the
PKMTs but not between different PRMTs (PRMT1, PRMT3, CARMI1, PRMT6). It is noted
however that these selectivity assessments were carried out using a similar method described in
the original work by Bedford” involving CT; SAM, SDS-PADE separation and relying on

quantification by densitometry.
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Figure 1.15 — Carboxy- derivatives of the first hit small molecule PRMT inhibitor AMI-1 33. 34 and 35 showed
selectivity for PRMTs over PKMTs but not between PRMT family members.

Symmetry was a recurring characteristic of many of the early PRMT inhibitors but Jung and co-
workers identified the asymmetric substituted bis-aryl sulfonated urea Allantodapsone 36 as a
new lead'”. Using a homology model of PRMT] (built using data from co-crystal structures of
the rat proteins PRMT1 and PRMT3) in silico docking was performed against almost 2000

compounds from the NCI diversity set to identify possible hits.

Despite the limitations of docking experiments based on a homology model, the authors
validated potential hits using recombinant human PRMTI1 and a TRF Europium-conjugated
antibody-based detection assay (Section 1.4.1.b). SAR data was suggested and a common
feature of the hit molecules showed interaction of a basic moiety with Glul52 in the homology
model of human PRMT]1. Inhibitors were tested in cellular assays and the top hit Allantodapsone
36, along with the symmetrical hit Stilbamidine 37 (Figure 1.16) were found to be most
effective. Kinetic analysis of both 36 and 37 revealed that neither were SAM-competitive but

both were substrate-competitive. Interestingly, docking of AMI-1 33 in this model suggested that
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favourable binding conformations were only possible when the cofactor SAH 7 was removed.
The presence or absence of the cofactor has a significant influence on inhibitor binding — this

correlates well with PRMT structural data reviewed in Section 1.2.2.
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Figure 1.16 — Allantodapsone 36 and Stilbamadine 37 inhibit PRMT1] in cell assays.

Jung and co-workers developed this work using a more sophisticated virtual screening tool to

assess a 328,000-strong Chembridge library for novel inhibitors''

. This entailed screening
against the previously ascertained human PRMT1 homology model'® but with the added
constraint that hit molecules must pass a ‘phamacophore model’ built from data and structural
information obtained from their earlier work and from the seminal AMI-1 study. Four top hits
were pulled from clusters of similar molecules; notably three of these contained sulfonamide
bridges, although despite this each hit was classified as a unique chemotype according to their

Tanimoto coefficients. The sulfonamide 38 was identified as the top hit in this screen from the

Europium TRF assay (Figure 1.17).

Figure 1.17 — Top hit from the Jung group, 38, passed a pharmacophore model-based virtual screen.
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Two further studies sought to improve upon the AMI series, both generating inhibitors with
broadly similar potency to the initial report. Bonham et al. set out to develop a less polar
analogue of AMI-1 33 by ‘melding’ different elements of the previously identified AMIs leading
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to the identification of 39, a cell-permeable PRMT1 inhibitor (Figure 1.18) Fontan et al.

identified three symmetrical AMI-based urea-linked scaffolds, 40-42, that gave poor potency and

were ruled out of further investigation (Figure 1.18)''°.
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Figure 1.18 — 39 is a cell-permeable PRMT1 inhibitor based on the structures of the AMI series of compounds.
Scaffolds 40-42 are poor PRMT inhibitors, despite being based on the same AMI series.

Meanwhile, work was underway to selectively inhibit CARM1. High throughput screening and
hit-to-lead SAR development identified a series of pyrazole and indole-based inhibitors''”"?°.
Valuable lessons, applicable to the wider PRMT field, were learnt from the follow-up work™®;
co-crystal structures of CARM1 in complex with cofactor analogues (SAH 7 or Sinefungin 32)
and hit pyrazole or indole inhibitors revealed the importance of cofactor binding for bringing

about the necessary structural changes to facilitate inhibitor binding, hence corroborating

aforementioned reports.
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Despite demonstrating good inhibitory activity against recombinant CARM1, no compound from
the initial screens had demonstrated good potency in a cellular context. Moving back towards
AMI-like compounds, Bedford and co-workers addressed this problem and identified 43 (Figure
1.19), which demonstrated efficacy against the prostate cancer cell line LNCaP. This result was

attributed to the concentration-dependent inhibition of CARM1"*!

. Radiometric assays using
recombinant PRMT sources suggested 43 has specificity for inhibiting CARMI1. Using an
inducible CARM1 substrate (PABP1) in vitro cellular assays were performed that assessed
presence or absence of methylation on PABP1 using an antibody developed by the authors. The
antibody reportedly recognises methyl-PABP1 but exact details of how the antibody was raised

or evidence of its selectivity were absent, so no comment can be made on the relevance of the

finding that 43 is able to prevent methylation of PABP1.

Figure 1.19 — Within this series, position and extent of bromination is thought to be key to the selectivity between
the PRMTs. 43 is a highly potent and selective CARM1 inhibitor.

43, a symmetrical brominated bis-aryl molecule, was also tested against other PRMT family
members and it is thought that the position and extent of bromination on the aromatic rings is
integral to the selectivity between different PRMTs. The observations and SAR inferences were
based on use of a radiometric assay using CT3-SAM that relies on separation of products by
SDS-PAGE'"', followed by excision of protein bands and quantification of methylation by

counting the number of decays per minute (Section 1.4.1.a). The reliability of this technique is
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likely to be insufficient for making SAR observations that could have a profound impact on

future generations of inhibitors.

1.5.1.b — Dye-Like Small Molecule Development

Noticing that the AMI series were dye-like derivatives, a small focused library of dye-like small
molecules was assembled and screened, using a radiometric assay, against human PRMT1 and
the putative model protein RmtA, a fungal Arg methyltransferase from A. nidulans sharing 56%

1'%, The top hit from this focused screen was 44.

sequence identity with human PRMT
Inhibition data correlated well between the two enzymes, therefore a homology structure of
RmtA was composed using three crystal structures of PRMT1-homologous proteins (Figure
1.20) for docking work. AutoDock was used for in silico binding studies; top hits from this study
and molecules from the AMI series were docked into a hypothesised binding pocket based on the

reported”” non-competitive binding mode of AMI-1 33 (vs. PRMT1).

PDB code Protein Cofactor  Sequence identity” with O
HOOC

human PRMT1

Br Br
1ORS rat PRMT1 SAH 100% ‘ = O
o) o) OH

1G6Q yeast RMT1/Hmtl none 52%
Br Br

1F3L rat PRMT3 SAH 50% a4

Figure 1.20 — Table of homology between PRMTI and model proteins; Dye-like inhibitor 44 identified from one of
the first targeted screening approaches using a PRMTI homology model.

b Sequence identity calculated using a BLAST algorithm accessed at http://blast.ncbi.nlm.nih.gov/Blast.cgi?PAGE=Proteins
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Analysis of the docking results from this work prompted classification of inhibitors into three
categories based on their calculated binding mode: docked in the Arg pocket, docked in the SAM
pocket or docked in both pockets. The majority of small molecule PRMT inhibitors are thought
to bind in one of the two pockets; Section 1.5.3 further discusses those compounds that are
designed to bind to both pockets at once. The validity of such a homology model however is
likely to be limited and the only way to unequivocally verify these claims would be to obtain a

co-crystal structure of the purported inhibitor with PRMTT1.

In an attempt to exploit the dye-like nature of the predominant PRMT inhibitors, work to identify
a fluorescent dye that could be used as an imaging agent generated carbocyanine 45 as a

potential lead (Figure 1.21)'*

. The molecule was docked into a human PRMT1 homology
model (modelled on rat PRMT3) using AutoDock and a possible allosteric mode of binding was
suggested. Amino acid residues thought to be key for protein interaction with the inhibitors were
identified as Y148, T81, T292 and Y152. SDM was used to generate four mutant proteins where
each of these residues in turn was altered to an alanine and the top inhibitors tested against the
mutants. From this study, all residues except Y152 are thought to be important for the

mechanism of inhibitor binding. Despite being initially based on docking work, the molecular

biology experiments using mutant proteins brings more authenticity to the results.

Very recently this work was developed and 46 was reported as a more selective agent for

inhibiting PRMT1 over CARM1, PRMTS5 and PRMTS. This work was carried out using the

radiometric assay'*.
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Figure 1.21 — Cyanine dye-like PRMT inhibitors.

1.5.3 — Peptidic and Bisubstrate Inhibitors

In an attempt to develop inhibitors that were selective to individual PRMT family members, a
series of ‘bisubstrate’ compounds that made use of both the SAM and substrate binding sites
were synthesised'**. Follow-up work on this series identified the peptidic chloroacetamide 47
(Figure 1.22) as a PRMT1 inhibitor showing selectivity for PRMT1 (ICso = 1.8 = 0.1 uM) and
PRMT6 (ICsp = 8.8 + 0.5 uM) over PRMT3 and CARMI (both ICsy = >500 uM)'®. These
results were generated using an SDS-PAGE assay (Section 1.4.1.a) with '*C-radiolabelled
SAM. The bands were quantified by ‘Phosphorimager’ analysis (Molecular Dynamica Inc.) — a
type of densitometry that relies on laser-optical imaging; the ICsy value had relatively small

associated error, although it is noted that experiments were usually carried out in duplicate.

+
NH

)LSG GKGGKGLGKGGAKRHRKV-OH ] peptide sequence

47

Figure 1.22 — 47 is a PRMTI and PRMT6-selective peptide inhibitor.

Inhibitor 47 was subsequently used as a tool to probe PRMT1 substrate recognition in a

combinatorial approach'*.

47



Four novel ethylated and fluorinated Args, 48-51 (Figure 1.23), were incorporated into short
(12-mer) peptides for testing as PRMT substrates and inhibitors'®. Using the UPLC MS assay
described in Section 1.4.1.c, it was found that 48 was methylated by PRMT1 and that all four
peptides inhibited PRMT1 and PRMT6, plus CARMI to a lesser extent. Building on these
promising results, the authors developed a second series of peptidic bisubstrate compounds with
the intention of incorporating a cofactor-analogue to increase potency'’. Due to the perceived
difficulty in appending a bulky adenosine group, it was instead decided to add an ornithine-
(Orn) or Lys-like tail to the guanidine of the peptidic Arg (52 and 53). The length of these Orn-
and Lys-like fragments mimic the size of the linker region that would be found if true SAM/SAH
analogues were used. The Orn analogue 52 did not inhibit PRMT1 or CARMI1 but did inhibit
PRMT6. The Lys analogue 53 inhibited all three tested enzymes and was most efficacious vs.

PRMTI.
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Figure 1.23 — 48-51 inhibit PRMT1 and PRMT6'”. 52 and 53 have appended Orn- and Lys-like chains respectively,
which mimic the linker region of cofactor SAM'’

As part of a targeted effort to discriminately inhibit different PRMTs using bisubstrate
compounds, Dowden er al.’?® synthesised non-peptidic true adenosine-containing cofactor

analogues and appended substrate Arg-like fragments (Figure 1.24). Using molecular modelling
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for assistance, this study found that varying the number of methylene linkers in 54 between the
SAM-like component and the Arg-like component were crucial for inhibitor selectivity between
PRMTI and CARM1'*. These results seem plausible, but it should be noted that the assay used
to make these SAR observations was radiometric and relied upon excision and scintillation

counting of SDS-PAGE bands (Section 1.4.1.a).

Cofactor analogue

NH,
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Substrate analogue
54

Figure 1.24 — Inhibitors produced by Dowden et al."**.

With this proof-of-concept for small molecule bisubstrates as inhibitors, and building on the
promising results in Figure 1.23, the Martin research group turned their attention to small
molecule bisubstrate inhibitors. They found success in developing potent PRMT inhibitors and

also generating SAR data that points to mechanisms of inter-PRMT selectivity'*.

1.5.4 — Inhibition of Type II and ITI PRMTSs

The majority of PRMT inhibitors reported are active against type I enzymes. A highly potent
(ICsp = 22 nM) PRMTS inhibitor 55 (Figure 1.25) was recently described — the best type II
PRMT inhibitor to date'*. 55 is reported to be highly selective over other PRMTs, have
excellent oral bioavailability and have anti-proliferative effects in vitro and in vivo against MCL
phenotypes'*’. Inhibition data was generated using antibody-based detection of monomethyl-Arg

and a TRF assay. The antibody was purchased from Abcam although the exact product was not
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defined in the original report; at the time of printing, the online database cataloguing antibody
reliability'®® contained one entry that could correspond to the antibody used in this study vs

MMA(w) and that had been passed as a reliable tool by dot-blot analysis.

In any case, the authors use an orthogonal assay (radiometric) for hit compounds in an effort to
rule out any false positives. Furthermore they tested the top hit in cell-based assays that showed
good correlation with the recombinant PRMT results. Surface-plasmon resonance studies
strongly supported a true binding event between compound 55 and PRMTS5:MEP50. Finally, an
X-ray co-crystal structure was obtained that added further proof for this interaction. Overall, the
study was extremely thorough and there is little reasonable doubt that 55 is a true PRMTS5

inhibitor and shows promise for future development.

O
H
S
TR
55

Figure 1.25 — The most potent PRMTS inhibitor that has been reported to date.

A second recent discovery, from the Structural Genomics Consortium, is of the dual PRMTS5-
PRMT7 inhibitor 56 (Figure 1.26)"*'. PRMT7, a type III enzyme, can only w-monomethylate
Arg and one widely discussed theory is that PRMTS and PRMT?7 could act in tandem in the cell
to generate an SDMA methylation pattern. With this in mind, it is of particular interest that 56
selectively inhibits both PRMTS5 and PRMT7 but not other PRMTs or PKMTs in the 27-member

panel that was screened using a radiometric assay.
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Figure 1.26 — The first reported dual PRMTS5-PRMT?7 inhibitor.

1.5.5 — Allosteric PRMT Inhibition
All hitherto mentioned inhibitors are thought to occupy either the cofactor binding site, the
substrate binding site or both at once. The first proposition of an allosteric binding mode for 45

in PRMT3 came from homology modelling'**.

The first example of a confirmed allosteric inhibitor was reported in 2012; Compound 57 was
shown to inhibit PRMT3 in a non-competitive manner with respect to SAM 2 or substrate
(Figure 1.27)'%. Barring very weak inhibition of PRMTS5, 57 is reported completely selective
for PRMT3 over a panel of four PKMTs, PRMT1, CARMI1, PRMTS5 and PRMTS (determined
by radiometric assay). The co-crystal structure of PRMT3 with 57 clearly revealed binding at the
dimer interface of the protein. This work provides proof-of-concept that allosteric inhibition
could be a successful way to selectively inhibit PRMTs; allosteric sites could allow researchers
to work in non-conserved PRMT chemical space and exploit differences between family
members. Indeed, potential allosteric binding sites have been identified by the aforementioned
study in PRMT1 and CARMI. 57 had a reported ICsp of 2.5 + 0.1 uM; building on this work, the
authors gathered SAR data using a radiometric assay leading to the apparently more potent
PRMTS3 inhibitor 58 (ICso = 0.23 + 0.03 uM)'*. The crystal structural information reported for

this work (PDB: 3SMQ'*) lends weight to the argument that 57 and 58 are true inhibitors. 58
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had the added benefit of being completely inactive against PRMTS, unlike its predecessor 57. A

brief summary of the SAR indications for this series is given below in Figure 1.27.

57 58
Carbonyl linker increases potency
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Figure 1.27 — Initial top hit"’ 57 vs. PRMT3 with an ICsy of 2.5 = 0.1 uM and top hit 58 from the follow-up study'”
with an ICsg of 0.23 £ 0.03 uM shown with SAR indications realised from the series analysis.

1.5.6 — Summary of Currently Proposed Inhibition Modes

The inhibitors reviewed in this section can be broadly categorised as competitive with cofactor

and/or substrate, uncompetitive with cofactor and/or substrate, or allosteric. Prominent inhibitors

reviewed above and their proposed mechanisms of action are summarised in Appendix A.

1.6 — Aims of This Research

PRMTs are major epigenetic regulators and are implicated in a large number of disease
phenotypes. Targeting the epigenome for therapeutic purposes is a research-intensive field,
success in developing epigenetic drugs is aided by good understanding of the underlying biology

and reliable screening and testing methods for putative drugs.
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This thesis describes a multi-disciplinary project towards the following broad aims:
» Widen biological understanding of arginine methylation patterns

» Develop a potent PRMT inhibitor

The following major hypotheses are proposed:

1.6.1 — Hypothesis One — Concept of Alternative Methylation Patterns

Arg residues with a methylation number higher than two could exist and could act as inhibitors
and/or substrates when incorporated into peptides. Currently, the only way Arg methylation
patterns have been identified is from isolating proteins from cells and hydrolysing them to
release the component amino acids, discussed in Section 1.2.1. Arg residues can then be
assessed for methylation using fragmentation and HPLC analyses. However, in the absence of
any standards for novel methylation patterns, it is not possible to conclusively state that no such
higher order methylation might exist. Furthermore, this thesis begins to look at the possibility
that known (and by extension any unknown) methylation patterns might be capable of inter-

converting; this could challenge our perception of the histone code.

1.6.2 — Hypothesis Two — Current Assay Techniques are Mostly Inadequate
Following the current model of mono- and di-methylation by PRMTs (Figure 1.5) a distribution
of methylated products is to be expected in any PRMT-catalysed methylation reaction, the

kinetics of which are depicted in Scheme 1.11.
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Scheme 1.11 — Kinetics of a type I or Il PRMT-catalysed reaction.

It is hypothesised herein that assays that do not allow analysis of this methylation distribution
can generate inconsistent inhibitory data. As an extension of this hypothesis, it is postulated
herein that novel multi-methylated Args could be produced by PRMTs but that this information
is being lost in the absence of metadata that describes substrate/product methylation number.
Using an assay that enables distinction between different methylated species, such as a MS-

based assay, may be required for consistently accurate and precise inhibition data.

1.6.3 —Specific Aims of this Thesis
With the intention of addressing the two hypotheses presented above, this thesis describes work

towards the following specific aims:
1) Exploration of synthetic routes towards novel w-methylated Arg residues (Chapter Two).

2) Identification of the most appropriate route to protecting Arg amino acids that facilitates

their use in peptide synthesis (Chapter Two).
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3)

4)

)

6)

7)

8)

Total synthesis of the amino acid MMA(8) with suitable protection for peptide synthesis
(Chapter Three).

Peptide synthesis incorporating protected MMA(J) into a histone sequence (Chapter
Three).

Design and optimisation of a new MALDI-based assay (Chapter Four).

Testing of the novel MMA(J) peptide for activity vs. PRMT1 (Chapter Four).

Synthesis of a library of putative PRMT inhibitors based on previous scaffolds in our
laboratory (Chapter Five).

Implementation of chemiluminescence-, radiometric- and MALDI- based assays to assess

inhibitory potency of the aforementioned library (Chapter Five).
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Chapter 2: Towards the Synthesis of Bespoke Methylated Arginines

This chapter describes work towards the synthesis of selective w-methylated Arg for use as

building blocks in peptide synthesis.

2.1 — Introduction

In the field of systems biology, ‘top-down’ and ‘bottom-up’ are terms to describe the type of
approach used to probe a biological system'**. Broadly speaking, top-down approaches begin
with an observation of a system and aim to work back down to understand the components,
while bottom-up approaches do the reverse and start with the components of a system that can be

used to elucidate higher-order functional relevance.

2.1.1 — Novel Methylated Arginines

Top-down approaches have identified the Arg methylation patterns shown in Figure 1.5; human
PRMTs are reported to produce MMA(w) 3, ADMA 4, or SDMA 5". In yeast MMA(S) 6 is
produced by the PRMT family homologue RMT1°"'*>"3® but both enzyme and marker are poorly
understood, with the downstream effects of MMA(0) 6 in yeast remaining unreported and no

directly homologous protein to RMT]1 yet identified in humans.

MMA(9) 6 has not been identified in humans, but little work has been undertaken to investigate
this possible marker; in particular the stability of MMA(J) 6 is unknown. Furthermore, specific
detection methods for methylated Args are limited, as discussed in Section 1.4, and it is possible

that inadequate assays have failed to identify such a marker.
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The concept of ‘methylation number’ was introduced in the previous chapter. No Arg has been
identified with a methylation number greater than two, although there are three possible N-
methylation positions on guanidine - two ® and one & (Figure 2.1A). The a-position is also

shown but this is implicated in peptide bond formation and is not available for methylation.

This work aims to explore the idea that novel methylated Args could be substrates for, or
inhibitors of, human PRMTs. Figure 2.1B depicts the methylation patterns currently thought to
have physiological relevance. The novel methylation patterns under investigation are shown in
Figure 2.1C and include polymethylated Args 19-23 and the yeast marker MMA(J) 6. Using a
bottom-up approach, the aim was to synthesise each of these selectively methylated analogues
for testing with PRMTs. However, the PRMTs will not catalyse the methylation of free Arg,
requiring the amino acid to be part of a peptide/protein to be accepted as a substrate®’. To test

methylated Args for substrate/inhibitory prowess, the amino acids must be incorporated into

peptides.
A) Positioning of Arg Nitrogens B) Known Methylation Patterns
S (0
) g 3 8
+ + NH NH NH
Y
H NH HNANH \N/&NH HNAN
H2N WN M{O% | | | |
W —NH 0 3 4 5

o-Monomethylated Dimethylated
C) Unknown Methylation Patterns

] : : g :
N- N-= N- N- NH N-
A aRICe R e

HaN""NH HzN

6 19 20 21 22 23

d-Monomethylated Dimethylated Trimethylated Tetramethylated

Figure 2.1 — A) Possible methylation positions include the w and 6 - nitrogens, while the a-NH, is occupied in
peptide bonding. B) Known and C) novel methylation patterns on Arg termini.
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2.1.3 — Background to Peptide Synthesis

Solid phase peptide synthesis'*®

(SPPS) relies on use of a solid support to which the carboxylate
group of the C-terminal residue is attached. The solid support is typically a polystyrene-based
resin with a linker attached®. A series of washing-deprotection-washing-coupling steps are
performed to polymerise amino acid residues into a peptide (Figure 2.2). Each new residue is
introduced to the reaction system with its a-amino group Fmoc-protected such that the only
coupling that can occur is between the solid-supported nascent chain amino group and the
carboxylate group of the newly introduced amino acid; this cycle is repeated until the peptide
synthesis is complete, building up from C-terminus to N-terminus. Once the peptide backbone

has been constructed, the C-terminus is cleaved from the linker and any remaining side-chain

protecting groups are removed to furnish the peptide, typically with acidic conditions.

Side chain protecting group —¢
Incoming amino acid:

Solid support resin —¢ _
CO,
- NH; ‘NH-Fmoc

n

Final cycle /" Next cycle, n+1 i) COUPLE ii) WASH
PO N /
NH,
n . ! ITERATE —
Acid-catalysed side AM—;—.»NH-Fmoc
chain deprotection O

n

NH
HOzCW 2 ’ N iii) DEPROTECT iv) WASH / Base._catalysed

n Fmoc-deprotection
M_:_‘NHQ

n

Coupling agent

Growing peptide chain

Figure 2.2 — Solid phase peptide synthesis sequence iteration. Reagents and conditions: i) coupling, activating
agent e.g. HOBt/HATU and DIC ii) washing; e.g. DMF iii) deprotection, piperidine iv) washing e.g. DMF.

Arginine is a special case, requiring a protecting group that masks the strongly basic nature of
the side-chain guanidine group (pKa = 12.5 in H,0)"’. Under normal Fmoc-based SPPS

conditions, peptidyl-Arg 59 is prone to deguanylation to form peptidyl-Orn 62 via acylation of
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the guanidine from an incoming amino acid 60 (Scheme 2.1A) ™. Alternatively, under basic

conditions such as those experienced when deprotecting Fmoc-groups, the guanidine side-chain

1! Much research

of peptidyl-Arg 59 readily cyclises to form the §-lactam 64 (Scheme 2.1B)
has gone into developing a good protecting group for the guanidine of Arg, and currently the
2,2,4,6,7-pentamethyldihydrobenzofuran-5-sulfonyl (Pbf) 65 group is favoured for its
commercial availability and resilience to SPPS conditions and moderately facile deprotection

under acidic conditions (Scheme 2.1C)"*!

. Other sulfonyl protecting groups are available but are
either not acid-labile enough (e.g. ‘Pmc’ 66)'** for the final de-protection step or not easily

synthesised or not commercially available (e.g. ‘MIS’ 67)'*.

A Fmoc )\”/OH
N HN

0 H : H Fmoc
y N y 60 HzN\va\/\[rNqu Base HN“"P H HaN N
HN N R N o IN 0 —_— HZN\/\/\H/N“M + \W R
hig \/\/\ﬂ/ “ Peptide coupling N
NH e} conditions . _Fmoc 0 (@]
61
59 H 62 63
B ¢ =
.
o HoN.,, NH 0 0 7
H MRy / ~ 0 Q Q —N_I 9
H N N N N 11 \ " — II%
2 X, S S
T \/\/\ﬂ/ - NN, S S ﬁ
NH 0 Peptide cleavage \ﬂ/ o O 16)
conditions
50 64 NH Pbf,65 Pmc, 66 MIS, 67

Scheme 2.1 — A) Acylation and subsequent de-guanylation of unprotected peptidyl-Arg 59 to peptidyl-Orn 62 during
peptide synthesis, adapted from Isidro-Llobet™" B) Cyclisation of Arg 59 to 6-lactam 64 C) Pbf 65, Pmc 66, MIS 67
protecting groups for Arg-OH 1.

The greatest challenge with SPPS is reaction yield. For a peptide of length n residues, the overall
yield is x" where x is the percentage yield of each coupling step. In order to promote the highest
possible overall yielding reaction, each amino acid to be coupled is added in great excess with
respect to the nascent peptide. For commercially available amino acids this is often
inconsequential, however SPPS efficiency can be project critical for novel bespoke amino acids.

In theory it is possible to recover un-reacted amino acids following each individual coupling
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step, but in practice this is not a viable or attractive option given the need to remove

accompanying contaminants and solvent DMF.

2.2 — Chapter Aims

This chapter and the next discuss work towards the overall aim of synthesising bespoke
methylated Arg molecules with a-NH, Fmoc protection and suitable w-guanidine Pbf protection
on a preparative scale (~1 mmol) which facilitates their incorporation into peptides via SPPS.
Reported in the current chapter is work towards the following specific aims:
1. Identification of suitable and high-yielding protecting group strategies for Orn 69 and
Arg 1
ii.  Development of an optimised method for converting Orn 69 to Arg 1 via guanylation to

facilitate incorporation of different w-N-methylation patterns

Synthesis of MMA(J) 6 is discussed separately in Chapter Three.

2.3 — Strategy for Synthesis of Protected Arginines for SPPS

2.3.1 — Towards Methylation of Unprotected Arginine

It was anticipated that treatment of readily available Boc-protected and unprotected Arg
derivatives with a methylating agent, would generate a mixture of different products, which
while inefficient with respect to yield, may prove separable. Investigations were made as to the
regioselectivity of the reaction between L-Arg 1 and the methylating agent iodomethane

(Scheme 2.2).
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H HN” x eq. Mel
HZN\H/NM(OH — > Mey-Arg + Me,-Arg + Megs-Arg + Mey-Arg + Meg-Arg
2M NaOH(aq)
NH
Mego-Arg
Ry=H,1
R, =Boc, 68
Apparent distribution methylated species (LC/MS analysis)*
Entry R, Eq. Mel Mejy-Arg Me;-Arg  Mey-Arg  Mes-Arg Meg-Arg  Mes-Arg
Arg-OH, 1 H 1 32%, 29% 17% 19% 3% 0.1%
Arg(Boc)-OH, 68 Boc 1 The different methylated compounds could not be resolved by LC/MS
Arg-OH, 1 H 0.1 60%, 29% 8% 3% <0.1%  negligible
Arg(Boc)-OH, 68 Boc 0.1 The different methylated compounds could not be resolved by LC/MS

Scheme 2.2 — Reaction between free Arg-OH 1 or Arg(Boc)-OH 68 and iodomethane generates a mixture of
methylated products. Reagents and conditions: as stated.

'H and 2D NMR studies suggest that complex mixtures of N-methylated and O-methylated
products are present. Accurate mass data from LC/MS chromatographic peaks correspond to
molecular formulae consistent with un- (Mey-Arg), mono- (Me;-Arg), di- (Mex-Arg), tri- (Mes-
Arg), tetra- (Mes-Arg) and penta- (Mes-Arg) methylated Arg. Regioisomeric Me;-Arg (MMA(J)
6 and MMA(w) 3) and regioisomeric Me,-Arg (ADMA 4 and SDMA 5) are indistinguishable by

this method.

The distribution of methylated products was calculated by totalling the integrated ‘area under
curve’ for each extracted ion mass chromatogram corresponding to Mey-Mes and expressing
each methylated Arg as a percentage of the total. The percentage distributions are given in

Scheme 2.2 and the LC/MS traces are given in Appendix B. These traces show poor separation

¢ LC/MS analyses were carried out using a 100 mm x 2.1 mm Cogent Diamond Hydride™ column (particle size: 4 uM, pore
size: 100 A) with aqueous-normal-phase elution. Percentage distribution was evaluated from the extracted ion mass
chromatogram.
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of compounds at analytical scale and complete overlap at preparative scale, suggesting attempts
to isolate individual methylated Arg derivatives from a mixture would be an infeasible approach

to synthesising bespoke Arg molecules on preparative scale.

It is noted that for experiments using 0.1 eq. methylating agent, the percentage distribution
represents an impossible outcome — in theory no more than 10% of the total compounds could
truly be methylated. This discrepancy is explainable — the calculations rely upon integration of
extracted ion chromatogram peaks and the assumption was made that each methylated Arg
would have similar chromatographic properties. However, the data presented herein suggests this
to be untrue, meaning the calculated quantities are a misrepresentation of the true distribution of
methylated products. In the absence of standard compounds, it is not possible to make an
assessment of the actual percentage distribution. However, for the purpose of this experiment,
the data undoubtedly shows that a mixture of methylated products exists, and the LC/MS traces

in Appendix B demonstrate that these are not separable.

The same reactions were carried out using Orn derivatives with the same limitations and the

same conclusions (Scheme 2.3). Thus, alternative procedures allowing for chemo- and regio-

selective methylation and more ready separation of isomers were explored.
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N

: x eq. Mel
HoN \/\/'\”/OH —_— Me;-Orn + Me,-Orn + Me3-Ormn + Me4-Orn + Mes-Orn
(@] 2M NaOH(aq)
Meo-Orn
Ry =H, 69
R, =Boc, 70
Distribution methylated species (LC/MS analysis)
Entry R; Eq. Mel Me)-Orn Me;-Orn Me,-Orn Me;-Orn Meg-Orn Mes-Orn
Orn-OH 69 H 1 19% 29% 38% 8% 4% 2%
Orn(Boc)-OH 70  Boc 1 53% 24% 11% 11% 0% 0%
Orn-OH 69 H 0.1 51% 39% 8% 1% 0.5% 0.1%
Orn(Boc)-OH 70  Boc 0.1 41% 22% 14% 23% 0% 0%

Scheme 2.3 — Reaction between free Orn-OH 69 or Orn(Boc)-OH 70 and iodomethane generates a mixture of
methylated products. Reagents and conditions: as stated.

2.3.2 — Ornithine as a Building Block for Methylated Arginine

Orthogonal protecting groups must first be introduced to enable selective methylation.

Protection/Protecting

Protection and/or
NH Monomethylation X PG Group Exchange R HN” Fmoc
2 PG Guanylation g, R HN- 2 H H
HaN OH —— R HN 2o : N N ~-OH
\/\/\[( PR : OH Ra/N]‘/N\/\/\[fOH —— R~ \‘r \/\/\[(
o \/\/\n/ N. o
69 o) X N. Ry (] Ry 75
71 Roo )§ 74
NN 'SPPS-ready’
R R
373 4 Ry, Ry, Ry, Ry =H or Me Rg = Pbf or Me

Build up selective M
methylation pattern

X

PN

HoN""NH
72

Scheme 2.4 — Planned retrosynthesis of selectively methylated Arg 74 from Orn-OH 69; PG = protecting group,; X
= leaving group.

A disconnection was made at the guanidine terminus of Arg 74 to allow incorporation of methyl
groups at a late stage, which results in the most efficient convergent synthesis. Conversion of

Orn-OH 69 to protected Arg 74 would be achieved via a guanylating agent (Scheme 2.4). To be
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suitable for SPPS, the a-NH; requires Fmoc-protection and the guanidine terminus must be Pbf-

protected 75 unless all of Ry, R; and Ry are methyl groups®.

In all cases, this chapter discusses reactions where R; = H. Reactions using R; = Me for the

synthesis of MMA(J) 6 are dealt with in Chapter Three.

2.4 — Purification Strategies

One of the biggest challenges working with amino acids on the scale required for SPPS is the
associated purification difficulty due to their high polarity; certainly the LC/MS data presented in
Section 2.3 confirms this. Normal-phase chromatographic purification (SiO,) that can separate
non-polar molecules was useful but only at the limit of operation for fully-protected Orn and
Arg, and often with poor separation and yield and occasionally with product degradation. Poor
results were also obtained using reverse-phase HPLC techniques and aqueous normal-phase

HPLC techniques (vide supra).

Use of a cation-exchange resin (a Dowex” column®) enables purification of a single amine from
a mixture of organics but is not typically used to resolve two different amines; all basic groups
are strongly bound to the resin and then eluted under gravity with NH4OHq). As part of this
work an ion-exchange purification procedure was developed that is able to separate very polar

molecules by using different ionic strength eluents:

d It is anticipated that no Pbf protection is required when all m-positions are methylated since de-guanylation is thought to occur
via acylation at these positions. (140) Rink, H.; Sieber, P.; Raschdorf, F. Tetrahedron Lett. 1984, 25, 621..

© All references to Dowex® in this thesis refer to the nuclear sulfonic acid strongly cationic ion exchange resin (Dowex-50-H)
with mesh size 200-400 and 8% cross-linkage from which products can be eluted in aqueous and methanolic basic solutions.
Dowex" was purchased from Sigma-Aldrich.
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A report from the 1950°s used dilute aqueous ammonium acetate and formate solutions at
different buffered pH values to elute individual amino acids on Dowex” resin by exploiting their
isoelectric points (pI)'**. Good separation could be achieved for Lys and Arg; by extension the
principle should be applicable to Orn/Arg separation insofar as Orn and Lys are congeneric with
similar pI’s compared to Arg (Table 2.1). The published method was adapted for separation of a
50:50 Orn:Arg standard mixture (detailed in the Experimental Section). It was anticipated that
this purification procedure, successful on a scale conducive for SPPS, could also be applied for

unprotected methylated Arg derivatives.

Amino Acid pK, a- pK, a- pKa pl Conditions for Optimised Separation:
COOH NH, side chain Resin: 12.5 cm x 2.5 cm
Arg 2.02 9.00 12.50 7.84 Flow-rate: ~3 mL/min
Lys 2.18 8.95 10.53 7.22 Orn eluent: 0.2 M NH4C,H30, pH 5.5
Orn 1.71 8.69 10.76 7.05 Arg eluent: 0.5 M NH4C,H;0, pH 6.8

Table 2.1 — Isoelectric properties of Arg, Lys and Orn and details of ion-exchange purification.

2.5 — Protecting Group Strategies for Ornithine

2.5.1 — Copper Complexation to Allow Selective d-Protection of Orn

The use of copper complexation to mask the a-amino and a-carboxylate groups is reported for

145196 (Scheme 2.5). Complex 76 was formed by addition of a Cu®" source to a

Lys and Orn
solution of Orn-OH 69 in NaOH,q) (2 M), upon which an instant colour change from teal to dark

blue was observed; CuSO4 and Cu(OAc), were both tested as the Cu”" source but the latter was

found to be more soluble under the reaction conditions, giving a more homogenous solution.
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Addition of bulky protecting groups at the accessible d-nitrogen afforded a light blue precipitate
(77, 78) that could be isolated by vacuum filtration. Any unreacted starting materials were
removed in the aqueous flow-through after washing the precipitate with MeOH and an
acetone:water solution as reported by Wiejak'*®. It is reasoned that this step is important to avoid
low yields and/or complicated mixtures of products because it facilitates removal of unreacted
protecting group reagent by washing. Precipitates 77 and 78 were analysed by MS and TLC to

confirm successful protection had occurred; the presence of copper made it impossible to gather

NMR data.
NHz un-FC
H H
NH, i) WNO O_o0 i) SN 00
HzN\/\/\H/OH - - _Cuz -~ “Cu+
0”0 N TN
69
76 NH» PG =Boc, 77 ___NH
L n L PG=Ts, 78 _

Scheme 2.5: Reagents and conditions: all reactions at room temperature i) Cu(OAc), 2 M NaOH , ii) Boc,0 or
Fmoc-Cl & N-hydroxysuccinimide or Ts-Cl & Et;N. Procedure adapted from Wiejak et. al'*.

2.5.2 — Copper Chelation and a-Protection

Removal of copper from the reaction mixture was achieved using a chelating agent. Sodium

147 g4

ethylenediaminetetraacetic acid (EDTA)™" or H; can be used for this purpose, but 8-
quinolinol was found to be preferential'*®; test reactions using 77 suggested 8-quinolinol was

more facile to remove than EDTA via acid-base extraction during work-up.

A one-pot synthesis was employed that bypasses isolation of mono-0-protected derivatives of

Orn (79, 80) and achieves chelation and a-protection (Scheme 2.6). The copper precipitate (77

or 78) was treated with 8-quinolinol for 1 h and then the second protecting group introduced:
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Fmoc protection was achieved using Fmoc-Cl and N-hydroxysuccinimide for 16 h, Cbz
protection was achieved using benzyl chloroformate and N-hydroxysuccinimide for 16 h and
Boc protection achieved using di-tert-butyl dicarbonate for 72 h. After this time, the copper:8-
quinolinol chelate was removed by vacuum filtration and the filtrate concentrated to remove
acetone. Dual a-,0-protected Orn derivatives 81-83 could be isolated cleanly from the residual
aqueous solution via standard acid-base extraction methods. High yields (58-82%) and multi-

gram scale could be achieved using this route, without the need for further purification.

HN/PG ) )
H PG
N o_o ) PG NH, i PG HN”
Cuz+ > | HN ~_OH > HN ~__OH
oo N \/\/\ﬂ/ 56,607, \/\/\n/
H o (four steps) 0
" L PG=Boc,79 81-83
PG = Boc, 77 PG~ PG =Ts, 80
B PG =Ts, 78 -
Compound a.-Protection (PG’) d-Protection (PG) Amount, g Yield, %
Boc-Orn(Fmoc)-OH, 81 Fmoc Boc 235 58
Boc-Orn(Cbz)-OH, 82 Cbz Boc 30.1 82
Ts-Orn(Boc)-OH, 83 Boc Ts 24.6 64

Scheme 2.6 — Route towards a-protection from the 8-protected Orn derivatives 79, 80. Reagents and conditions: All
reactions at room temperature unless otherwise stated: i) 8-quinolinol, 1 h ii) Boc,0 or Fmoc-Cl & N-
hydroxysuccinimide or benzyl chloroformate & N-hydroxysuccinimide 16-72 h.

81 and 82 were both synthesised on approximately 2.2 times the scale previously reported; 81
was isolated in lower yield (58% vs. reported'*® 80%) and 82 in identical'* yield (82%). The
novel N-tosylated derivative 83 was isolated in good yield (64%) and subsequent reactions of

this derivative are discussed in Chapter Three.
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Although a-Fmoc-protection was the least efficient transformation, it is a prerequisite for SPPS.
Therefore it was decided to protect with Fmoc early in the synthetic route to minimise loss of

novel high value derivatives that would otherwise require a step inefficient protecting group

exchange for SPPS.

2.5.3 - §-Deprotection
Orthogonally protected 81 and 82 were 0-Boc-deprotected in quantitative yield by treatment with

trifluoroacetic acid (TFA), as required, to expose the free &-amino group for guanylation

(Scheme 2.7).

i) SOCl,

TFA:CH,ClI, (3:7) ii) MeOH
. P P

un- "G RT, 30 min HN~ G Reflux, 3 h, 90 °C HN” 6
Boc” TN Quant. 89%
o 0 0
PG = Fmoc, 81 PG =Fmoc, 84 PG =Fmoc, 86
PG = Cbz, 82 PG = Cbz, 85

Scheme 2.7 — 5-Boc deprotection and methyl esterification; Reagents and conditions: i) TFA:CH,Cl; (3:7) RT, 30
min i) SOCI; 30 min, RT iii) MeOH, 90 °C, 3 h.

To improve solubility in organic solvents and thus ease of handling, Orn(Fmoc)-OH 84 was

converted to the methyl ester Orn(Fmoc)-OMe 86.

2.6 — Guanylating Agent Investigations

Lots of different guanylating agents have been reported'* in the literature, however for the most
part they have been employed in less polar systems. Towards the goal of this project, it would be
preferable if a series of methylated guanylating agent could be employed as part of an optimised

general procedure towards accessing all known and novel methylated Arg molecules, as this
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would allow the requisite w-methylation number and regiochemistry to be incorporated in a

single step.

2.6.1 — Use of Isothioureas

% and tertiary’”' amines in good

Thioureas are reported to guanylate primary'°, secondary'
yields but using polar non-protic solvents, rendering them potentially unsuitable for this work.
However, selectively methylated thioureas are commercially available, which could assist
towards the goal of this project and so alternative procedures utilising these guanylating reagents
were researched. Their derivatives, the S-methylisothioureas, are reported to be applicable in
more polar systems'* and could be synthesised in one step from the precursor thiourea using
iodomethane. Moreover, a precedent exists for their use in guanylating the methyl ester of a-N-
protected Lys'>>. All commercially available S-methylisothioureas were synthesised in

quantitative yield from the corresponding thioureas (Scheme 2.8), except expensive 89, which

was not attempted prior to subsequent proof of concept for downstream reactions.

Entry SM R, R, R; R; Product Yield,

S i s~
% R1\NJ\N’R3 - R1\N)§Krﬂs
éz '4 Quant. Fl‘z F|§4
1 87 H H H H 93 Quant.
87-92 93-98
2 8 Me H H H 94 Quant.
3 8 Me Me H H 95 -
Scheme 2.8 — Thioureas 87-92 and conversion
4 90 Me H Me H 96 Quant. to S-methylisothioureas 93-98. Reagents and
conditions: i) Mel, 120 °C, 40 min, acetone.
5 91 Me Me H Me 97 Quant. SM = starting material.
6 92 Me Me Me Me 98 Quant.

The S-methylisothioureas were confirmed to be the S-methylated and not the N-methylated

products (where relevant) by comparison of 'H NMR spectra with literature standards where
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possible. Furthermore, comparison of the 'H and >C NMR spectra of N-methylthiourea 88 and
putative S-methylisothiourea 93 indicated diagnostic N- and S- methyl peaks; this information
was extrapolated to identify distinctive chemical shifts in the remaining methylated products of

these reactions.

Attempts were made to guanylate Orn 86 using S-methyliosthourea 93 (Scheme 2.9B), but the
Orn methyl esters were vulnerable to cyclisation under the tested conditions forming the d-
lactam 99 - a phenomenon reported for some Orn derivatives'>. A standard of d-lactam 99 was
therefore synthesised (Scheme 2.9A) by heating 86 with DIPEA (11% yield); the extent of

cyclisation in the attempted guanylations could therefore be quantified by 'H NMR.

A
HN,Fmoc DIPEA HN,Fmoc
HzN\/\/T\n//O‘\ %0°C1h o)
\/0 2 1% CNiI
86 99
B
Fmoc
HN~
HN/FmOC s~ Reflux, 1 h H HN/FmOC 0o )S\H ?
H P —> HN.__N O + +
HoN o 7 HNTSNH NS HY
EtsN, X eq.
\/\/\Lf 3 q T I NH
86 93 100 99 101
Entry Eq. Eq. Base Eq. Temp, SM PM CP CpP
86 93 Base °C (86), % (100), % (99),%  (MS evidence)
1 1 2 Et;:N 1 140 Deg. Deg. Deg. Y
2 1 2 Et;:N 1 90 Deg. Deg. Deg. Y
3 1 2 none 0 90 100 0 0 N
4 1 2 none 0 140 45 25 25 Y

Scheme 2.9 — A) Synthesis of d-lactam 99 B) Attempted guanylation of 86 to 100 using S-methylisothiourea 93.
Reagents and conditions: i) MeOH, DIPEA, 90 °C, 1 h ii) All reactions in MeOH - conditions stated in table.
Reaction outcome assessed by 'H NMR analyses of crude mixtures and expressed as percentages of starting
material (SM) 86, product material (PM) 100 and cyclised by-product (CP) 99. Reactions where degradation

occurred are denoted by ‘Deg.’.
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Entry one (Scheme 2.9B) shows an attempt to form Arg(Fmoc)-OMe 100 by heating at 140 °C
with base. Unfortunately a complex mixture was obtained that contained no distinguishable
protons in the 'H NMR spectrum of the crude reaction mixture. However, evidence for
cyclisation was observed by TLC and MS analyses. It was postulated that the high temperature
might be causing degradation of one or more of the compounds in the mixture, which could
explain the complex "H NMR spectrum. It was postulated that these complex mixtures are a
result of Fmoc cleavage occurring under the reaction conditions; this suggestion is tentatively

supported by MS analyses.

The temperature was lowered to 90 °C in an effort to reduce this supposed degradation but to no
effect — the exact same conclusions were drawn for entry two as for entry one (Scheme 2.9B).
Maintaining this lower temperature, the base was removed from the reaction (entry three) but 'H
NMR analysis of the crude mixture showed no reaction had taken place and 100% starting
material remained. In an attempt to push this reaction, the temperature was raised back to 140 °C
in the absence of base (entry four). Here, a mixture of starting material 86, product 100 and
cyclised material 99 could be distinguished by "H NMR analysis of the crude reaction mixture.
Synthesis of the cyclised material 99 under these conditions was an unexpected result; it was
thought that base would be essential for formation of the d-lactam 99 but the result presented in

entry four suggests that high temperatures are sufficient for cyclisation in the absence of base.

These unsatisfactory results led to investigation of alternative procedures that utilise the S-

methylisothioureas.
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2.6.1.a — Attempts to Accelerate Reaction With AgNO;

Mercuric salts (notably HgCl, and Hg(ClO4);) can be used in stoichiometric quantities to
significantly improve guanylation yields and avoid heating by promoting de-sulfurisation'*, but
have undesirable safety properties. Successful use of AgNO; as an alternative Lewis acid is
reported for room temperature reactions'>*. Attempts to implement this methodology with
Orn(Fmoc)-OMe 86 had limited success (Scheme 2.10) affording a complex mixture of products

that could not be separated using normal-phase or ion-exchange chromatography.

F . F
HN moc P i) HN moc
H,N e + ——>—> HN_ _N ‘0O
e S i g o
o} NH o}
86 93

Scheme 2.10 — Attempted guanylation of 86 to 100 using AgNO; as Lewis acid to facilitate desulfurisation.
Reagents and conditions: i) AgNO;, Et;N, MeCN/CH,Cl,, RT, 4 h in dark.

2.6.1.b — Alternative a.-Protection

It was thought that preventing the cyclisation reaction and avoiding postulated Fmoc
deprotection (vide supra) would ameliorate the analysis of crude reaction mixtures, alongside the
obvious advantages of encouraging the desired reaction. To prevent the observed cyclisation
(Scheme 2.9) carboxylic acid derivatives of Orn were used rather than the methyl ester
derivative 86. The postulated Fmoc lability was addressed by exploring two new approaches —
use of base-stable a-Cbz protection 85 and use of free amine 69; both options also allowed use

of a stronger base. It was planned that any resultant products would be subsequently converted to

the Fmoc-protected derivative for SPPS.

A report from the early 1990’s suggested that guanylation with S-methylisothiourea 93 could be

achieved regioselectively at the d-nitrogen of unprotected Orn-OH 69'°°. However, data from
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Section 2.3.1 suggests methylation of unprotected Orn-OH 69 is not regioselective and it was

therefore anticipated that guanylation might follow the same pattern.

S/
HN- D HANSNH R
HoN _OH 93 H HN My
o ) MY
NH H 0]
HMBC 101
R=H, 69 R =H, 1(29%)
R =Cbz, 85 R = Cbz, 102 (not quantified)
Entry R Yield, Purity, Side products (assessed by '"H NMR)
% %
1,1 H 29 91 Orn-OH 69, 4%. Thiourea 93, 4%
2,102 Cbz n/a n/a Could not be purified. Quantification not possible in the absence of standards

Scheme 2.11 — Reagents and conditions: i) 2 M NaOH ), 100 °C, 5 h.

Orn-OH 69 and Orn(Cbz)-OH 85 were treated with S-methylisothiourea 93 in NaOH(,q) (2 M)

with heating at 100 °C (Scheme 2.11).

For the reaction with Orn(Cbz)-OH 85, °C NMR analysis of the crude reaction mixture showed
that guanylation had been successful; a quaternary centre correlating to the guanidine carbon was
observed. It was anticipated that conversion could be estimated from the >°C NMR spectrum of
the crude mixture. It was reasoned that the relaxation properties of the B-CH, carbon atoms of
each of Orn and Arg would be very similar and that the integration of these peaks could therefore
reasonably be compared. Unfortunately, in practice this was not possible and individual chemical
shifts could not be resolved, meaning no estimation of conversion was possible. Purification was
attempted via SiO, chromatography but neither product 102 nor starting material 85 could be

isolated. This approach, using Orn(Cbz)-OH 85, was not further pursued.
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The analogous reaction using Orn-OH 69 proved to be more fruitful. Gratifyingly, the
guanylation of unprotected Orn-OH 69 was found to be completely regioselective for the 8-NH,
over the a-NH; (as observed previously'*”) producing Arg-OH 1 and confirmed to be the desired
regioisomer by HMBC NMR (see Experimental Chapter). Purification was possible via selective
Dowex"” elution, yielding 29% Arg-OH 1 (91% purity) from the reaction mixture. Small

impurities of 93 (4%) and starting material 69 (4%) were observed.

A higher-yielding approach was desired, and the procedures described above offered little room
for optimisation since strong base and high temperatures were already in place; unprotected
amino acids are susceptible to racemisation at high temperatures'>° so harsher conditions were

ruled out.

Attention was therefore turned to a different class of guanylating agent, the pyrazole-1H-
carboxamidines, which are reputedly successful reagents for guanylation under milder

conditions™’.

2.6.3 — Use of Pyrazole-1H-Carboxamidines
The following general scheme was envisaged towards synthesis of protected and methylated Arg

analogues for SPPS using pyrazole-1H-carboxamidines (Scheme 2.12).

RZ\I}IJ\\N’R“
Rs
_PG
Hn- PG Rg,RS,R:O:H/Me/Boc Ra HN
HZN\/\/\[]/OR1 - RS/NTNM(OR‘
Base, RT N. e}
103 ° Solvent = DMF/MeOH/NaOH g Re 105

R =H/Me
PG = H/Fmoc/Cbz/Boc

Scheme 2.12 — General procedure towards synthesis of Arg derivatives 105 from Orn derivatives 103.
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LiOH was tested as the base, but this was quickly ruled out following preliminary investigations
showing this readily removed the Fmoc group (Scheme 2.13). A range of conditions were then
tested for the guanylation of Orn(Fmoc)-OMe 86 with commercially available pyrazole 106
(Scheme 2.13). Unlike for the S-methylisothiourea test reactions (Scheme 2.9), degradation was

not observed, which was attributed to the milder conditions used.

HN/Fmoc HN/Fmoc HoN 106NH ., HN/FmOC H’\:I/Fmoc
H : : H.N_ N o) ~0
H.N N . O. —=—x—— HN (o) 2 ~ +
i g g i T i \,[JH \/\/\g ChTH
NH 0 o 100
100 86 99
Complex mixture and
Fmoc-deprotection observed
Entry Orn(Fmoc)- Eq. Solvent  Base Eq. Temp, Time, SM PM CpP
OMe, 86 106 base °C h 86, 100, 99,
% % %
1 1 1.1 DMF DIPEA 2.2 25 16 75 0 25
2 1 1.1 DMF none 0 25 16 75 25 0
3 1 1.1 DMF DIPEA 2.2 50 16 5 30 65
4 1 1.1 DMF none 0 50 16 60 40 0
5 1 1.1 MeOH DIPEA 2.2 25 16 0 65 35

Scheme 2.13 — Attempted guanylations with pyrazole 106. Reagents and conditions: i) LiOH, H>O, 80 h, RT ii) as
stated in table. Reaction outcome assessed by "H NMR analyses of crude mixtures, using standards for comparison,
as percentages of starting material (SM) 86, product material (PM)100 and cyclised by-product (CP)99.

Comparison of entries one and two suggests that use of base has a negative impact on the desired
reaction while favouring the cyclisation reaction, as expected. The same conclusion can be
drawn by comparing entries three and four; these reactions at the elevated temperature of 50 °C
generally have a better outcome with respect to desired product 100, but absence of base is
preferable (entry four) because it disfavours cyclisation. Comparison of entries three and five

suggests that use of MeOH is preferable over DMF as a solvent, and that even in the presence of

base, a 65% conversion to product 100 can be obtained (entry five).
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Attempts were made to purify using Dowex” resin and SiO, chromatography but both failed to
separate the compounds of interest in all cases, presumably because of their amphipathic nature.
Samples of crude reaction mixtures were subjected to LC/MS analysis in an attempt to
corroborate conversion rates and identify suitable conditions for separation. Unfortunately, co-
elution of starting material 86, product 100 and cyclised product 99 was observed on analytical
scale using aqueous normal-phase separation. This explains the failure to separate these
compounds via SiO; or Dowex® purification and suggests that further optimisation of this
reaction would be necessary to facilitate a near 100% conversion rate to avoid purification

difficulties.

To overcome this purification challenge, attempts were made to apply the regioselective
guanylation procedure (Scheme 2.11) to unprotected Orn-OH using the milder reagent pyrazole-
1 H-carboxamidine 106 (Scheme 2.14). It was anticipated that this way, the ion-exchange
protocol outlined in Section 2.4 could be used to separate Orn-OH 69 from Arg-OH 1 and
circumvent the requirement for a near perfect conversion rate. This purification had been
successful in separating Orn-OH 69 and Arg-OH 1 for the analogous procedure using

S-methylisothiourea as the guanylating agent (Section 2.6.1.b).

i \ ; NH
\ i) H - 2
H2NM(OH + /& 27% NH H o)
o HoN NH HMBC 1
69 106 1:69
98:2

Scheme 2.14 — Regioselective guanylation of Orn-OH 69 to Arg-OH 1. Reagents and conditions: i) 8§ M NaOH ),
RT, 5 d. Purity assessed by NMR analysis.

Orn-OH 69 was treated with pyrazole-1/-carboxamidine 106 in NaOH,q) (8 M) to give Arg-OH

1 in 27% yield after successful purification via selective Dowex® elution. Attempts were made
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to estimate reaction conversion from *C NMR analysis of the crude mixture, but this was not

successful due to overlapping chemical shifts.

Product 1 was confirmed to be the desired regioisomer by HMBC analyses (see Experimental
Section). This outcome is a comparable result with the analogous S-methylisothiourea reaction
that gave a 29% yield (Scheme 2.11), although pyrazole 106 offers the advantages of milder
conditions and improved purity (Scheme 2.14). This class of guanylating agent was therefore

selected for further investigation.

Previous reports suggest carbamate-protected guanylating reagents are more reactive than their
unprotected parents'*®. Despite not being applicable for accessing all methylation patterns, since
w-protection blocks prospective methylation sites, a protected guanylating reagent could prove
extremely useful for producing some of the target Args in higher yield. Boc and Cbz protection
are the two reported derivatives, however it would be more useful if Pbf-protection were used
since this protecting group is required for SPPS. It was theorised that incorporation of both Pbf
and guanidine groups might be achievable using one pyrazole-based reagent. The novel
prospective guanylating agent N-Pbf-pyrazole-1H-carboxamidine 107 was therefore synthesised
to test this hypothesis (Scheme 2.15). Pyrazole-1H-carboxamidine 106 was treated with Pbf-Cl

and DIPEA to afford the Pbf-protected pyrazole 107 in 1-21% yield.
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@]

[’\;\\N i)

>_

e - > SINTENH
H,N"SNH 1-21% H
(o}
106 107

Entry Solvent Temperature, °C Time, h Eq. Base Yield, %

1 Acetone 25 16 1.3 1

2 DMF 100 16 5 18

3 DMF 100, MW 1 5 21

Scheme 2.15 — Synthesis of 107 as a prospective guanylaing agent. Reagents and conditions: i) Pbf-CI, DIPEA,
temperature and reaction time as stated in table. MW = microwave.

With 107 now available, albeit in low yield, test reactions investigating its utility as a
guanylating agent were carried out. Arg(Cbz)-OH 102 was treated with 107 using DIPEA and
then NaOH,,) but regrettably no reaction was observed; 'H NMR analysis of the crude reaction
mixture showed only starting material 102 was present (Scheme 2.16). It was thought that the
decision to avoid this procedure would be the most time-efficient option; optimisation of two
poorly yielding reactions (Scheme 2.15 and 2.16) was not an attractive prospect for a synthetic
route that demanded a high overall yield. Unfortunately attempts to estimate conversion of the
reaction via 'H NMR analyses of the crude reaction mixtures were unsuccessful; chemical shifts

of the starting material 107 and product 108 were overlapping.

o}
_Cbz é i) orii) o) _Cbz
H HN n‘N/gNH OH H HIY
HZNYN\/\/\”/OH + OH oN Nv\/\ﬂ/OH
NH o 2 O NH ol
108
102 107

Scheme 2.16 — N-Pbf-pyrazole-IH-carboxamidine 107 did not guanylate Orn(Cbz)-OH 102. Reagents and
conditions: i) MeOH/CH,Cl,, DIPEA, RT, 16 h ii) NaOH ) 2 M, RT, 16 h.
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Therefore, the natural progression was to use di-Boc-protected pyrazole 109, which is

reportedly'>® more reactive than the unprotected version.

To circumvent the need for protection/deprotection steps, regioselective guanylation was
attempted using N,N’-bis-Boc-pyrazolel H-carboxamidine 109 and unprotected Arg-OH 1
(Scheme 2.17).

/ \

A

Boc~NJ\\N.Boc
H NH,

H H
H NH- 109 _N__N OH
H2NYNM(OH Boc™ Y M{
i) N. o]
B
NH (0] oc 110

Scheme 2.17 — Reagents and conditions: i) DIPEA, MeOH 48 h, RT.

Unfortunately this resulted in a complex mixture of products from which the desired product 110
could not be isolated by SiO, or Dowex® chromatography. Furthermore, the crude complex
mixture was not amenable to analysis by °C or 'H NMR, meaning no estimation of the reaction
conversion could be made. Based on these inconclusive results, it was decided not to further

explore this procedure.

Attempts were instead made to utilise protected Orn(Fmoc)-OMe 86 as the starting material, in

the hope that the product would be more amenable to analysis and/or purification (Scheme 2.18).
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_Fmoc
HN 39% H H HN o
.~ P “
HQNM( ~ o Boc” Y Y
S WN N 0
86 Boc.,, A, B Boc 111
NS Boe
H
109 i) Quant.
_Fmoc Fmoc
H HN iii) H HN~
NH o) 95% NH 0
113 112

Scheme 2.18 — Reagents and conditions: i) DIPEA, MeOH 48 h, RT ii) TFA:CH,CI, (3:7), RT, 2 h iii) 0.5 M
HCl ), 100 °C, 14 h.

Orn(Fmoc)-OMe 86 was treated with the protected pyrazole 109 and DIPEA at room
temperature for 48 h. It was possible to partially purify the product N,N’-bis-Boc-Arg(Fmoc)-
OMe 111 via SiO, chromatography to give a 39% yield, but an approximate 50 mol%
contaminant of DIPEA was found repeatedly difficult to remove. It is postulated that either the
gelatinous nature of the product traps the base or a complex forms between them making it
impossible to remove by high vacuum techniques or by purification. Nevertheless, partially-pure
111 was used in the next step; Boc-deprotection of 111 proceeded successfully by treatment with
TFA:CH,Cl,. Arg(Fmoc)-OMe 112 was afforded in quantitative yield and the DIPEA
contaminant from the previous step was eliminated during work-up (concentration under
vacuum), making this route the current best option for guanylation. Subsequent ester hydrolysis
was also achieved in excellent yield (95%) by refluxing in 0.5 M HCl,,) affording Arg(Fmoc)-
OH 113 (Scheme 2.18). Following Pbf-protection this compound would be ready for inclusion

into a peptide using SPPS.
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2.7 — Synthesis of MMA (w)

Given the successful guanylation of Arg(Fmoc)-OH 113 from Orn(Fmoc)-OMe 86 using
protected pyrazole 109, synthesis and application of an w-methylated version was attempted
using Orn(Cbz)-OH 85 as starting material. A patented procedure'” exists for the synthesis of
methylated pyrazole 114 by treatment of N,N’-bis-Boc-pyrazolel H-carboxamidine 109 with
iodomethane (Scheme 2.19). This method was found to be reproducible; 0.7 g of said

uanylating agent 114 was obtained in 67% yield and in up to 77% yield for smaller quantities.
guanylaing ag y p y

i), ii)

B

NN 67-77%
Boc.
el H)\\N,Boc

109
4\
N

Boc..
oC N/k\N/Boc

Me
14
_Fmoc Me HN’FmOc Fmoc
HN i) N H : OH iv) ‘ HN
HoN \/\/\H/OH Boc” W\[( T CF.COMH HN \H/N OH
Quant. \/\/\ﬂ/
o] 78% “Boc © NH o)
84 15

Scheme 2.19 — Synthesis of 116, Reagents and conditions: i) NaH, N,N -bis-boc-pyrazole-1H-carboxamidine 109,
DMF, RT, 5 min ii) Mel, 24-48 h iii) DIPEA, MeOH 48 h, RT iv) TFA:CH,Cl, (3:7), 2 h.

Orn(Cbz)-OH 85 was then treated with pyrazole 114 to furnish N(w)-Me-Arg(Cbz)-OH 116 in

78% yield over two steps.

In an attempt towards generalising the guanylation procedure for methylated Arg derivatives, the
monomethylated thiourea 94 was used with unprotected Orn-OH 69 under the premise that the

reaction would be regioselective and that ion-exchange could be used to separate Orn-OH 69

from N(w)-Me-Arg-OH 3 (Scheme 2.20).
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S
HN/gNH
NH, | 94 H H ’?‘HZ
HZN\/\/'\H/OH - N\/\/\H/OH
69 3

Scheme 2.20 — Attempted regioselective guanylation of Orn-OH 69 to N(w)-Me-Arg-OH 3. Reagents and
conditions: i) 2 M NaOH ), 100 °C, 5 h. Evidence of guanylation was observed by 3C NMR but starting material
and product material could not be separated for quantitative analysis.

The same conditions were used as reported in Section 2.6.1.b, and it was possible to observe
guanylation by ?C NMR but not to estimate conversion from the spectrum of the crude mixture.
Unfortunately the product and starting material co-eluted during attempts to purify via Dowex®
ion-exchange chromatography; this observation was backed up by analytical scale LC/MS
analyses, which showed co-elution of product 3 and starting material 69 under aqueous-normal

phase conditions.

2.8 — Incorporating the Pbf Group

The difficulties encountered in both synthesising Pbf-pyrazole 107 and attempting to react it with
an Orn derivative (Section 2.7) suggested harsh conditions, notably strongly basic conditions,
might be necessary to incorporate the Pbf group onto Arg. Therefore, base-stable o-NH,
protection of Orn was used to prevent cleavage of the Fmoc group under the anticipated reaction
conditions. This would necessitate a protecting group exchange later in the synthetic route to

install a-Fmoc protection on the Arg derivative to enable SPPS.

Attempts were made to introduce the Pbf group to the guanidine terminus of Arg(Boc)-OH 68,

by treatment with Pbf-Cl in NaOH(,q) (3 M) at room temperature, but these were low yielding
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(Scheme 2.21). The reactions proceeded sluggishly, attributed to hydrolysis of Pbf-Cl to the

sulfonic acid (Pbf-OH, 118), which could be isolated via SiO, chromatography.

Q
S-OH

_Boc _Boc I

H HN i) ° OH H HN ©

HoN. N OH ———— gN N OH + o
T S Y
NH
118

(o)

117
32% wrt (Orn(Boc)-OH) 11% (wrt Pbf-Cl)

Scheme 2.21 — Reagents and conditions: i) Pbf-CIl, NaOH ) (3 M), RT, 18 h.

Given the regioselectivity observed for the reactions of pyrazole-1H-carboxamidines or
S-methylisothioureas with unprotected Orn-OH 69, it was hypothesised that a similar result

could be obtained for the reaction of Pbf-Cl with unprotected Arg-OH 1 in aqueous base

(Scheme 2.22).
H N ' 0 NH
H.N__ N __OH > OH H Al
\”/ \/\/\n/ N N ~ OH

1 119

Scheme 2.22 — Attempted regioselective Pbf-protection. Reagents and conditions. i) Pbf-Cl, NaOH 4 (4 M), RT, 18
h.

This could have been an advantageous route for synthesising methylated Args from unprotected
Orn, but in practice there was no regioselectivity and a mixture of mono- and di-substituted

compounds were observed so this route was not further pursued.

Having now established that a-protection is clearly necessary to enforce selective w-Pbf
protection, the following retrosynthesis was envisaged (Scheme 2.23). This route aimed to build
on the findings that complexing the o-groups with copper is the most practical approach to

isolating high yields of d-protected Orn:
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H
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! 120 HN.__NH, 121 H
HN N.
NH o
L ] NH
0] H
NH, - HN’FmOC H H I;JHQ on
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2 \/\/\n/ 3 be/N\n/N\/\/\n/OH : fr— Pbf \n/ M(
0 ! NH ) 3 NH o
' 122 | 119
69 w 'SPPS-ready’

Scheme 2.23 — Reagents and conditions: (i) S-methylisothioureas (2 M NaOH, 100 °C, 5 h) or pyrazole-1H-
carboxamidines (8 M NaOH 4, RT, 5 d) or protected versions thereof and subsequent quantitative deprotection (ii)
Cu(OAc),, 2 M NaOH ), Pbf-CL.

Based on 'H NMR and MS analyses, the Pbf-protection itself was a success (Scheme 2.23 step
1), but unfortunately the [Arg-Pbf],Cu 121 complex was water soluble and did not precipitate.
Having previously established in Section 2.5 that isolation of precipitate is essential for
achieving good purity and high yield, this planned synthesis would require further optimisation
to reach the desired product 122. It remains to be seen if this approach could prove useful for

accessing some or all of the novel w-methylated Arg’s in the future and further work should

focus on exploring this.

2.8 - Conclusions and Future Work

By adapting literature techniques, a high-yielding synthesis afforded protected Orn derivatives
(81-83) on a multi-gram scale. These derivatives were used to assess reactivity and suitability of
two major classes of guanylating reagent, the S-methylisothioureas and the pyrazole-1H-

carboxamidines. It was hoped that a unified guanylation procedure using S-methylisothiourea 93
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and its methylated analogues could allow access to the six novel methylated Args depicted in
Figure 2.1. Unfortunately though, this class of reagent was found to be suboptimal; reaction
conversion was poor and product purification ranged from low yielding to prohibitively difficult.
The best outcome, using unprotected Orn-OH 69, afforded unprotected Arg-OH 1 in 29% yield
(91% purity). However, regioselective introduction of protecting groups was found to be much
less achievable for Arg 1 than for Orn 69; deriving a fully-protected version of the nascent Arg

for SPPS was thus condemned as an unviable synthetic route.

The pyrazole-1H-carboximidines offered a slight improvement. A comparative yield (27%) and
marginally improved purity (98%) was recorded for guanylation of naked Orn 69 to Arg 1,
achieved under much milder reaction conditions using pyrazole 106. Use of the pyrazole-1H-
carboxamidines as guanylating reagents was substantiated by the improved yield of Arg(Fmoc)-
OMe 100 from Orn(Fmoc)-OMe 86 (39% over two steps) using the bis-Boc-protected pyrazole
analogue 109. Separation of starting material 86 from product 111 was facilitated by the fully-

protected nature of 111, enabling use of SiO, chromatography.

Promisingly, the N-methylated bis-Boc-protected pyrazole 114 also proved to be successful,
guanylating Orn(Fmoc)-OH 84 to produce N’-Me-Arg(Fmoc)-OH 116 (78% over two steps).
Purification problems prevented use of unprotected N-methylated S-methylisothiourea 94
towards regioselective guanylation of Orn 69. All the guanylation data together suggests that
methylated Args will require synthesis on a case-by-case basis and that no generalised procedure
is applicable without using preparative scale reverse-phase HPLC, which might hold some
promise for assisting delineation of some of the non-quantifiable reactions described herein.

Such generalised syntheses should be the basis of future studies.
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Testing the biological relevance of the multi-methylated Args outlined in Figure 2.1 remains a
valid and interesting line of research. It is recommended that future work should aim to
synthesise each methylated Arg on a case-by-case basis using a combination of different
guanylating reagents. Certainly the methylated and protected pyrazole 114 could be used to
access the novel dimethylated Arg 19. Also, identification of a strategy for orthogonally
protecting Arg 1, rather than Orn 69, could allow utilisation of the methylated S-

methylisothioureas.

Should optimisation of the S—methylisothiourea route prove unsuccessful, there is scope for
synthesis of an asymmetrically dimethylated pyrazole-1H-carboxamidine 126 (Scheme 2.24B)
which could prove useful for synthesis of 21. By adapting a similar procedure (Scheme

2.24A)'% it might be possible to access 126 in the following fashion (Scheme 2.24B):

A g\ i) B) CHs ) i)
\ \ _ / \ \
/N,N + N=NH, — (' Z/N,N * N=—N e > /N'N B Z/N,N
N
H 124 H CHg
HaCu HsC- .B
123 H2N/&NH s N/&NH s NJ\\N ¢
106 123 125 CHs CH,
126 127

Scheme 2.24 — A) Reported'® reaction for synthesis of pyrazole-1H-carboxamidine. Reagents and conditions: i) A
106 B) Proposed synthesis of the N,N-dimethyl derivative 126 and subsequent Boc-protection to give 127. Reagents
and conditions. i) 4 ii) Boc,O.

Additionally the following route, adapted from Martin ez al'®', was identified as a possibility for

accessing the remaining methyl patterns:

Fmoc \1 Rj
s N=C=S F /
HN 129 - HN O R,—NH - Fmoc
H2N - O\ N N h O\ 131 H B
PG E—— R.” M( PG —_— N (o)
1 \ﬂ/ R1/ Y \/\/\[( \PG
o i) S o] if) N )
Rs” "Rj

128 130 132

Scheme 2.25 — Reagents and conditions: i) CH,Cl,, Et;N ii) EDCI, CH,Cl,.
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This route requires a non-protic solvent and therefore manipulation of the carboxylate group
would be required for solubility. The associated optimisations regarding potential cyclisation are

predicted to require substantial future work if this route is to be used.

Given the success introducing unmethylated guanidine via application of N,N’-bis-Boc-pyrazole-
1 H-carboxamidine 109, the decision was made to focus attention solely on synthesis of MMA(0)
6. Subsequent investigations as to whether this yeast-relevant epigenetic marker could have
importance in humans are of particular interest. Chapter Three builds on the foundations of
protection and guanylation outlined in the present chapter and applies them to the total synthesis

of protected MMA(J) 6 for SPPS.
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Chapter 3: Total Synthesis of N(§)-Me, N-Pbf-Arg(Fmoc)-OH

This chapter discusses development of a route for the total synthesis of N(d)-Me, N-Pbf-

Arg(Fmoc)-OH 138 from L-Orn on a scale that allowed its use in SPPS.

3.1 — Introduction and Aims

MMA(J) 6 is a yeast epigenetic marker but has not previously been observed in humans or other
higher organisms. In order to test this marke/r as a human PRMT substrate/product/inhibitor
MMA(8) 6 needed to be synthesised and incorporated into peptides for testing. The previous
chapter focused on developing routes towards protected arginines for use in SPPS. Namely, the
guanidine group of Arg requires Pbf protection and the o-NH, requires Fmoc protection.
Building on the work in Chapter Two, the present chapter describes the synthesis of a protected

MMA(9) derivative 138 from the starting material L-Orn 69 (Scheme 3.1).

16-mer fragment peptide of Histone 4

" ] | HN/Fmoc
: 2 12-steps N. N : OH 17-steps
H.N \/\/\[(OH ——> Pbf” \n/ \/\/\[( s
z NH O
69 138

Scheme 3.1 — Synthesis of protected MMA(6)138 and subsequent incorporation into a 16-mer fragment peptide of
histone 4.

It was concluded in Chapter Two that the most effective approach towards the synthesis of target
methylated Args was to build up a methylation pattern via guanylation of Orn (Scheme 3.2).

Application of this route for synthesis of protected MMA(8) would first require synthesis of a d-
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monomethyl Orn (MMO(0)) derivative. It was expected MMO(0) 6 could be converted to a
protected MMA(J) derivative using bis-Boc-pyrazole-1H-carboxamidine 109 - identified in

Chapter Two as the most appropriate reagent for such a conversion.

PG
PG PG HN™
e s B
HzNM(OH — HzN\/\/-\ﬂ/O\R — HNM]/O\R &= Boc” Y Mf R
N. (o}
0] 0] (o] Boc
69 103 139 140

Scheme 3.2 — Planned retrosynthesis of protected MMA(9) via protected MMO(9).

It was anticipated that monomethylation of Orn would be challenging given installation of one
methyl unit would render the O-nitrogen more nucleophilic and therefore prone to di-
methylation®".

31,162,163

In general there are limited examples of MMO(0) synthesis , with no reported cases of

protected derivatives that might facilitate synthesis of protected MMA(0) 138 for SPPS.

3.2 — Attempted Derivatisation of MMO(d) from N-Boc-Orn

3.2.1 — Towards Direct 6-Methylation of N-Boc-Orn(Fmoc)-OH

At first, options for directly installing a methyl group were explored. lodomethane can be used to
install a monomethyl group on bis-Boc-protected pyrazole 109 to form monomethylated bis-
Boc-pyrazole 114 (Section 2.7 and Asami'’). It was asked whether this methodology could be
applied to derive and isolate N-Me,N-Boc-Orn(Fmoc)-OH 141 from reaction of N-Boc-

Orn(Fmoc)-OH 81 with NaH and iodomethane in DMF (Scheme 3.3).
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Desired product

Scheme 3.3 — A) Attempted methylation on Boc-protected nitrogen resulted in methyl esterification and B) synthesis
of a standard of 41. Reagents and conditions: i) Mel, NaH (1 or 2 eq.), DMF, RT, 30 min ii) 60 °C, 2 h iii) Boc;O,
NaHCO;, RT, 16 h.

Unfortunately, the reaction did not generate the desired product 141 but instead afforded the
methyl ester 41 as determined by HMBC analysis of the crude mixture, which also matched a

standard of 41 synthesised by treating Orn(Fmoc)-OMe 86 with di-tert-butyl dicarbonate

(Scheme 3.3B).

To prevent the observed methyl esterification and favour the desired reaction, attempts were
made to shield the a-NH, and a-CO,H of Orn via complexation with Cu®", before treatment with
di-tert-butyl dicarbonate and then iodomethane (Scheme 3.4). 8-Quinolinol was used to remove
copper and free the a-NH; for reaction with Fmoc-Cl. This approach had previously allowed

isolation of a dual-protected derivative by acid-base extraction (Section 2.5.2).

F
Boc iii), i | HN” e
HN” iii), iv), v) N : OH
— X Boc” M(
NH> H 141 O
HoN - OH i), ii) . 0. _0 .
\/\/\rg \ICUZ’: Desired product
070" TN
69 N
_Fmoc
77 L HN
iii), iv), v) H  OH
BOC/NH N Boc/ M(
— — 81 O

Isolated product

Scheme 3.4 — Attempted methylation on Boc-protected nitrogen via copper complexation i) Cu(OAc),, NaOHyq) (2
M), RT, 2 h ii) Boc,O iii) Mel, NaH, DMF, 2 h, RT iv) 8-quinolinol, RT, 1 h v) Fmoc-Cl, N-hydroxysuccinimide,
RT, 2 h.
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Unfortunately, 'H NMR analysis of the crude reaction mixture revealed that no methylation had
taken place and that the unmethylated dual protected 81 had been made, a standard of which had

already been synthesised (Section 2.5.2).

The procedure was reattempted with heating to 60 °C for 2 h upon treatment with iodomethane

(Scheme 3.5 step iv).
S
tr o i Fmoc
HZN\/\/"\H/OH ’L NH, o : | N
N - ‘ N H
o] WNO .00 ‘ Boc \/\/\ﬂ/ i ' Boc” M{O
89 _-Cuzr \E 1 143 O 1 i 14 O
o070’ N ; 1 :
"L
i), i ‘ : ! _
HN/BOC ), ii) 142 ’L : : vi)
Boc” ™ : ' ;
H and/or ' +’1 and/or
‘\N\ .0 0 +
Scuz+
070"y ; ; ‘
HN—Boc HoN, o~ ; H ’?‘Hz 3 ' pn - Fmoe 3
” Cu?* - : B /N o\ | i H = |
NH Q o 1 Boc \/\/\ﬂ/ : : Boc’N\/\/\ﬂ/o\ ;
! Boe 1 148 © : : o 1
: : : ; Y :
! i), iv) - NH, HN v ; 1 |
77777777777777777777 o Boc .
O aaypcu | L

Scheme 3.5 — Attempted methylation on Boc-protected d-nitrogen. Reagents and conditions: i) Cu(OAc),,
NaOH(aq) (2 M), RT, 2 hii) Boc,0, iii) Mel, NaH, DMF, RT, 2 hiv) 60 °C, 2 h v) 8-quinolinol, RT, 2 h vi) Fmoc-
Cl, N-hydroxysuccinimide, RT, 2 h.

MS analyses suggested a monomethylated species might be present. However, a colour change
from blue to grey was noted, concomitant with heating the reaction during step iv, suggesting
that the copper-mediated complex may have broken down under the conditions described. It was
speculated this putative monomethylation might have occurred at the carboxylate group, as
previously observed (Scheme 3.3), which could have been liberated from the copper complex
during heating. Attempts were made to derivatise to the a-Fmoc-protected Orn 141 and isolate
the desired product via acid-base extraction (as above and Section 2.5.2). However, no products

could be isolated.
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3.2.2 — Towards Reduction of N-Boc to N-Me
An alternative procedure was sought; according to Phuan et al.'** LiAlH, can be used to reduce
Boc groups to methyl groups. This methodology was applied in an attempt to reduce N(9)-Boc to

N(6)-Me by refluxing with LiAlH, for 16 h in THF (Scheme 3.6).

H HN i), i), ii) 9y Hn-FO°
N oy
Boc” \/\/\[(OH /N\/\/\[(OH
0 o)
81 145

Scheme 3.6 — Attempted reduction of N-Boc to N(8)-Me. Reagents and conditions: i) LiAlH, THF, 0 °C,
it) 70 °C, 16 h iii) saturated aqueous solution of KNaC,H,0s4H,0 to quench reaction, 25 °C, 6 h.

The crude reaction mixture was poorly soluble in all organic solvents attempted, except in acidic
aqueous solution (1 M HClyg), pH 1). Analysis of this crude reaction mixture by 'H NMR in
D,0O/DCI revealed a complex mixture of products within which the desired product 145 could

not be detected.

3.3 —Reductive Amination Procedure

The current project aims to produce a protected derivative of MMA(J) on a scale close to 1
mmol to facilitate SPPS. Zobel-Thropp ez al.>' describe use of a reductive amination procedure
to synthesise MMO(0) 172 on a 0.012 mmol scale via the a-protected N-acetyl derivative 146.
Using 1 eq. formaldehyde in NaOH,q) and reduction with NaBHj, they observed a mixture of
starting material 146, MMO(d) 149 and dimethylated Orn 150 (Scheme 3.7). Their crude
mixture was purified by HPLC and the authors alluded to problematic co-elution of the mono-

and di-methylated species but offered no indication of reaction conversion or yield. This
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procedure was therefore considered an unsuitable starting point for synthesis of preparative scale

protected MMO(d) 149 for conversion to protected MMA(J) 138.

NH,

HN/Ac HN,Ac HN/AC | NH, | )
z | < | = HN R OH N OH
HoN M(OH HN \/\/\[]/OH + /N\/\/\H/OH > M( + — M(
e} o}
(o] (0]
146 147 © 148 149 150

Scheme 3.7 — Synthesis of analytical quantities of MMO(0) 149. Reagents and conditions: i) 1 M NaOH ),
formaldehyde ii) NaBH  iii) 6 M HCl )

Huang et al.'® described a sequential reductive amination procedure for synthesis of o-NH,

Fmoc-protected monomethyl-Lys (MML) 154, which is congeneric with Orn, in very good yield

(85%).

According to Huang et al.'”’, treatment of Lys(Fmoc)-OH 151 with benzaldehyde and 3 A
molecular sieves followed by reduction with NaCNBHj3; afforded the monobenzylated derivative
152 (Scheme 3.8). In a one-pot procedure, aqueous formaldehyde was subsequently added
followed by reduction with NaCNBH; to form N-benzyl, N-Me-Lys(Fmoc)-OH 153 in 85%
yield following purification on SiO,. All reactions took place at room temperature. The authors
replaced the benzyl group with Boc via catalytic hydrogenolysis (Pd/C, H,) and treatment with
Boc,0 in a one pot procedure. They report a yield of 93% for the product affording N-Boc, N-

Me-Lys(Fmoc)-OH 154.

_Fmoc _Fmoc
HN v), vi) HN
/\/\/YOH > Boc. /\/\/YOH
o ' 0
153 154

Scheme 3.8 — Procedure by Huang et al.'® for selective reductive amination of Lys(Fmoc)-OH 151 to MML
derivative 154. Reagents and conditions: i) benzaldehyde, 3 A molecular sieves ii) NaCNBH} iii) formaldehyde iv)
NaCNBH;v) 10% Pd/C, H,vi) Boc;O0.
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3.3.1 — Reductive Amination to Selectively Mono-methylate Ornithine
The method described by Huang et al.’””, was therefore adapted for the synthesis of Orn(Fmoc)-
OMe 86 (Scheme 3.9). It was elected to use the methyl ester rather than the carboxylic acid

because of the ease of handling (Section 2.5.3).

Fmoc

_Fmoc
_Fmoc ?
N g

NH

157 99

Scheme 3.9 — Synthesis of N-Me, N-benzyl-Orn(Fmoc)-OMe 156. Reagents and conditions: i) benzaldehyde (1.2
eq.), 3 A molecular sieves ii) NaCNBH; iii) formaldehyde iv) NaCNBH;

Early attempts using a range of concentrations, reaction times or equivalents of NaCNBHj3
generated complex mixtures within which the desired product could not be distinguished by 'H
NMR for estimation of conversion. Attempts to separate the products on SiO, were partially
successful, affording small quantities of partially purified product 156 and the putative

dibenzylated side product 157 as determined by MS and '"H NMR of the crude mixture.

In an effort to encourage formation of the desired product 156, attempts were made to isolate the
mono-benzylated intermediate 155 using similar conditions, but a mixture of putative
dibenzylated derivative 157 and partially pure d-lactam 99 (vide infra) were the only isolated

products.

3.3.2 — Attempts to Improve Imine Formation

In the original report using Lys'®

, the authors report no dibenzylation and propose that the
terminal nitrogen of the mono-benzylated speices is sterically hindered by the bulky aromatic

group such that a second equivalent of benzaldehyde is unable to approach to give the undesired

iminium ion intermediate.
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However, in this case low overall yields contaminated with putative dibenzyl-side product

supported that there was poor initial conversion to the benzaldehyde-imine intermediate.

Locke et al'” report that benzaldehydes substituted with para-electron donating groups react
more readily with primary amines to form the requisite imine. Reactions using p-anisaldehyde

instead of benzaldehyde were therefore attempted under a series of similar conditions to those

162
l

reported by Huang et al.”” in an effort to improve overall conversion (Scheme 3.10).

. _Fmoc
_Fmoc N
H,N " o i), if), i) iv) -° e \@ K©/ ~Fmoc i
2 M( ~ T~ Cf
I \/\/\f(
86
Entry Reducing Agent pH Conditions SM8, PM158, SPM159, CMVY99,
% % % %
1 NaCNBH; 7-8 16 h, 25 °C then 2.5 h, 25 °C 34 10 42 0
2 NaCNBH; 7-8 2,80 °C then 48 h, 25 °C 0 0 22 14
3 Na(CH;CO,);BH;  4-5 16 h, 25 °C then 2.5 h, 25 °C 51 3 0 0

Scheme 3.10 — Towards synthesis of protected derivatives of MMO( ) via selective reductive amination. Reagents
and conditions: i) p-anisaldehyde, 3 A molecular sieves ii) NaCNBH; iii) formaldehyde iv) NaCNBH;.

Following Si,0 chromatography, an assessment of reaction success was made based on recovery
of starting material (SM) 86, desired product material (PM) 158, di-substituted side product
material (SPM) 159 and the d-lactam cyclised material (CM) 99. Entry one shows that under

conditions similar to those reported by Huang et al.'®*

a disappointing yield of desired product
158 was obtained with 42% disubstituted 159. Entry two describes the use of elevated
temperature in an attempt to encourage imine formation. Unfortunately this encouraged

cyclisation to the d-lactam 99 with 14% yield isolated from purification via SiO,. Furthermore,
y y p

production of disubstituted product 159 remained a problem, with a 22% yield being afforded
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under these conditions. It is noted that an apparent loss of material was observed with respect to

percentage yield. This is explained as possible degradation on SiO, or during reaction heating.

The effect of pH on the reaction was considered — generally the optimum pH for imine formation
is somewhere close to five'°° and a more acidic pH might discourage cyclisation to 99. A pH of
four was established using AcOH (entry three). For this test reaction, an alternative reducing
agent was used (Na(CH3CO,)3;BH;) because of the associated hazards of handling NaCNBH3; in
acidic conditions. Regrettably this reaction was gave poor conversion, retuning 51% starting
material 86 from purification on SiO, and only 3% of desired product 158, although gratifyingly
no disubstituted side-product 159. A similar problem with loss of material was recorded for entry

three as had been observed for entry two.

In light of the disappointing results presented in Scheme 3.10, alternative drying agents were
investigated in an attempt to improve imine conversion. To this end, trimethylorthoformate
(TMO) (10 eq.) was used as the drying agent in the reaction of 1 eq. of p-anisaldehyde 161 with

Orn(Fmoc)-OMe 86 (Scheme 3.11).

_Fmoc (0]
HN i R HN Fmoc
HoN \/\/\[{O\ + H ol /N M(O\ + HO
O R H le)
86 R =H, 160 ~8.7 ppm
R = OMe, 161 R =H, 162
R = OMe, 163
Entry Aldehyde R Conditions pH Drying agent Imine,
%
1 p-Anisaldehyde, 161 OMe 6h,80°C 4 TMO, 10 eq. 8
2 Benzaldehyde, 160 H 6h,80°C 4 TMO, 10 eq. 0
3 p-Anisaldehyde, 161 OMe 6h,80°C 4 TMO, 10-70 eq. 2-8
4 p-Anisaldehyde, 161 OMe 6h,80°C 4 3 A Sieves 25
5 Benzaldehyde, 160 H 6 h, 80 °C 4 3 A Sieves 4

Scheme 3.11 — Attempted synthesis of imine intermediate 162 or 163. Reagents and condition: i) AcOH added
dropwise until pH 4 was reached. All other conditions as stated in table.
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The crude reaction mixture was analysed by 'H NMR and percentage conversion assessed by
quantifying the ratio of imine (~8.7 ppm, CH=N) 162/163 to starting material 86 (~7.8 ppm,

Fmoc-CH) (Scheme 3.11).

TLC suggested no imine was formed after 2 h at room temperature so the mixture was heated to
80 °C for 6 h to encourage imine formation and subsequent analysis of the crude by 'H NMR
revealed 8% imine had formed (entry one). The same reaction was carried out using
benzaldehyde 160 as a point of reference to the original work'®* and this time 'H NMR analysis

of the crude revealed production of 0% imine (entry two), confirming the preferential use of p-

anisaldehyde 161.

It was hypothesised that increasing the quantity of drying agent in the reaction would improve
conversion to imine. However, increasing the equivalents of TMO gave no improvement on
imine conversion (entry three). For all reactions described above, the pH was adjusted to four by
dropwise addition of AcOH. The best conversion that could be obtained was using 3 A molecular
sieves (entry four, 25% imine) but overall it was concluded that imine conversion was generally

poor.

3.3.2 — Debenzylation of N-Me, N-Benzyl-Orn(Fmoc)-OMe to form a MMO(d) Derivative
Using a small sample of partially pure N-Me, N-benzyl-Orn(Fmoc)-OMe 156 synthesised in the

previous section, attempts were made to selectively remove the benzyl group to give N-Me-

Orn(Fmoc)-OMe 165 (Scheme 3.12).
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Complex mixture

Scheme 3.12 — Attempted selective debenzylation of N-Me, N-benzyl-Orn(Fmoc)-OMe 156. Reagents and
conditions: i) 20% Pd(OH),/C (50% w/w), H; ii) 10% Pd/C, CO,HNH,, 80 °C, 30 min.

At first, attempts were made to selectively remove the benzyl group using Pd(OH),/C via
catalytic hydrogenolysis, but unfortunately a complex mixture of products was afforded that
could not be interpreted by '"H NMR. MS and TLC analyses suggested the presence of three
putative products (164-166); attempts were made to separate these using SiO, but were

unsuccessful.

An alternative procedure was attempted using Pd/C following a procedure optimised in our
laboratory utilising ammonium formate as the H, source. Unfortunately the resultant complex
mixture of products could neither be separated via SiO, nor interpreted by 'H NMR. MS and
analyses suggested the Fmoc group may be labile under these conditions; a precedent exists for

Fmoc deprotection using heterogeneous catalytic hydrogenation conditions'®’.

o

CI)I\O)\
F 167
I HY O i, i)
N\/\/'\[(o\ > Complex mixture

Scheme 3.13 — Attempted selective debenzylation of N-Me, N-benzyl-Orn(Fmoc)-OMe 156. Reagents and
conditions: i) 0 °C, 15 min, CH,Cl, iv) 50 °C, 1 h ii) concentrate then reflux in MeOH, 50 °C, 45 min.

According to Olofson er al.'®, a-chloroethyl chloroformate (ACEC) 167 followed by

methanolysis can be used as a dealkylating method and is reported to preferentially remove
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benzyl groups over methyl groups. Compound 156 was treated with ACEC 167 but
unfortunately none of the desired product 165 was obtained and only a complex mixture of

products was recovered (Scheme 3.13).

Based on the series of poor reaction outcomes observed in both the reductive amination reactions
and the subsequent attempted debenzylations, the decision was taken to abandon attempts to

access a protected MMO(0) via this route.

3.3.4 — Attempted Use of the Trityl Protecting Group for the -Amino Substituent
Through their reductive amination procedure, Huang et al.’” had suggested the incorporation of
a bulky substituent at the 8-amino group lends some control over poly-substitution. Orn(Fmoc)-

OMe 86 was therefore treated with trityl chloride'®

(Scheme 3.14) to try and introduce a bulky
substituent at the d-amino group without resorting to a reductive amination procedure. It was

anticipated that a methylation reaction might be possible on N-trityl-Orn(Fmoc)-OMe 168 to

produce the monomethylated product 169 that could be subsequently trityl-deprotected.

_Fmoc O _Fmoc O ‘ HN/FmOC

HN i), i) H HN N e

N A O e Q N N - - Q ST
o)

: : .
86 O 168 169

Scheme 3.14 — Failed attempt to sterically hinder the d-nitrogen to facilitate a monomethylation reaction. Reagents
and conditions: i) Et;N, Ph;CCl, EtOH, 0 °C to RT, 2 h ii) 40 °C, 3 h.

This reaction was not successful, producing a complex mixture that could not be distinguished
by 'H NMR; TLC analysis suggested that the majority of the reaction mixture contained starting

material.
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Alternative procedures were therefore investigated for introduction of a single methyl group onto

the d-nitrogen of ornithine towards the synthesis of protected MMA(9) 138.

3.4 —Synthesis of MMO(d) via N-Sulfonyl-Protected Orn

According to Luzzi & Marletta'*, MMO(8) 149 can be synthesised by methylation of a tosyl-
protected d-nitrogen of Orn using iodomethane (Scheme 3.15). Global de-protection in refluxing

conc. HBr(,q) generated the unprotected amino acid 149.

ey sy s Bz /BZ
NH
’;‘Hz i), ii), iii), iv) Ts H,\!/ v TS HN vi) H : 2
HoN _OH —> N “\_OH — _N OH —» /NM\/\WOH
0 0 o ©
69 170 171 149

Scheme 3.15 — Synthesis of MMO(J) 149 from L-Orn 69. Reagents and conditions: i) CuCO; Cu(OH),, reflux ii) p-
toluenesulfonyl chloride, 2 M NaOH ) iii) H,S, 2 M, HCI iv) benzoyl chloride, 1 M NaOH ;) v) Mel, 2 M NaOH vi)
HBr 48%, reflux.

The authors went on to convert MMO(0) 149 to MMA(9) 6 by shielding the a-groups via in situ
generation of a triethylborane complex (Scheme 3.16). After guanylation, which in this case was
achieved using HgCl, and Boc-protected thiourea, the borane complex was broken by refluxing

in HCl,q) followed by treatment with TFA at room temperature to afford MMA(J) 6.

o Q ) NH o i, ) )NJ\H 0
i) ii iii), iv
\N/\AHJ\OH o \H/\/\Hk(? HZNJKN/\/YKQ HN N/\/\‘)LOH
H NH, HN—Bﬁ\ | HN—Bﬁ\ ! NH,
149 173 174 6

Scheme 3.16 — Conversion of MMO(6) 149 to MMA(J) 6 via complexation through borane. Reagents and
conditions: i) I M E;N, THF, dimethoxyethane ii) N,N’-bis-tert-butoxycarbonylthiourea, HgCl,, Et;:N, DMF iii) 1.5
M, HCl g, 100 °C iv) TFA.
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Selective orthogonal protection of Arg was found to be less facile compared to Orn (Section
2.8), meaning the method reported by Luzzi & Marletta'”’ would require significant adaptation
to render a product suitably protected for SPPS. Additionally, the authors’ synthetic route had an
overall yield of only 6% after six steps, so it was decided their approach was not wholly suitable

for producing a sufficient quantity of the fully-protected derivative of MMA(J) for SPPS.

However, a number of solutions were envisaged that might allow exploitation of Luzzi &

asl70

Marletta approach to mono-methylation of Orn to eventually afford the desired protected

MMA(9) for SPPS.

3.4.1 — Exploration of More Labile Sulfonyl-Protecting Groups

Ultimately, the biggest drawback to Luzzi & Marletta’s'”’

synthetic route is the deprotection step
requiring reflux in HBr(q), which necessitates subsequent orthogonal protection of MMO(0) if a
protected MMA(9) is to be synthesised. There are two reasons this is disadvantageous:

1) Harsh conditions may encourage amino acid racemisation

2) Compete de-protection of MMO(9) is step-inefficient since subsequent conversion of

MMO(9) is necessary towards protected MMA(9) suitable for SPPS.

The need to remove the tosyl group demands these harsh conditions since this protecting group is
very robust and non-labile. Tosyl protection of the d-nitrogen does not preclude its subsequent
methylation and so an alternative sulfonyl protecting group was sought that might be more facile
to remove and avoid use of HBrq for deprotection. Fukuyama ez al.'’" describe the use of 2-
and 4-nitrobenzenesulfonamides (Ns) and 2,4-dinitrobenzenesulfonamides (DNs) as protecting

groups for primary and secondary amines. Moreover, they are extremely facile to deprotect and
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in particular the DNs group can be removed by ipso substitution using n-propylamine; these mild
conditions could enable a protecting group exchange at the DNs-protected d-nitrogen while
leaving orthogonal a-NH; protecting groups intact. The following retrosynthesis was therefore

envisaged (Scheme 3.17):

Chz Cbz Cbz
- Cbz -
HN DNs  HN” DNs  HNT H HIY
HQN\/\/'\H/OH = HNMOH = /NM(OH — /N\/\/\[]/OH
0 0 0
85 175 © 176 177
_Chbz
_Fmoc HN/Cbz oo HN
H ,L : oH H | : Boc NYN ‘" _OH
. — N__N _OH — Y
Pbf m/ M{ Pbf~ \”/ M\/\n/o N| 5
NH o) NH o} Boc
138 179 178

Scheme 3.17 — Retrosynthetic approach towards protected MMA(J) 138 for SPPS via DNs-protected and
monomethylated 176.

Treatment of Orn(Cbz)-OH 85 with 2,4-dinitrobenzenesulfonyl chloride in NaOHgq (1 M)
afforded a 71:29 mixture of dual protected 175:starting material 85 after three days; the crude
mixture containing novel 175 was characterised as fully as possible (Scheme 3.18).
Unfortunately, this compound appeared to be unstable on SiO, and attempts to purify via
normal-phase chromatography were unsuccessful, returning a complex mixture that was less
interpretable by 'H NMR than the crude reaction mixture. 175 was used in subsequent steps as a

mixture with 85.

Cbz Cbz Cbz
- Cbz -
Hi j  DNs  HNT i) DNs  HNT il H i
HzN\/\/\n/OH HHNM‘(OH —X> /N\w SEEEE \/WOH
o) o} o)
85 175 © 176 177
71:29
175:85

Scheme 3.18 — Synthesis of 175 and attempted synthesis of methylated derivative 176. Reagents and conditions:
i) 2,4-dinitrobenzenesulfonyl chloride, NaOH ) (1 M), RT, 3 d ii) Mel, K,CO3;, DMF, 2 h. iii) n-propylamine,
CH,CI,, 23 °C, 10 min.
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Crude N-DNs-Orn(Cbz)-OH 175 was treated with iodomethane and five eq. K,COs.
Unfortunately, the method described by Fukuyama et al.'”" could not be successfully applied to
this reaction system and the conditions led to removal of the DNs group, as confirmed by 'H
NMR. Furthermore, '"H NMR and MS analyses of the crude mixture showed no indication that

methylation had been successful.

It is anticipated that with optimisation this route might hold further promise, for example, use of
the reportedly less labile Ns protecting group(s) might be a more appropriate course of action

and prevent the observed deprotection during the methylation step.

3.4.2 — Improved Synthesis of Unprotected MMO(0)

The first step in the reported procedure described by Luzzi & Marletta'”® involved synthesis of a
benzoyl-protected a-NH, via copper-complexation. As part of the current work, the Boc group
had been successfully and selectively installed on the a-NH; of Orn in high yield (Section 2.5.2)
and so was used instead of the reported benzoylation. This modified procedure led to a more

productive synthesis of MMO(0) 149 with a better overall yield (45%) compared to that reported

(12%).
Ny e B Boc
NH, i), i), i) Ts HN™ o iv) Ts HN™ H tHe
< : | B N
H2N\/\/.\[(OH H’\Il - OH — > N ‘ OH g /N\/\/\[(OH
o NN 77-92% Y 49-76%

(0] ° (6] 42 individual reactions o 7 individual reactions 0

69 83 180 149

~25 g scale 98¢

Scheme 3.19 — Synthesis of MMO(0)149 using a procedure adapted from Luzzi & Marletta'”’. Reagents and
conditions: i) Cu(OAc),, NaOH ,q) (2 M), p-toluenesulfonyl chloride, Et;N, 2 d ii) 8-quinolinol iii) Boc,0, 3 d iv)
Mel, 2 M NaOH v) HBr 48%, reflux.

Synthesis of the first intermediate N-Ts-Orn(Boc)-OH 83 proceeded in good yield (64%

compared to reported'”® 17%) and on large scale (24.6 g) via copper complexation (Section
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2.5.2) (Scheme 3.19). Orn-OH 69 was incubated with Cu(OAc), in NaOH,q) (2 M) and treated
with p-toluenesulfonyl chloride and Et;N for two days. After removal of copper by chelation
with 8-quinolinol, di-fert-butyl dicarbonate was added and the reaction stirred for three days. N-

Ts-Orn(Boc)-OH 83 was isolated cleanly by acid-base extraction (64% yield).

Methylation of the tosylated nitrogen proceeded smoothly and in good yield (77-92% compared
to reported' "’ 86%) using three sequential equivalents of iodomethane at approx. 1 h spacing and
refluxing in NaOH,q) as previously described (Scheme 3.19). It was necessary to perform this
step under pressure, achieved using sealed vials, and this restricted the scale to ~2.5 mmol per
reaction. Approximately 40-fold this scale was desirable for subsequent reactions with MMO(0)
149 towards synthesis of protected MMA(0) 138 for SPPS. Attempts were made to methylate 83
to 180 using reflux apparatus, which would facilitate a larger scale reaction system and avoid the
need for pressurised vials, but unfortunately the yield for this step was found to be significantly
worse (55% compared to 77-92% for the pressurised method). Presumably volatile iodomethane
more readily escapes an open reaction system compared to a closed one, which may explain the
difference in yield. Overall, 42 individual methylation reactions were carried out as part of the
scale-up synthesis in sealed vials and the products pooled for larger scale global de-protection
towards 138. In the future, optimisation of this step towards a more time-efficient procedure

could be beneficial, for instance, use of large scale pressurised reaction vessels.

To remove the tosyl group, it was necessary to implement the aforementioned global
deprotection step using conc. HBr,q). Similar work by Schade et al.’’ made two stipulations that
are purportedly necessary to avoid racemisation at the a-carbon of MMO(0) 149 during this step.
Firstly, it is advised that a reaction time no longer than 1.5 h is enforced and secondly, removal

of acid under high vacuum must take place at temperatures no higher than 50-60 °C.
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Dual-protected MMO(8) 180 was refluxed on no larger than ~6 g (~15 mmol) scale in
approximately 60 mL conc. HBrgq) at 125 °C. Incomplete deprotection of the tosyl group was
observed after 1.5 h on this scale, so the reaction time was extended to 2 h. Importantly, analysis
of optical rotation of MMO(d) 149 obtained as part of this work was found to have a very similar
specific rotation compared to that reported by Schade et al.’” who assessed MMO(8) 149 to

have an e.e. of 98.2% by chiral HPLC (Table 3.1).

Compound Specific Rotation Solvent Concentration

MMO@®). 149 ]2+ 198 6 MHCl,, 1.4 g/100mL

[a]ZDO +233 (86‘ _ 98.2%)163 6M HCl(aq) 2 g/lOO mL

Table 3.1 — Comparisons of specific rotation properties suggesting MMO(9) 149 has not racemised during
synthesis.
Initial attempts to remove the aqueous acid from the crude mixture under vacuum were met with
difficulty and resulted in moderate yield (49%). To avoid increasing the temperature above the
recommended'® maximum of 50-60 °C, a purification procedure was developed that bypassed
the need to concentrate the mixture. This procedure facilitated direct application of the entire
reaction volume to the column and involved an incubation step with Dowex® resin and use of
three tandem columns to trap the entire product, which is eluted in NH4sOHpg) (9 M) . The
procedure, described in more detail in the Experimental Section, was implemented to afford

MMO(9) 149 in good yield (76%). A total of 3.7 g (30 mmol) was synthesised (six reactions).

With moderate quantities of MMO(d) 149 now at hand from this newly optimised procedure, a

retrosynthetic scheme towards deriving protected MMA(8) was planned (Scheme 3.20).
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Scheme 3.20 — Retrosynthesis of MMO(6) towards protected MMA () 138 for SPPS.

In Chapter Two, it was determined that the conditions required for Pbf-protection of the
guanidine group are strongly basic, so the base-labile Fmoc-group must be installed on the o-
NH; as the final step in the synthesis. Use of a-Cbz protection throughout the route was
therefore planned according to the retrosynthesis shown in Scheme 3.20 and a protecting group

exchange planned as the last step.

Two different approaches were attempted towards synthesising protected MMA(d) 138 from

unprotected MMO(d) 149.

3.4.3 — Use of Borane Complexation to Shield a.-NH; and a-CO;H

The first approach again builds on Luzzi & Marletta’s work'”’ describing the use of
triethylborane to complex the a-NH; and a-CO,H (Scheme 3.16). Instead of introducing an
unprotected guanidine to the d-nitrogen at this stage, reaction with a protected guanylating

reagent was envisaged (Scheme 3.21).
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Figure 3.21 — Retrosynthetic analysis towards protected MMA(S) 138 via complexation with boron.

A subsequent report by Schade et al.'®

that uses boron to similar effect showed use of 9-
borabicyclo[3.3.1]nonane (9-BBN) to be preferential over triethylborane because of its facile
deprotection in weak base. Certainly in the envisaged synthesis towards protected MMA(0) 138,

decomplexation of this borane complex would be beneficially achieved in base rather than acid

to retain the planned guanidine Boc-protection (Scheme 3.20).
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Scheme 3.22 — Attempted synthesis of protected derivatives of MMA(S) via a 9-BBN complex. Reagents and
conditions: i) 9-BBN, MeOH, 65 °C, 1.5 h ii) bis-Boc-pyrazole-1H-carboxamidine, DIPEA, MeOH iii) NaOH 44 (2
M) iv) Cbz-CI, N-hydrozysuccinimide v) TFA:CH,CI, vi) Pbf-CI, NaOH ) vii) DIPEA.

Synthesis of the 9-BBN complex 184 proceeded in 34% yield by treatment of MMO(0) 149 with

9-BBN at 65 °C (Scheme 3.22). Despite the poor results observed in Section 2.6.3 using the Pbf-
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protected pyrazole 107 as a guanylating agent, a test reaction was attempted using N-Me-Orn(9-
BBN) 184 as the starting material. It was thought that a monomethylated amine might be more
nucleophilic towards the putative guanylating reagent but unfortunately this small scale reaction,
carried out at room temperature and with DIPEA, was not successful and only starting material
was observed in '"H NMR analysis of the crude mixture. This was in part attributed to poor
solubility properties of the pyrazole 107 leading to a heterogeneous reaction mixture.
Optimisation was not attempted in the context of the poor success previously observed for Orn in

Section 2.6.3.

Guanylation of 184 to the protected Arg-derivative 185 was achieved using bis-Boc-pyrazole-
1H-carboxamidine 109 and DIPEA. The resultant crude product mixture was used without
purification and was treated with NaOHq) (2 M) which was successful in breaking the borane
complex to form the free amino acid 186. The majority of contaminating organics were removed
via Dowex® purification and 178 eluted from the column with NH4OH,q) (1 M) but the cleaved
by-product, 9-BBN-OH, was not separable from the desired product 178 under these conditions
as assessed by '"H NMR. Attempts were made to derivatise 178 to a-Cbz-protected 179 in the
hope that acid-base extraction, which had been successful in isolating orthogonally protected Orn
derivatives (Section 2.5.2), might have some application here. The amino acid 178 was treated
with N-hydroxysucinimide and Cbz-Cl in 10% aqueous Na,COs, emulating the conditions that
had previously been successful for similar transformations with Orn (Section 2.5.2).
Unfortunately, the procedure was unsuccessful; 'H NMR of the crude organic extract showed a
large amount of unreacted Cbz-Cl alongside a complex mixture of decomposition products,

within which starting material 178 and product 179 could not be detected.
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Rather than attempt optimisation of this procedure, it was anticipated that the highly successful
orthogonal protection method used for Orn-OH 69 (Section 2.5.2 and Section 3.4.2) could
instead be applied here. The remaining quantity of MMO(8) 149 was therefore used in an

orthogonal dual-protection reaction via copper complexation, described below.

3.4.4 — Copper Complexation to Achieve Protected MMO(d)

The method described in Section 2.5.2 was utilised for the orthogonal protection of MMO(d)
149. MMO(0) 149 was treated with Cu(OAc), to form the copper complex that shields the a-
groups, and Boc,O was added towards production of 142, which was anticipated to be a chalky
blue precipitate isolatable via filtration under vacuum (Scheme 3.23). Unfortunately no
precipitate was observable and any attempts to isolate a precipitate produced a negligible amount

of material, meaning an aqueous work-up procedure was required to remove residual Boc,O.

\N,Boc
_Cbz
H NH; i), i) H i), iv) Boc  HN
_N _OH N, 0o — N OH
\/\/\[( :CU?+ 16% \/\/\[(
o oo o)
149 © N 188
142 N
Boc”

Scheme 3.23 — Synthesis of dual protected N-Boc,N-Me-Orn(Cbz)-OH 188 from MMO(J) 149 as part of the total
synthesis of protected MMA(S) 138 for SPPS. Reagents and conditions: i) Cu(OAc),, NaOH(aq) (2 M) ii) Boc,O
ii1) 8-quinolinol iv) N-hydroxysuccinimide, Cbz-Cl, Na,CO3(,q), 16 h, RT.

8-Quinolinol was added to the reaction mixture and reacted for 2 h to liberate the copper-

complexed amino acids and contaminating organics were extracted into EtOAc and discarded. A
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sample of the crude aqueous phase was dried and analysed by '"H NMR experiments, which
revealed that the reaction mixture contained the desired product d-N-Boc, N-Me-Orn-OH 188.
Gratifyingly, HMBC analysis confirmed that Boc protection had been selective for the d-

position.

The crude mixture was treated with Cbz-Cl and N-hydroxysuccinimide and reacted for 16 h. The
reaction mixture was concentrated and then extracted with EtOAc; following extraction the
desired product was not sufficiently clean, unlike the other derivatives of amino acid synthesised
using this method (Section 2.5.2). Crude 188 was purified on normal-phase SiO, doped with 1%
Et;N. The eluted product required washing in 1 M HClq to remove Et;N; subsequent re-
extraction into EtOAc afforded pure N-Boc, N-Me-Orn(Cbz)-OH 188 in an overall yield of 16%

(2.92 mmol) (Scheme 3.23).

3.5 — 6-Monomethyl Ornithine to -Monomethyl Arginine
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Scheme 3.24 — Synthesis of Cbz-protected MMA(S) 189 from dual-protected MMO(6) 188. Reagents and
conditions: i) TFA:CH,Cl, (3:7), RT, 30 min ii) bis-Boc-pyrazole- 1H-carboxamidine, DIPEA, MeOH, RT, 16 h iii)
TFA:CH,Cl,(3:7), RT, 2 h.

The dual-protected 188 was Boc-deprotected by reaction with TFA:CH,Cl, at room temperature
in quantitative yield to afford 177 (Scheme 3.24). This was treated with bis-Boc-pyrazole-1H-
carboxamidine 109 to afford N,N’-bis-Boc-, N-Me-Arg(Cbz)-OH 178 in 64% yield following

purification on Et;N-doped SiO,. The tri-protected MMA(0) 178 was selectively deprotected via

reaction with TFA:CH,Cl, to give N-Me-Arg(Cbz)-OH 189 in quantitative yield.
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Attempts were made to assess enantiopurity at this stage in the synthetic route using chiral
solvating/complexation agents. The specific rotation of MMO(0) 149 had already been measured
and shown to be comparable to a literature standard (Section 3.4.2). None of the reaction steps
after the production of MMO(d) 149 were anticipated to scramble the stereocentre of the amino
acid, but assessment of enantiopurity at this later stage in the synthetic route was nevertheless

attempted.

It was hoped that N-Me-Arg(Cbz)-OH 189 would complex with a racemic sample of chiral
solvating agent to form diastereomers that could be resolved by NMR and allow estimation of
e.e. by integration. Despite not being the final product, N-Me-Arg(Cbz)-OH 102 was chosen as
the candidate for assessing enantiopurity. Firstly, the unmethylated analogue Arg(Cbz)-OH 102
is commercially available and test experiments could be carried out using this model compound
to establish if chiral resolution with individual solvating agents is possible as a predictor for

success with the much more precious N-Me-Arg(Cbz)-OH 189.

Chiral solvating/complexation agents with a primary amine functionality are reported to give the
best results for resolution of carboxylic acids'”*'”. Attempts were made to complex 102 with
racemic (+)o-methylbenzylamine 190 but this approach failed to resolve two diastereomeric salts

by '"H NMR (Figure 3.1).
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Figure 3.1 — Attempt to use the chiral solvating agent a-methylbenzylamine 190 to estimate the enantiopurity of
model compound L-Arg(Cbz)-OH 102. A) Overlay of 'H NMR spectra of i) racemic (+)190 & (-)190 (red) ii)
experiment containing 1:1 L-Arg(Cbz)-OH 102 and racemic (£)190 (green) and iii) enantiopure L-Arg(Cbz)-OH 102
(blue). Zoomed in regions of B) multiplet # and C) doublet * assigned to the indicated protons showing no
diastereomeric chemical shifts.
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In order to be used in SPPS, 189 required Pbf protection of the guanidine functionality, and a

protecting group exchange for Fmoc at the a-amino group.

Cbz Cbz Fmoc
e - NH
. i, i) oo™ i Wl o | g o
H:N.__N “OH — » N__N “_OH ——| ppi~ \/\/\If — _N__N OH
DA G gl g T s7  Po7 YT
NH o] ° NH 0 NH o
189 179 183 138

Scheme 3.25 — Successful synthesis of fully-protected MMA() 138 for SPPS. Reagents and conditions: i)Pbf-ClI,
acetone, 0 °C ii) 1 h RT (six cycles) iii) 10% Pd/C (20% w/w), H,, MeOH iv) Fmoc-Cl, N-hydroxysuccinimide, 10%
aqueous Na;COs, 16 h.

N-Me-Arg(Cbz) 189 was treated with one equivalent Pbf-Cl in acetone at 0 °C and stirred for 1 h
(Scheme 3.25). A second portion of Pbf-Cl was added (~0.5 eq.) and stirred for 90 min at 0 °C
and a third portion (also ~0.5 eq.) was added and stirred for 30 min at 0 °C. The reaction was
allowed to stir for 16 h at room temperature following which it was filtered to remove the side-
product Pbf-OH — a phenomenon described in Section 2.8. Four further portions of Pbf-ClI (each
~0.5 eq.) were added at 1 h intervals, all at room temperature until TLC and MS analyses
suggested the starting amino acid 189 had been consumed. In order to purify the product, it was
necessary to include AcOH in the eluent to facilitate chromatography on SiO,. Since the Pbf
group is labile in strong acid conditions, column fractions containing product were pooled and
mixed with H,O prior to evaporation of the volatile eluent solvents (CH>Cl,:MeOH) under
vacuum. Once the solution had been concentrated and only an aqueous phase remained
(containing dilute AcOH) a small amount of HCl,q was added and the product immediately
extracted into CH,Cl,. After concentration and drying, this process afforded N-Pbf-, N-Me-
Arg(Cbz) 179 in 29% yield. The closest analogous reaction described in the literature reports a
yield of 20% for this step using two equivalents of a different guanidine sulfonyl protecting

group ‘MIS’'* (Section 2.1.1) added in one portion.
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The final stage in this synthesis was to exchange the Cbz-protecting group for a-Fmoc-
protection to enable SPPS. N-Pbf-, N-Me-Arg(Cbz)-OH 179 was treated with H,, and
hydrogenolysis of the Cbz group catalysed by 10% Pd/C. The crude was treated with N-
hydroxysuccinimide and Fmoc-Cl in a 10% aqueous solution of Na,COs; the final product 138

was isolated via purification on SiO; in 57% yield over two steps.

Overall, the total synthesis of protected MMA(0) 138 for SPPS took place over 12 steps and in a
yield of 0.76%. The total amount of end product synthesised was 145 mg (0.219 mmol); the
SPPS procedure that would be used to produce the peptide containing MMA(0) 138 was to be
conducted on a 0.1 mmol scale (final peptide). Usually each component amino acid is added in
10-times excess (1 mmol each) to encourage high peptide productivity (Section 2.1.3). Although
0.219 mmol was not the optimum quantity for SPPS, it could be used in a roughly two-fold
excess and so was used in the synthesis of 16mer peptide H4R3-MMA(J), described in Chapter

Four.

Specific rotation was assessed at each step throughout the 12-step total synthesis of 138

described, and at no point were any of the materials racemic; the final compound exhibited an
[oc]zD5 of +5.3 (¢ = 1.0 in MeOH:CH,Cl, 55:45) although there was no literature standard for

comparison. The exact e.e. could not be quantified by chiral gas chromatography mass
spectrometry (GC/MS) or chiral HPLC; these techniques require a standard racemic sample.
Attempts to synthesise the latter from racemic Orn-OH 69 following Scheme 3.26 were
unsuccessful, failing at step one in the synthesis — the racemic starting material would not readily
form a complex with Cu®" and no precipitate could be isolated. Synthesis of an authentic sample

of the D-enantiomer proved more successful, but the full 12-step route could not be completed
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within the confines of this project. Only one step in the synthesis was of particular concern with
respect to racemisation: the global deprotection using refluxing HBr(,q). Following this step, the
optical rotation of the product MMO(0) 149 was assessed and compared to a literature standard;

the data were consistent in sign and similar in magnitude.

3.6 — Conclusions and Future Work

This chapter had been concerned with the synthesis of protected derivatives of MMO(d) that
could be manipulated to produce MMA(0) suitably protected for incorporation into a peptide via
SPPS. Very few examples of MMO(8) 149 syntheses are reported in the literature and the few
identified procedures had significant shortcomings. Zobel-Thropp et al.’’ described the synthesis
of an a-N-acetyl protected MMO(d) 147 via reductive amination using only formaldehyde. This
procedure was not attempted; the authors observe the N, N-dimethylated side-product 148 and

also supply incomplete characterisation data.

Attempts were made to generate MMO(J) derivatives via 0-N-Boc-protected Orn derivatives.
Direct N-methylation using the alkylating agent iodomethane was unsuccessful, instead
generating the corresponding methyl ester as the major product. According to a reported
procedure by Phuan et al.'®, reduction of the Boc group was attempted using LiAlH, but this
was also unsuccessful, generating a mixture of insoluble aluminium salts and causing unwanted

reduction of the carboxylate group.

Huang e al.'® had reported a procedure for synthesising MML via sequential reductive

aminations that reportedly relied upon steric hindrance at this position to control the number of

substitutions. Reductive amination was reportedly used to achieve a mono-benzylation at the d-
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nitrogen. The authors used a one-pot procedure to then mono-methylate the same nitrogen via
reductive amination with formaldehyde. This methodology was applied to Orn(Fmoc)-OMe 86
but with poor success; putative dibenzylation was observed at the d-nitrogen (157). It was
thought that this problem was symptomatic of a poor conversion to the benzylimine. Attempts
were made to control this problem by altering concentration, temperature, drying agent and by
using a reportedly'® more reactive aldehyde (p-anisaldehyde 161). Unfortunately though, the
best imine conversion that could be obtained was 25% (as assessed by '"H NMR), which was
considered to be insufficient.

By adapting the sequential reductive amination method described by Huang et al'*

, a limited
amount of desired product N-Me, N-benzyl-Orn(Fmoc)-OMe 156 was obtained. Subsequently
attempts were made to selectively remove the benzyl group to afford N-Me-Orn(Fmoc)-OMe
165. Three different methods using Pd(OH),, Pd/C and ACEC respectively as debenzylating
agents were not successful; the Fmoc group was found to be labile under all conditions tested.

Instead, an approach reported by Luzzi & Marletta'”

was implemented that generates
unprotected MMO(d) 149. The overall route towards protected MMA(0) 138 for SPPS is given

below (Scheme 3.26):
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Scheme 3.26 — Total synthesis of protected MMA(6) 138 for SPPS. Reagents and conditions: i) Cu(OAc),;, NaOH
(2 M), p-toluenesulfonyl chloride, Et;N ii) 8-quinolinol iii) Boc,O iv) Mel, 2 M NaOH v) HBr 48%, reflux vi)
Cu(OAc),, NaOH(aq) (2 M) vii) 8-quinolinol viii) N-hydroxysuccinimide, Cbz-Cl, Na,CO3,q) ix) TFA:CH,Cl,
(3:7), RT, 30 min x) bis-Boc-pyrazole-1H-carboxamidine, DIPEA, MeOH, RT, 16 h xi) TFA:CH,CI,(3:7), RT, 2 h
xii) Pbf-Cl, acetone, 0 °C xiii) 1 h RT (six cycles: xii-xiii) xiv) 10% Pd/C (20% w/w), H,, MeOH xv) Fmoc-CI, N-
hydroxysuccinimide, 10% aqueous Na;COs3, 16 h.

Where previous attempts had failed to install a methyl group on a Boc-protected nitrogen
(Section 3.3) the key to success in this procedure was methylation of a sulfonyl-protected Orn
derivative. Building on the work reported in Chapter Two for selective orthogonal protection of
Orn, the intermediate N-Ts-Orn(Boc)-OH 83 was synthesised on large scale (24.6 g) and good
yield (64%). This represented a significant improvement on Luzzi & Marletta’s 16% yield for
the analogous N-Ts-Orn(Bz)-OH 170. Methylation of 83 proceeded in good yield using
iodmethane as the methylating agent, but the disadvantage to this step is the requirement for a
sealed reaction system that confers a pressurised environment that is presumed to prevent escape
of iodomethane. In order to produce N-Me, N-Ts-Orn(Boc)-OH 180 on a sufficiently large scale
for subsequent reactions, it was necessary to carry out 42 individual reactions in sealed tubes.

This is clearly a very time-inefficient step but attempts to scale-up this procedure required use of
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an open-reaction system, which had a detrimental impact on reaction yield (55% compared to
77-92%). Optimisation of this step, perhaps requiring investigation into alternative pieces of

equipment, should be a priority for subsequent iterations of this synthesis.

Deprotection of N-Me, N-Ts-Orn(Boc)-OH 180 required refluxing in conc. HBr(q); this was
necessitated by the non-labile tosyl group. This step represents a significant bottleneck in the
reaction efficiency because it generates naked MMO(0) that then requires a series of orthogonal
protection/deprotection steps, which is costly for both yield and time. Attempts were made to
circumvent this bottleneck by using a more labile sulfonyl-protecting group in place of the tosyl
group. The 2,4-dinitobenzenesulfonyl (DNs) protecting group was reported to be labile under

mild conditions'”"

and so was introduced to the O-nitrogen of Orn. Unfortunately attempts to
install a methyl group on the same nitrogen caused cleavage of the DNs group. It is
recommended that future work should investigate use of a reportedly'’' intermediary labile 2- or
4- (mono)nitrobenzenesulfonyl (Ns) protecting group, which could make for a more efficient
overall synthetic route, bypassing the need to selectively reprotect/deprotect MMO(8) which was
inefficient with respect to yield. Nevertheless, the reprotection of MMO(J) to N-Me, N-Boc-
Orn(Cbz)-OH 188 proceeded successfully, although in much poorer than yield (16%) than
expected. N-Me, N-Boc-Orn(Cbz)-OH 188 required purification, but was successfully taken
forward for guanylation and protecting group exchanges that eventually yielded 0.219 mmol of
the final product N-Me N-Pbf-Arg(Fmoc)-OH 138 (Scheme 3.25). The second bottleneck in this
overall 12-step procedure occurred during Pbf-protection of the guanidine group. An overall
29% yield was obtained from treatment of precursor N-Me-Arg(Cbz)-OH 189 with multiple

quantities of Pbf-Cl followed by purification on SiOs. It is postulated that Pbf-Cl breaks down to

the sulfonic acid Pbf-OH 118 in the aqueous conditions necessitated by this reaction.
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Optimisation of this step is much-needed for synthesis of any Arg for SPPS on large scale and

future work might wish to make investigations here.

After a 12-step synthesis (Scheme 3.26) the overall yield of the route was 0.75%. Areas for
improvement have been identified and discussed, and should be viewed with excitement for the
future, since optimisation of this route could allow access to novel methylation patterns
incorporating both 6-Me modification and w-Me modifications if combined with use of the

prospective guanylating agents identified in Chapter Two.

This amino acid N-Me-, N-Pbf-Arg(Cbz)-OH 138 was used in the SPPS of an H4R3 peptide, the

synthesis of which is described in the following chapter.
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Chapter 4 — Assay Development and Biological Investigations of

Novel Epigenetic Markers

This chapter describes the development of a MS-based assay to quantify arginine-residue
methylation status, and its implementation in investigations concerning novel methylated

substrates for PRMT1

4.1 — Introduction

In Section 1.4, the various advantages and disadvantages of different non-MS based literature
assay techniques for assessing PRMT activity were discussed. The major shortcomings of many
of these assays can be summarised as follows:

1. Poor or unknown selectivity in distinguishing Args with different methylation number

2. Insensitivity of the assay readout methods

3. Possible variability between readouts from the same assay

The most notable advantage of MS is its ability to detect and enable quantification of un-, mono-
and di- methylated arginine-containing substrates/products as well as possible higher-order
methylation. Polymethylation of arginine-residues has not previously been observed; the vast
majority of currently employed assay techniques are not capable of distinguishing higher order
methylation number. Furthermore, methylation patterns have previously been defined by
isolating methylated products of PRMT-catalysed reactions and comparing to known standards

19,21-23

of un-, mono- and di-methylation patterns The absence of any standards of

polymethylated Arg residues suggests polymethylation may have been overlooked. An extension
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of this postulation is that MMA(J), an Arg modification found in yeast conferred by the PRMT

homologue RmtA*', could be a substrate for or inhibitor of human PRMTs.

4.2 — Chapter Aims

This chapter describes work directed towards the following specific aims:
1. Design and optimisation of a new MALDI-TOF-MS-based PRMT methylation assay.
2. Investigate possible polymethylation of arginine by ‘forcing’ the PRMT1-catalysed
reactions.
3. Test a peptide incorporating MMA(J) for substrate activity vs. PRMTI.

4. Investigate the possible rearrangement of MMA(0) to give MMA(w) (Scheme 4.1)

y ,ll inter ,L y m H lll
A~ e R
NH NH NH
MMA(3) MMA () MMA(3)
6 MMA MMA 3 6

Scheme 4.1 — Possible inter- or intra-molecular rearrangement between MMA(w) 3 and MMA(6) 6.

4.3 — Assay Development

4.3.1 — Protein
It was decided to use a model PRMT for experiments described in this chapter; human PRMT1
62

was selected because it is well-characterised and is the founding member of the PRMT family

with established procedures for its recombinant expression and purification' .
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Recombinant human PRMTI1 with a hexa-histidine tag at its N-terminus was produced in
Escherichia coli cells using the pNIC28-BSA4 vector conferring kanamycin-resistance as
previously reported'”*. The vector was introduced to ultra-competent BL21 E. coli cells via heat-
shock transformation, which were then incubated on kanamycin-containing agar plates at 37 °C
overnight. An individual colony of cells was picked and grown as part of a large-scale
expression using the media outlined in Table 4.1; a preferential yield was obtained for

expression in Terrific Broth (TB) over tryptone-yeast (2-TY) media.

Entry Media Culture Size, L Total PRMT1, mg Expression Efficiency, ug/L

1 2-TY 5 0.4 80

2 B 12 20.3 1,700

Table 4.1 — PRMT1 recovered from two different expression systems. Protein concentration was calculated using
the Beer-Lambert law: a NanoDrop spectrometer was used to measure A,gy and the molar extinction coefficient of
PRMTI was obtained using the ExPASy ProtParam tool.

Following induction of protein expression using isopropyl p-D-1-thiogalactopyranoside (IPTG)
cells were harvested and lysed to isolate a crude lysate containing recombinant PRMT]1. The
protein was purified by affinity chromatography via the N-terminal hexa-His tag to give 0.4-20.3

mg human PRMTT as part of two different expression procedures (Table 4.1).

N-terminal His-PRMT1 was found to be active using the MALDI-MS assay (vide infra) so was
used without removal of the hexa-His tag. Expression and purification protocols are detailed in

the Experimental Section.

" The ExPASy ProtParam tool can be accessed at http://web.expasy.org/cgi-bin/protparam/protparam
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4.3.1 — Peptide Synthesis
It was decided that the substrate for these MALDI assays should be based on histone 4 (H4)

175
17

because it is well established as a major ‘epigenetic’ substrate of PRMT1 °. The sequence of the

whole H4 protein is given in Figure 4.1.

16-mer used in this work

NH,-SGRGKGGKGLGKGGAKRHRKVLRDNIQGITKPA
IRRLARRGGVKRISGLIYEETRGVLKVFLENVIRDAVT
YTEHAKRKTVTAMDVVYALKRQGRTLY GFGG-co,H

Figure 4.1 — Amino acid sequence of human H4, showing the 16-mer fragment used for assays reported herein.

A MALDI-based PRMT assay has been reported for comparing catalytic turnover of different
peptide sequences’’. As part of this study, the authors used MALDI-MS to investigate the time-
dependent modifications of peptides. In addition to this, the authors used LC-MS/MS analysis to
explore the effect of peptide sequence and length on PRMT]1-catalysed methylation; peptide
sequences containing more than one Arg residue were tested. Of particular interest to the current
project is the finding that a 17-mer fragment of H4, containing Arg residues at positions three
and 17 (Figure 4.1), could be methylated at both Arg residues. By analysing the LC-MS/MS
fragmentation patterns of this peptide, the authors demonstrated that PRMT1 will preferentially
methylate N-terminal Arg but will also methylate more C-terminal positions in multi-Arg

containing peptides’’.

Based on these observations, a 16-mer fragment of histone 4 (H4) was chosen as the most

appropriate substrate for MALDI-MS assays described in this chapter, because it is the longest

N-terminal H4 canonical sequence that contains only one Arg residue. It was thought that a
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peptide containing multiple Arg residues would unnecessarily complicate the planned

investigations into possible polymethylation of H4R3 fragment peptides.

The peptides used for methylation investigations are detailed in Table 4.2. Those peptides
synthesised in-house were made using automated Fmoc-based solid phase chemistry on a 0.1

mmol peptide scale.

Entry Peptide Sequence Source Purity, %
1 H4R3 SGRGKGGKGLGKGGAK Synthesised 100

2 H4R3-MMA(®w) SGR(w-Me)GKGGKGLGKGGAK Thermo Fisher 100

3 H4R3-MMA(0) SGR(6-Me)GKGGKGLGKGGAK Synthesised ND

4 H4R3-ADMA SGR(N,N-Me,) GKGGKGLGKGGAK Thermo Fisher 96

5 H4R3-SDMA SGR(N,N’-Me,) GKGGKGLGKGGAK  Thermo Fisher 96

6 H4R3(A) SG-GKGGKGLGKGGAK Synthesised 100

Table 4.2 — Peptide sequences used as part of this study. Purities were assessed by analytical LC/MS. ND = not
determined due to co-elution with major contaminant of the 15-mer MMA(J) deletion product (H4R3(4)).

a-Protected Fmoc-amino acids were activated with coupling agents (diisopropylcarbodiimide
and hydroxybenzotriazole) and mixed with a rink-amide solid-support resin in 10 times excess (1
mmol/amino acid). Couplings took place over 3 hours with MW irradiation. Arg however cannot
be subjected to MW irradiation because it is prone to deguanylation and/or cyclisation as
outlined in Scheme 2.1. Coupling times for introduction of Arg residues were doubled to 6 hours
at room temperature. Inefficient coupling at any stage in the peptide synthesis can lead to
production of ‘deletion products’, which are shorter peptides where an amino acid has been

missed from the chain due to an unsuccessful coupling.
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Synthesis of the H4R3 standard from component protected amino acids afforded ~15 mg in
100% purity. A trace impurity of trishydroxymethyl(aminomethane) (Tris) buffer was also found
to be present in the HPLC trace that was also found in the blank runs preceding and following
the sample of interest. The HPLC traces and associated MALDI-MS data as part of these peptide

syntheses are given in the Appendix C.

The synthesis of the MMA(d)-containing peptide was less forthcoming. Only 145 mg (0.22
mmol) of the bespoke protected amino acid MMA(9) could be synthesised as part of this work,
as described in Chapter Three, representing only two-fold excess compared to the desired 10-
fold excess. To encourage complete consumption of available MMA(0) the coupling time for
this residue was increased to 16 h at room temperature. Attempted purification of the resulting
peptide by preparative HPLC afforded a small quantity of desired product (<0.1 mg) alongside a
significant contaminant of the 15-mer deletion product. Attempts to estimate the purity of the
desired MMA(d)-containing peptide by analytical LC/MS were unsuccessful because of co-

elution of desired product and the 15-mer deletion peptide from the HPLC column.

The poor results were attributed to poor reaction conversion resulting from the low quantity of
the MMA(0) amino acid available. This was diagnosed by presence of a significant impurity that
corresponded to the 15-mer deletion product in the HPLC trace, with MMA(0) absent (see

Appendix C).
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4.3.3 — Assay Optimisation

4.3.3.a — Assay Parameters and Conditions
The conditions defined in Table 4.3 were used for the PRMT1 assays and mimicked conditions

reported by Siarheyeva et al.’** and Smil et al.”’’.

Assay Component Volume Final Assay Conditions

SAM 10 uL At approximated K, value: 10 uM (vide infra)
Peptide substrate 10 uL Close to reported'** K, value: 15 pM

Enzyme 20 uL Dependent on specific activity

Buffer 59 uL 20 mM Tris, 10 mM DTT

Inhibitor in DMSO 1 pL 1% DMSO

TOTAL volume 100 uL

Table 4.3 — Assay components used the MALDI-MS-based assay described herein.

Typically SAM-dependent assays are carried out below 37 °C because SAM is unstable even at
room temperature' ', As part of the current work, PRMT1-catalysed decline of unmethylated
substrate peptide was monitored over a 120 min period at 37 °C and 30 °C. A plateau in PRMT
activity was observed after 105 min for both assays, so data up to and including this time point
were used to compare reaction progression at 30 °C and 37 °C (Figure 4.2). These results
demonstrated that the PRMTI1-catalysed reaction proceeded to a similar extent under both
conditions. Since there were no associated disadvantages to using a lower temperature, which
might in fact be favourable for SAM stability, 30 °C was selected as the working temperature for

all future assays.
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Figure 4.2 — Temperature optimisation for the PRMT-catalysed reaction. Assay carried out as described in Table
4.3. Conditions: [PRMTI1] = 80 nM, [H4R3] = 15 uM, [SAM] = 10 uM.

4.3.3.b - Quenching

Various different quenching agents for the PRMT]1 reaction were tested — chaotropic salts, acid
and organic solvent; use of 7.5 M guanidine HCl interfered with the MALDI readout, as did use
of a 10% aqueous TFA solution. Adding MeOH to a final concentration of 50% was found to be

effective at quenching the reaction whilst not affecting the MALDI readout.

4.3.3.c - Quantification

MALDI ion peak intensities are not guaranteed to give a linear response with increasing
concentration, meaning quantification of assay readout cannot always be achieved directly from
the raw data; this represents the biggest limitation of using a MALDI-based assay. A number of

methods have been reported to quantify readout but can be time-consuming and/or costly’”'”7'"®,

Preliminary investigations were made as to the utility of incorporating a single generic standard,
in this case the 10-mer peptide Angiotensin I. It was thought it might be possible to quantify
histone peptides by constructing a standard curve comparing the ratios of the predominant
histone and angiotensin isotopes. Unfortunately this idea was abandoned given the non-linearity

observed and the high degree of error encountered (Figure 4.3).
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Figure 4.3 — Percentage ion count of H4R3 compared to a constant 5.3 ng of Angiotensin I where n = 10. Error
given as tstandard deviation.

It was decided to attempt quantification by applying a weighting to the intensity of each ion peak
based on the corresponding peptide’s propensity to crystallise, ionise and fly. A similar method
had been applied in work reported by Gui ez al.”’. For peptides with equivalent weighting, the
intensities for all peptides of interest could be totalled and each peptide then expressed as a

percentage of this (Figure 4.4).

A
P(0)
>
g P(Me) P(0)
; P(Me) %P0 = P(0) + P(Me,) + P(Me,) X100
Mass

Figure 4.4- Peak-picking and percentage intensities. P(0) = unmethylated peptide, P(Me;) = monomethylated
peptide and P(Me;) = dimethylated peptide.

First, the tendencies of un-, mono- and di-methylated peptides to crystallise, ionise and fly must
be assessed. Two homogenous solutions replicating assay conditions were prepared containing

absolute and known quantities of the three standard peptides. Samples for each repeat (n = 10)
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were individually crystallised with the matrix a-cyano-4-hydroxycinnamic acid (CHCA) and the

percentage distribution of their ion intensities was noted following subjection to MALDI-MS.

When ADMA is included (Figure 4.5A) each of the means are within two standard deviations of
each other, which for the purpose of this work suggests no appreciable difference in intensity is
present for each different peptide. This means the assay can be used for quantification of un-,
mono-, and asymmetrically dimethylated peptides by giving equal weighting to the peak
intensities observed for each peptide and calculating distribution according to Figure 4.4. Since

PRMTT1 is reported to generate ADMA, this assay could be used for accurately monitoring

activity for this PRMT homologue.

A B
100 Me,, MMA(w), ADMA 100 Me,, MMA(w), SDMA

80 20
%]
g 60 2 60
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e 40 &~
BN N 40

) . |

0 0
Unmethylated Monomethylated Dimethylated Unmethylated Monomethylated Dimethylated
Peptide Peptide

Figure 4.5 — Distribution of ion peak intensities from a solution of exact and equivalent quantities of peptides with
different masses. Unmethylated H4R3 and MMA(w) were added to each experiment alongside A) ADMA and B)
SDMA. Data is given as the mean * standard deviation and n = 10 for each sample.

However, a marked difference was recorded for the observed and null distributions when SDMA
was used (Figure 4.5B). Further tests were carried out to assess the purity of the SDMA peptide,
which had been supplied with a certificate of analysis stating 96% purity. Samples of SDMA

were analysed by MALDI-MS and showed a 17% (£2%) impurity corresponding to the mass of
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the unmethylated peptide. Analytical LC/MS on the SDMA peptide was re-run in house and a
theoretical purity of 100% was obtained. Together, these three pieces of data suggest any of the
following:

1) An impurity of unmethylated peptide is present in the SDMA peptide sample and the two
peptides cannot be distinguished under the HPLC conditions used both in-house and by
the supplier

2) The SDMA peptide spontaneously degrades under MALDI-MS conditions and no
contamination is present in the sample

3) The apparent contamination of unmethylated peptide in the SDMA sample is simply a

fragmentation product produced under MALDI-MS conditions

For assays described below where SDMA is used, this artefact and the non-equivalent peptide

distribution is taken into account.

It should be noted that in some of the samples tested as part of this work a low overall ion count
was recorded, possibly caused by insufficiently pure or concentrated samples or instrumental
artefact. For those experiments showing low overall ion count, it is speculated that this method
of calculation might be less reliable because the effect of noise may skew the data. Individual

cases where this arose are discussed in subsequent sections.

4.3.3.d — Optimisation for Linearity
A time-course assay was carried out over a 120 min period to identify initial linear velocity
conditions. Assays were initiated at time = 0, 15, 30, 45, 60, 75, 90, 105, 120 min and quenched

at t = 120 min. Decline of unmethylated starting peptide was plotted as a function of time
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(Figure 4.6). Linear reaction velocity was observed for the 0-90 min period and so all future

assays were carried out for 90 min unless otherwise stated.

Time course of PRMT]1 activity with time

100.0 &
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)
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;% 25.0
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Figure 4.6 — Time-course assay of PRMTI at 30 °C to elucidate initial linear velocity. Inset graph shows linear
PRMTI activity in the 0-90 min period. Assay carried out as described in Table 4.3. Conditions: [PRMTI] = 80
nM, [H4R3] = 15 uM, [SAM] = 10 uM.

4.3.3.e — Verifications

The H4R3 peptide K, was experimentally determined to be 25.8 + 1.2 uM (two standard
deviations) (Figure 4.7) using a 20-fold excess of SAM, which is close to the literature estimate
of 15 uM"?. It was not possible to experimentally determine the K, of SAM because the
required excess of peptide overwhelmed the MALDI signal and was outside the limit of

sensitivity for the MALDI reader, so the literature value (10 uM) was used' .
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K., Approximation of H4R3 16-mer vs. PRMT1
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Figure 4.7 - K,, approximation of H4R3 16-mer and other kinetic parameters calculated using GraphPad Prism
software and Michaelis-Menten kinetic analysis. K,, = 25.8 = 1.2 uM, ’ = 0.99 (2 sf), ke = 0.035 £0.007 57", 1" =
0.99 (2 sf) and V= 5.61 nM s™'. Data points are given as the mean + standard deviation and n = 3 for each. Assay
carried out as described in Table 4.3. Conditions: [PRMT1] = 80 nM. 13 concentration points of peptide H4R3 (0-

120 uM) were tested and SAM was added in 20-fold excess for each of these (final [SAM] = 0-2.4 mM).

The Vimax Was calculated to be 5.61 nM s and the ke, was calculated as 0.035 + 0.007 s'. Figure
4.6 above, showing optimisation of assay conditions for linearity, shows low PRMT1-catlaysed
turnover of substrate. Insufficient data exists in the literature to allow comparison of PRMT1
specific activity using an H4R3 substrate. However, kg, data presented in Table 4.4 shows
similar reaction rates for PRMT1-catalysed methylation of H4R3 substrates in the literature and
in the present study. It is emphasised that ke, values cannot be directly compared, but that keu

can act as a useful gauge for estimating the rate of an enzyme-catalysed reaction'”.

Substrate Keat st

Histone H4, full length'* 0.001
Histone Ac-H4, amino acids 2-21""  0.008
Histone Ac-H4, amino acids 2-21'%°  0.009

Histone H4, 16-mer (this study) 0.035

Table 4.4 — Comparison of k.., values from literature reports and the present study.
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Assay parameters and conditions were found to faithfully replicate the literature ICso value” for
the potent pan-PRMT inhibitor Sinefungin 32 (Figure 4.8), which acts as a cofactor mimetic.
This assay and the applied parameters and quantification procedures were therefore deemed
applicable for the study of two series of inhibitors, outlined in Chapter Five, and for substrate

analyses, outlined below.

Reported: 1.63 uM
Observed herein: 1.82 +1.00 uM

Sinefungin ICs
0.020 -

K PNy
+
g~ N A e
. ) |
NH» S N N
HO OH ~~
0.005 -

Sinefungin, 32

f T T T
-0.5 0.5 1.0 1.5 2.0 2.5

Log [Sinefungin], uM

Specific activity (nmol/mg/min)

Figure 4.8 — ICsy approximation of Sinefungin 32 vs. PRMT1I calculated using GraphPad Prism software. ICs5y=
1.82 = 1.00 uM, v’ = 0.86 (2 sf). Data points are given as mean + standard deviation and n = 3 for each. Reported
ICsy from Cheng et al”®. Assay conditions: [PRMT1] = 80 nM, [H4R3] = 15 uM, [SAM] = 10 uM.

Exemplar readouts showing ion count output from control and test experiments from the MALDI

assay are detailed in Appendix D.

4.3.3.f — Miniaturisation Assay

For substrate investigations a smaller total assay volume of 20 pL was used in order to conserve
the precious methylated peptides. Conditions were identical to the larger scale assay and specific
activity was found to be unaffected (<1 standard deviation of each other’s means) compared to

the larger assay volume that had already been optimised for linearity (Figure 4.6).
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Figure 4.9 — Conditions for small-scale assay set up and comparison of specific activities observed for small and
large scale assays showing faithful replication of optimised assay conditions. Data given as mean + standard
deviation and carried out in at least triplicate. Assay conditions stated in table.

4.4 — Investigating Novel Methylation Patterns

4.4.1 — Exploring Polymethylation Using Known Human Methylated Peptides

Initially, all peptides shown in Table 4.2, bar the MMA(0) peptide, were tested as PRMT1
substrates under the established small scale assay conditions but with 20-times excess of SAM
(with respect to peptide) to encourage reaction progression. Individual MALDI traces were
searched for evidence of polymethylation. Ions corresponding to tri- and tetra-methylated Arg
were not observed under these standard conditions; the resulting peptide distributions from this
assay are given in Figure 4.10A. Controls with no enzyme are given in Figure 4.10B, which
account for the impurity/artefact found in the SDMA peptide data described in Section 4.3.3.b
and also shows an artefact for the MMA(w) peptide that is was analysed to be 100% pure by

HPLC.
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Figure 4.10 — Percentage distribution of peptides following incubation with PRMTI and a 10-fold excess of SAM
Jfor 90 min. Data given as mean + standard deviation and n = 3 for each. Assay conditions: [PRMTI] = 640 nM,
[peptide] = 15 uM, [SAM] = 300 uM.

No detectable tri- or tetra- methylation was observed under the initial attempted conditions;
attempts were next made to push PRMT1 to polymethylate the different peptides. Experiments
were again carried out with a 20-times excess of SAM (with respect to peptide) but this time
with a 1:1 ratio of peptide to PRMT]1 (usually 23:1) over an extended reaction time of 22 h. All
samples were initiated at t = 0 h and analysed at time points 1.5, 3, 4.5, 6 and 21 h (Figure 4.11).
Suitable controls were included to ensure the enzyme had not lost catalytic ability and that SAM

had not degraded over the 6 h time-course although it is possible that PRMT1 and/or SAM could

have degraded in the 6 h — 21 h period.
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Figure 4.11 — Peptide distribution with time when A) Unmethylated, B) w-monomethylated C) asymmetrically

dimethylated and D) symmetrically dimethylated H4R3 peptides were used as substrates for PRMTI-catalysed

methylation reaction using a 1:1 ratio of peptide to enzyme. E) Shows PRMTI remains active throughout the
experiment. All data points given as mean + standard deviation and n = 3 for each. Assay conditions: [PRMTI]
640 nM, [peptide] = 640 nM, [SAM] = 12.8 uM.

As expected based on literature reports”’, those reactions using known PRMT]1 substrates H4R3

(Figure 4.11A) and H4R3-MMA(w) (Figure 4.11B) quickly showed conversion to

the
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dimethylated peptide. As before however, no peaks with masses corresponding to putative tri- or

tetra-methylation patterns were observed.

A final attempt was made to push the reaction even harder by using an excess of protein (1:4

peptide:protein) under otherwise identical conditions (Figure 4.12).
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Figure 4.12 — Peptide distribution with time when A) Unmethylated, B) w-monomethylated C) asymmetrically
dimethylated and D) symmetrically dimethylated H4R3 peptides were used as substrates for PRMTI-catalysed
methylation reaction using a 1:4 ratio of peptide to enzyme. All data points given as mean + standard deviation and
n = 3 for each. Protein activity data identical to Figure 4.11 above. Assay conditions: [PRMTI] = 640 nM,
[peptide] = 160 nM, [SAM] = 3.2 uM.

Again no higher order methylation could be observed in any case. Using unmethylated H4R3 as

a substrate, Figure 4.12A shows a rapid production of dimethylated peptide followed by a
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gradual and small decline alongside an associated rise in monomethylated peptide. It was
speculated that the apparent decline in dimethylated peptide between t = 1.5 h and t =21 h might

181 .
was used in

not represent a real decrease of this peptide, so a two-tailed Mann-Whitney U-test
an attempt to assess the significance of the difference in SDMA levels att=1.5handt=21 h. A
significance value of p = 0.064 was calculated (using GraphPad Prism software); where p>0.05,
the two data sets are considered not significantly different at the 95% confidence interval. It is
emphasised that the low sample size (n = 3 for each data set) could mean the calculated value of

p = 0.064 is skewed, but this result gives a tentative indication that the measured decline is not

statistically significant.

It seems unlikely that spontaneous non-enzymatic demethylation is occurring given the stability
of the N-Me bond***’. The most likely explanation for the observation described above is that
the assay is suffering from an artefact — in particular, the total ion counts obtained for the
MALDI readings as part of this series of reactions were low (Appendix E). Since calculation of
peptide distribution is dependent on totalling the ion count for each experiment, those
experiments with weak overall signal (i.e. low ion count) are naturally more prone to error and
artefacts. Future work should look into circumventing this problem as it represents one of the

major drawbacks to this MALDI-MS assay.

4.4.2 — Testing MMA(0)
The yeast methylation pattern MMA(J) was then tested as a substrate for human PRMTI, first

under standard assay conditions with a 10-times SAM excess and secondly under the ‘pushed’

reaction conditions described above for non-novel substrates.
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Figure 4.13 — Peptide distribution with time when 8-monomethylated peptide is used as substrate for the PRMTI-
catalysed methylation reaction under A) standard conditions (23:1 peptide to enzyme, 1.5 h): [PRMTI] = 640 nM,
[MMA()] = 15 uM, [SAM] = 300 uM. and B) the respective control distribution. C) 1:1 (peptide to enzyme)
conditions: [PRMTI1] = 640 nM, [MMA(S)] = 640 nM, [SAM] = 12.8 uM and D) 1:4 (peptide to enzyme)

conditions: [PRMTI1] = 640 nM, [MMA(6)] = 160 nM, [SAM] = 3.2 uM. All data points given as mean * standard
deviation and n = 3 for each.

The spectra in Figure 4.13 suggest that little to no activity was observed. It is noted however that
this series of experiments also suffered from a low total ion count (Appendix E). Two
recommendations are made: firstly, more concentrated MALDI-MS samples should be used to
try and overcome the problem of low ion count. Secondly, this assay should be repeated on a

larger scale such that any putative products can be isolated and characterised by accurate mass
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LC/MS. Unfortunately, given the limited availability of the MMA(S) amino acid and peptide,

neither of these options were possible as part of this project.

The only difference between the H4R3 and MMA(w) 16-mer fragment peptides of H4, that were
shown to be PRMT1 substrates in this work, is the methylation pattern on the d-nitrogen of Arg.
One explanation for lack of MMA(9) turnover is that the peptide is not a substrate and that the
MMA(9) methylation pattern is either unable to fit in the PRMT]1 active site or does not bind in
the correct conformation for catalysis. Schematics from mechanistic studies of the type | PRMTs
suggest that interactions between the 0-nitrogen of the Arg substrate and conserved active site
Glu residues are important for orienting the substrate for nucleophilic attack on SAM (Section
1.2.4)°""* There is a possibility that a 8-monomethyl pattern abrogates this postulated

interaction, which could mean that a MMA(9) is not able to act as a PRMT]1 substrate.

It is however possible that the observed inactivity of the MMA(S) peptide is a false negative
result. The MMA(S) peptide used was of unknown purity and contained a significant

contamination of the 15-mer deletion product as described in Section 4.3.1. To ascertain whether

or not the deletion product might be acting as a PRMT]1 inhibitor, and therefore masking any
possible MMA(9) turnover, an ICsy experiment was run with a standard of the 15-mer (Figure

4.14).
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Figure 4.14 — Specific activity varying with concentration of 15-mer deletion peptide. All data points given as mean
+ standard deviation and n = 3 for each. Assay conditions: [PRMTI1] = 80 nM, [H4R3] = 15 uM, [SAM] = 10 uM.
The 15-mer did not exhibit concentration-dependent inhibition or in fact have any notable impact
on PRMTT activity. Lack of inhibition does not however preclude the 15-mer from binding to
PRMT1 or even from interacting with the MMA(0) peptide, and further work should focus on
producing a cleaner MMA(9) peptide sample and re-evaluating this methyl marker as a PRMT1

substrate.

4.4.3 — Rearrangement Studies of MMA(8) and MMA(w)
To test whether or not the MMA(J) and MMA(w) methylation patterns are interchangeable
(Scheme 4.1) samples of the amino acids were analysed by '"H NMR; a precedent exists for

intermolecular alkyl rearrangements via a 1,3-shift'®*,

y ' inter | ¥ _‘intra H lll
< o SR
NH NH NH
MMA() MMA(w) MMA(3)
6 MMA  MMA 3 6

Scheme 4.1 — Possible inter- or intra-molecular rearrangement between MMA(w) 3 and MMA(6) 6.
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The a-Cbz protected derivatives, 116 and 189, were both tested at room temperature (12 h
period) and with heating (6-7 h period) in different solvents (Scheme 4.2). Freshly prepared
samples of N-Me(d)-Arg(Cbz)-OH 189 and N-Me(w)-Arg(Cbz)-OH 116 were dissolved in
CD;OD and showed distinctive chemical shifts for the w- and 8- N-Me peaks allowing

monitoring of their possible inter-conversion (Figure 4.15).

A)
_Cbz
HN/CbZ i) or i) oriii) oriv) | H HN
I
HzNYNM(OH =T = HNTNMOH
NH O NH 116 ©
189
B)
_Cb _Cbz
oHs HN 2% i) orii) or iii) oriv) | HN
L OH HZNTN\ANOH
NH o] NH o}
116 189

Scheme 4.2 — Investigating possible rearrangement of A) MMA(6) derivative 189 and B) MMA(w) derivative 116
with each other. Reagents and conditions: i) CD;0D, RT, 12 h ii)CD;0D, 60 °C, 7h iii) DMSO-d¢, RT, 12h iv)
DMSO0-6¢, 100 °C, 6 h.

Samples were monitored every hour for 12 hours at room temperature, showing no
rearrangement. Following this they were heated to 60 °C, just below the boiling point of

methanol, and analysed every hour for seven hours but again showed no rearrangement. Data for

these experiments are given in Appendix F.

Attempts to observe rearrangement were made at a higher temperature, requiring use of a higher
boiling point solvent. The samples had poor solubility in D,O but were soluble in DMSO-ds and
in similar fashion to their CD;OD solutions, gave distinctive spectra but no rearrangement over a

12 hour room temperature period. Samples were heated to 100 °C and analysed every hour for
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six hours, and again showed no rearrangement. Data for the DMSO-based rearrangements are

given in Figure 4.15 below.
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Figure 4.15 — A) Overlapping "H NMR spectra of MMA(w) derivative 116 (bottom, blue) and MMA(J) derivative
189 (top, red) showing different chemical shifts of the w- and 6-N-Me. Time course at 100 °C showing no change in
the N-Me chemical shift for B) MMA(w) derivative 116 and C) MMA(9) derivative 189.

Unfortunately this study could not be further pursued due to limited material availability, but
future work should focus on investigating the effect of acid and base as well as a broader range

of temperatures.

4.5 — Conclusions and Future Work

This chapter describes the development of a MALDI-MS assay that is able to semi-quantitatively
distinguish un-, mono- and di-methylated peptides. The assay is implemented here to search for
evidence of PRMT]1-catalysed polymethylation of known histone peptides, but found no
evidence that any higher-order methylation was accrued. It is noted that these findings are not

irrevocable and the idea that polymethylation patterns might exist, as hypothesised in this thesis,
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is very much still a possibility. Certainly in the absence of polymethylated Arg-containing
peptide standards, it is difficult to be certain that this negative result is in fact indicative of

PRMT1’s inability to catalyse higher-order methylation patterns.

It seems unlikely that polymethylated peptides would not crystallise with the MALDI matrix
used and/or fly in the MS chamber given the known standard peptides all do, but this possibility
cannot be excluded. This is especially true for tetra-methylated Arg, which could have a
drastically different propensity to ‘fly’ in the mass spectrometer compared to its less substituted
cousins, given the altered physicochemical properties (especially polarity) of the guanidine
terminus when four methyl groups are present. Future work might wish to focus on synthesis of
all possible methylated Args, building on the synthetic advances made in Chapters Two and

Three, which might be able to offer a more definitive conclusion to this work.

Similarly for experiments testing turnover of the MMA(J) peptide it would be inappropriate to
conclude that this peptide is not a substrate of PRMT]1 given the impurity of the sample tested. It
is recommended that the MMA(0) amino acid protected for SPPS (138) is synthesised on a
greater scale to facilitate improved downstream results. The procedure outlined in Chapter

Three, and the possible improvements discussed therein, can be utilised to this effect.

One of the biggest limitations to this piece of work was the low ion count experienced during
some of the polymethylation investigations. The miniaturisation assay had demonstrated
comparable PRMT1 activity to the large-scale optimised assay, but it is possible that some
optimisation of MALDI sample preparation is necessary to circumvent the problem of low ion

count. Alternatively, as part of future work it might be necessary to investigate different methods
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of quantifying the MALDI readout. Below are suggested possible techniques that might offer an

improved quantification method.

Isotope Dilution Mass Spectrometry (IDMS) can be used to generate quantitative data. The
sample of interest is ‘spiked’ with a known quantity of an ‘enriched isotope’ internal standard'’’.

Concentration of the sample of interest can be calculated by comparing the isotopes A and B

(Figure 4.16).
R = Isotope ration of Ato B Ax = peptide fraction in sample Ay = peptide fraction in spike
By = peptide fraction in sample By = peptide fraction in spike
AxCxWy + AyCyW CyW Ay -R,B
_ XXX T IYRYTY Cy = vy Yo Tmey Cy = Concentration peptide in sample Wy = Weight (sample)
BxCxWx +ByCyWy Wy RmBx - Ax Cy = Concentration peptide in spike Wy = Weight (spike)

Figure 4.16 — Use of Isotope Dilution Mass Spectrometry to calculate concentration of a sample. Adapted from
Fassett & Paulsen'”’.

IDMS is a powerful technique for quantification of individual peptides and would be hugely
beneficial for investigating novel methylation patterns. Unfortunately, synthesis of isotope-
enriched standards was outside the scope of this project but could be used to great effect as part

of future work.

The alternative method of ‘standard addition’ can also be used if isotopically-enriched standards
prove non-facile to make. This technique involves spiking the sample with a known amount of
identical sample and calculation of original concentration based on the augmented signal'”®. This
method is likely to be slightly more readily applicable for extension of the current work than
IDMS; however, for an analysis of polymethylation standards of the novel methylated peptides

would need to be synthesised.
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For quantifying the non-novel methylation patterns (where standards already exist) the technique
would be readily applicable. However, it is noted that this quantification step would render the

assay extremely low throughput.

Following the suggested improvements for peptide testing and assessment of higher-order
methylation, it is recommended that all peptide assays described above are carried out against the
full panel of PRMTs. Furthermore, these novel peptides could be of high interest and value
across the wider epigenetic field, particularly in the controversial field of putative Arg
demethylases where they might provide some proof of concept for proposed demethylation

reactions.

In conclusion a MALDI-MS assay and semi-quantification method described herein to monitor

PRMT activity has been developed. This assay was utilised to great effect in the testing of

compounds for PRMT inhibition - the results of this work are presented in the following chapter.
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Chapter 5: Inhibitor Design, Synthesis and Testing

5.1 — Introduction

Previously in this laboratory 100 compounds were cherry-picked from a library of 20,000 for

d’>'% PRMT inhibitors. Using radiometric- and antibody-based

their similarity to publishe
assays, a HTS against PRMT1 and PRMTS5 were carried out respectively by Dr Alan Jones and a
collaboration with Prof Steve Jane’s laboratory at Monash University, Australia, that led to the

identification of hit 196 as a PRMT1 and PRMTS inhibitor with specificity against the SET7 and

SET9 PKMTs (Scheme 5.1).

Lipinski’s ‘rule of five’ states, amongst other guidelines, that a cLogP greater than five and a
molecular weight (MW) greater than 500 generally act as predictors for poor oral bioavailability

'3 Oprea et al. suggest that a lead compound should have a MW no higher than 450

of a drug
and a cLogP below 4.5 (but greater than -3.5) to allow for SAR development that will likely add
molecular weight and lipophilicity while keeping the final drug-like compound within Lipinksi’s

*1%% Based on these guidelines hit compound 196 had too large a cLogP value® (6.36)

‘rule of five
and too high a MW (686) and so represented an undesirable starting point for a drug discovery
project. The structure was simplified to DPSO 197, which had more desirable properties (cLogP
= 2.09 and MW = 202) and appeared to retain inhibitory prowess vs. PRMT1 and PRMT5

(Scheme 5.1).

& cLogP values in this thesis were calculated using ChemDraw Professional version 15.0
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In-house in vitro screening of 100
compound library vs. PRMT5

ﬂ Inhibition vs. PRMT1 and PRMT5

(0]
Simplification o
JORY I I IS 0
. S < >
Br Br

N S N
H H
197
Hit molecule
196 cLogP: 2.09, MW = 202

cLogP: 6.36, MW = 686

PRMT [197],uM Inhibition, %

PRMT [196], uM Inhibition, % PRMT1 5 5
PRMT1 25 65 PRMTS 5 33
PRMTS 25 36 PRMT1 10 10
PRMT1 50 90 PRMTS 10 41
PRMTS 50 78

Scheme 5.1 — Early progression towards identifying a potent and selective PRMTYS inhibitor. PRMTI was tested
using a commercially available radiometric assay'”. PRMTS was tested using an antibody-based assay via
collaboration with Prof. S. Jane’s laboratory at Monash University, Australia.

Following this, SAR development led to the observation that placing electron-withdrawing
groups (EWGs) meta to the sulfoxide 199 gave similarly potent inhibition of PRMTS5 and
PRMT1 (Scheme 5.2). It is important to note that comparisons between these compounds must
be cautiously made, since no dose-response or ICsy data was determined. Whilst at first glance
the meta-substituted 199 and the phenothiazine 201 seem to be slightly more potent than the
starting scaffold 197, this cannot be firmly concluded from these individual data points. The real
attractiveness of these compounds is that the former (199) suggests tolerance to substitution and

the latter (201) has an improved cLogP value (1.24).
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Cl
\©/ PRMT [199], uM Inhibition, %

EWG favoured at PRMTI 5 10
198 meta position 199 PRMTS 5 38
A cLogP = 3.71, MW = 271
. Substitution pattern
i investigation
PRMT [197], puM Inhibition, %
Q
PRMTI1 5 5 S
PRMT3S 5 33 ©/ \©
PRMTI1 10 10
DPSO
PRMTS 10 41 197
PRMTS 50 78 | Ring-restriction
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0 o
g Phenothiazine ring favoured é PRMT [201],pM  Inhibition, %
Ay CCrD
> N
n H PRMTS 10 75
200 201

cLogP =1.24, MW = 215

Scheme 5.2 — Early progression towards identifying a potent and selective PRMT inhibitor. PRMTI was tested
using a commercially available radiometric assay'”. PRMTS was tested using an antibody-based assay via
collaboration with Prof. S. Jane’s laboratory at Monash University, Australia.

This chapter describes two approaches that attempt to facilitate an improved PRMT inhibitor:
1. Improve upon the inhibitory properties of the aforementioned scaffolds

2. Make an assessment of and improve upon the techniques used for assaying PRMTs

Section 1.4 presented a critical discussion of commonly used PRMT assay techniques and their
shortcomings were highlighted. It is hypothesised that readouts from different assays can have a
marked effect on inhibition data and give rise to artefacts. The following specific aims were
envisaged towards identification of a more potent PRMT inhibitor building on early SAR data

described above and utilising the MS-based assay described in the previous chapter:

5.2 — Chapter Aims

1. Expand library of bis-aryl and tricylic analogues based on hit molecule DPSO 197

2. Test compounds for PRMT inhibitory activity using three different assay approaches
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5.3 — Inhibitor Synthesis

5.3.1 — Bis-aryl Series

Based on scaffold 197, a small array of bis-aryls were synthesised with meta EWGs. Using Cul
as a catalyst, the sulfides were obtained via an Ullman-type coupling'®® from the corresponding
thiophenols 202, 203 and aryl-iodides 204, 205 in 81-83% yield. Additionally, in a systematic
investigation of sulfur oxidation state on PRMT activity and selectivity, the sulfides 206 and 207
were oxidised via a Gif-type'®’ reaction using FeCl; and HsIOg to the sulfoxides 208 and 209 in
42-74% yield. The sulfones 210 and 211 were synthesised via a Prizelhaev-type'®® reaction using

H,0, and AcOH, giving 32-68% yield (Scheme 5.3).

X SH | X
10N
X =F, 202 X =F, 204
X = CF, 203 l ) X = CF5, 205

|| \\ //
|||) X
<—
X =F, 206 (83%) X =F, 210 (68%)
X =F, 208 (42%) e

clLogP = 2.57 c-0g 8 cLogP = 2 89
X = CF3, 209 (74%) X = CF3, 207 (81%) X = CFg, 211 (32%)

cLogP =4.19 cLogP = 6.37 cLogP = 4.49

Scheme 5.3 — Synthesis of bis-aryl array. Reagents and conditions: i) Cul, K;COj3 iPrOH, ethylene glycol, 80 °C, 24
h ii) FeCls, HsIOg RT, 16 h iii) H,0(,4) (33%), AcOH, 2 h, 125 °C.

5.3.2 — N-Substituted Tricyclic Series
Based on scaffold 201, an array of N-substituted tricyclic phenothiazines (213-221) were

synthesised using alkyl halides and base (NaH or Cs,CO; or KHMDS) giving yields of 10-68%.
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These sulfides were oxidised to sulfoxides 222-229 using mCPBA in 37-69% yield (Scheme

5.4).

0

s Step A @[SD Step B EjSD
@ND i) orii) or i) N v) 2SN
R

H iv) X—R R
212 213-221 222-229

Product, Step A R Conditions Yield, % X Product, Step B Yield, %

(cLogP) (Step A) (Step A) (cLogP) (Step B)
213 o i) 68 I 222 37
CHs

(4.13) (1.48)

214 Annn i) 65 Br 223 65
(4.66) ) (2.01)

215 o iii) 53 Br 224 54
(5.19) \) (2.54)

216 N i) 10 Br 225 69
(5.72) A~ (3.07)

217 _ i) 20 Br 226 65
(5.11) V) (2.54)

218 — i) 44 Br n/a n/a
(5.66) D)

219 - iii) 17 I 227 38
(6.22) O) (3.57)

220 _ iii) 52 Br 228 66
(6.78) O) (4.13)

221 — i) 37 Br 229 62
(6.40) @J (4.45)

Scheme 5.4 — Synthesis of phenothiazine analogues. Reagents and conditions: i) NaH, 30 min, RT,
THF ii) TBAI, Cs;CO3, 30 min, RT, DMF iii) KHMDS, 0 °C, 15 min, THF iv) requisite alkyl halide,
16 h, RT v) mCPBA, CH,CI; RT, 16 h.
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Synthesis of some of the sulfone derivatives was attempted via a Prizelhaev-type'™ reaction
using H,O» and AcOH. However, crude '"H NMR data suggested the sulfones had poor solubility
in DMSO, meaning they were not suitable candidates for inhibitor testing and were therefore not

purified or further pursued.

The sulfides had high cLogP values (4.13-6.78) while the sulfoxides were less hydrophobic
(cLogP = 1.48-4.45) and could make for better lead-like molecules'®*. In an attempt to improve

’s'%* guidelines for lead-like

the cLogP properties of the sulfides in accordance with Oprea et al.
molecules and to improve solubility, it was decided to introduce more polar substituents at the

ring nitrogen starting via Sy2 reaction with halogenated alcohols (Scheme 5.5).

O (Ii@

N
H

212 OH
230
cLogP = 3.14
Entry Reagents Base Time, h Temperature, °C SM 212, PM 230,

% %
1 CI-EtOH NaH 20 0->25 100 0
2 CI-EtOH K,COs 43 60 > 95> 110 100 0
3 Br-EtOH NaH 20 0->25 100 0
4 Br-EtOH + TBAI Cs,CO;5 20 0->25 100 0

Scheme 5.5 — Attempted synthesis of 230, reagents and conditions: as stated in table, i) requisite halogenated
alcohol ii) Base.

The table above shows attempts to afford 230 via this route using chlorinated and brominated
alcohol but this was not forthcoming. Entry four shows an attempt to generate the more

electrophilic iodo- species in sifu using the transfer agent tetrabutylammonium iodide (TBAI),
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but to no avail. It is postulated that the halogenated alcohol readily formed the more stable
alcoholate then formed the epoxide via intramolecular attack, which the phenothiazine -NH was

subsequently unable to react with.

Instead, according to Kulig et al.'® 1,3,2-dioxathiolane 2,2-dioxide 231 was used to afford 230
in 67% yield (Scheme 5.6). Subsequent oxidation using mCPBA afforded the sulfoxide 233 in
70% yield; oxidation was confirmed to have taken place at sulfur rather than at the amine or

alcohol groups by X-ray crystallography (Figure 5.1).

L)~ [T | 2 @E@$ <:1:5>

N ii) % 67% 70%
o” o
>g~ OH OH
212 231 o; s o}
- 0% - 230 233
232 cLogP = 3.14 cLogP = 0.49

Scheme 5.6 — Successful synthesis of 230 and 233. Reagents and conditions: i) THF, KHMDS, 0 °C, 1 h ii) 16 h iii)
conc. H,SO,iv) H;O v) mCPBA, 2 h, RT.

Figure 5.1 — Crystal structure of 233 demonstrating oxidation has occurred at sulfur, not at the —OH. Data
collection and processing carried out by Dr R. Cooper. See Appendix G for crystallographic information.

Further endeavours were made to alleviate hydrophobicity in this series by synthesising an

ethylmorpholine derivative of phenothiazine (Scheme 5.7A).
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CO0 PSS
N / NH
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230 236

Scheme 5.7 — Attempted syntheses of morpholine-substituted phenothiazine. Reagents and conditions:A) i) KHMDS,
0 °C, 15 min ii) RT, 16 h B) iii) Me3SiCl, DMSO, RT, 15 min, adapted from Snyder'”’ iv) PPhs, CCl,, RT, 2 h -
Appel reaction'' v) DIPEA, CH,Cl,, RT, 16 h.

At first, a substitution reaction with chloroethylmorpholine 234 was attempted, returning a
complex mixture containing both starting material 212 and an unidentified degradation product

after 16 h as assessed by 'H NMR.

A different approach was attempted via chlorination of newly synthesised alcohol-substituted
phenothiazine 230 in an attempt to facilitate a substitution reaction with morpholine 237 itself
(Scheme 5.7B). Chlorination of 230 towards 236 using Me;SiCl and catalysed by DMSO was
not successful. Column chromatography on SiO, returned starting material as determined by MS,

alongside an unidentified degradation product.
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Instead, an Appel reaction'' was attempted using PPhs; and CCl,, which showed disappearance
of the diagnostic —OH triplet in the "H NMR spectrum of the crude reaction mixture. In order to
avoid the hypothesised degradation observed previously, the crude reaction mixture was treated
with morpholine without purification but a complex mixture was afforded and no conclusions

could be drawn.

According to Dahl ez al.'”* Pd,dbas, dppf and NaOtBu could be used to couple three components
via click-chemistry. This methodology was employed with heating at 60 °C for synthesis of

propylmorpholino derivative 241 (Scheme 5.8).

SH | i)-iii)
O, - XD .0 ®
Br Br o Z +
N Br Br
238 239 24 241:242
0 KL 937 242

N
241 K/O

cLogP = 4.39
(sulfoxide: 1.74)

Scheme 5.8 — Click chemistry synthesis of morpholine-substituted phenothiazine. Reagents and conditions: i)
Pd,dbas, dppf, NaOtBu ii) 60 °C, MW, 20 min iii) 160 °C, MW, 2 h. Purity assessed by NMR.

Purification of the reaction mixture was attempted using SiO, chromatography but this did not
resolve all the products. Ion-exchange chromatography was used to remove unconsumed starting
amine 240 followed by a second attempt at SiO, chromatography, which was unable to separate
the two products 241 and 242. Preparative-scale TLC was also attempted, but this left only an
analytical quantity of desired product 241 containing a 7% contamination of the non ring-closed
product 242. This impurity is a recognised side-product of analogous reactions from the original
report and unfortunately precluded 241 from being tested as a PRMT inhibitor. Had 241 been
isolated in 100% purity, attempts to synthesise the sulfoxide derivative would have been made,

since this compound has a favourable cLogP of 1.74.
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5.3.3 — Ring-Substituted Tricycles

Given the SAR data presented in the introduction to this chapter, the next logical step was an
attempt to combine the positive structural elements reported for the bis-aryl compounds (namely
meta-substituted EWGs) with those reported for the ring-restricted compounds (phenothiazine-
like core). Attempts were therefore made to synthesise phenothiazines meta-substituted with
electron-withdrawing halogens such as 243 (Figure 5.2) and then explore oxidation state at
sulfur.

X S X
[ses;
243

Figure 5.2 — Generic structure of symmetrical ring-substituted phenothiazine.

Direct functionalization of the ring was quickly ruled out as a viable tactic due to lack of regio-

193-195

control in electrophilic substitutions of phenothiazines . It was therefore decided to build up

substitution patterns from component arenes. Scheme 5.9 outlines a possible retrosynthesis

towards the di-fluorinated derivative:

F\CEI HS F Feon,S F
+
— L XY
NH j@/ Y
2 Br H
244 245 247

HO: : F

Br

246

Scheme 5.9 — Retrosynthetic scheme for synthesis of meta-substituted fluorinated phenothiazines.
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The fluorinated thiol 245 is not commercially available and was synthesised via the Newmann-
Kwart rearrangement in good overall yield (58%, 3 steps) (Scheme 5.10). The O-carbamothioate
248 was afforded in 85% yield by reaction of phenol 246 with dimethylthiocarbamoyl chloride at
room temperature. The rearrangement to S-carbamothioate 249 (87% yield) was achieved by
heating under harsh conditions (220 °C with MW irradiation for 2 h) followed by treatment with
4 M HCl(,q). Subsequent cleavage of the dimethylthiocarbamoyl group was achieved by heating
in NaOH_,q) at 100 °C to yield thiol 245 in 79% yield.

|
S%l/ N N
O e Ij o
85% Br 87% 79%
246 248 249 245

Scheme 5.10 — Newmann-Kwart rearrangement to form fluorothiophenol 245. Reagents and conditions:i)
Dimethylthiocarbamoyl chloride, K;CO3, DMF, 25 °C, 17 hii) 220 °C, 2 h MW, N,N-diethylaniline iii) 4 M HCl,,
iv) MeOH, NaOH 49 1 M, 100 °C, 2 hv) HCl g 1 M to pH 1.

Synthesis of N-propylmorpholino phenothiazine 241, described in Scheme 5.8 above, found
formation of the ring-closing C-N-C bond to be problematic. It was anticipated that a similar
problem might also arise for synthesis of ring-substituted phenothiazines. Procedures that
proceed via synthesis of the C-N-C bond as the first step were investigated with the aim of

overcoming this problem.

A precedent does exist for initial C-N-C bond formation but failure to ring close via sulfurization
was observed'®®, and other reports state that conversion to intermediate 252 is not
forthcoming'”’. Scheme 5.11 describes one of the more successful procedures but even here
yields of only 10-50% are obtained, with starting materials being recovered'”®. The authors used

Pd,dba; and X-Phos to catalyse coupling of starting anilines with bromobenzenes to form the C-
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N-C bond, followed by I,-catalysed sulfurization using elemental sulfur and refluxing at 190 °C

to effect ring closure.

) N i) S
¥ — | — |
/ /
NH B N N
R 2 r R N R H
250 251 252 253

Scheme 5.11 — Bis-aryl coupling followed by sulfurization as described by Madrid et al."”’. Reagents and
conditions: i) Pd,dbas;, X-Phos, K;PO,, reflux 20 h ii) Sulfur, I,, MW 190 °C, 20 min, H,0.

Given the generally poor success reported for such reactions, a different route was sought. One
approach that held some promise was the reportedly mild Cu(I)Cl-catalysed coupling of
arylboronic acids with N-chloroamides'”®, adapted in Scheme 5.12C for the model synthetic
route towards phenothiazine 212. According to Tao et al.’”’, thioacetamide can be used to access

bis-aryl thioethers 256 from 255 (Scheme 5.12D).

5 I Br s s

L0 s+ D= G0
HoN N D N E N

254 /§O /go

255 256 212
0-CLR = L = L
p—
HO< NJL\ ”JL\ NH,

OH Cl
257 258 259 260

Scheme 5.12 — Retrosynthesis of phenothiazine 212 as a model for substituted phenothiazines.

It was anticipated this procedure could be used for synthesis of ring-substituted phenothiazines
but first, to conserve more precious and limited substituted starting materials, the retrosynthetic

route was tested for its ability to produce phenothiazine itself 212. Scheme 5.13 shows the
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successful generation of N-chloroamide 258 by following a procedure adapted from He et al.**

using calcium hypochlorite in a H,O:Et,O biphasic reaction system after a failed attempt to use
milder conditions utilising N-chlorosuccinimide as the chlorinating agent™".

ii)

| I
0 v 0
ST Ry
NH2 84% N N
260 259 258

Scheme 5.13 — Reagents and conditions: i) Ac,0, Et;N, CH,Cl,, 0 °C ii) RT, 2 h iii) N-chlorosuccinimide, t-BuOK,
THF iv) Ca(CIlO), NaHCOj3, Et,0, H,0.

No success was encountered however for the coupling of N-chloroamide 258 with commercially

available boronic acid 257 using CuCl as the catalyst at room temperature (Scheme 5.14).

| Br

e i

258 257 255

Scheme 5.14 — Attempted synthesis of 255 towards phenothiazine 212. Reagents and conditions: i) Cu(I)Cl,
Na,CO;, THF, RT, 36 h.

Reaction conversion was poor — starting material was identified by TLC analysis but the crude
mixture was complex and not amenable to 'H NMR analysis. Two reasons are thought to explain
the observed poor conversion. Firstly, CuCl is prone to spontaneous oxidation to CuCl,.
Following an initial failed attempt at this reaction, fresh CuCl was used and anoxic conditions
maintained using Schlenk line techniques but the reaction still afforded a complex mixture with
no detectable desired product. The second reason for poor reaction outcome is proposed to be the
instability of N-chloroamide 258; 'H NMR analysis revealed degradation back to the starting

phenylacetamide 259 after 1 d at room temperature. Although attempts were made using freshly
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prepared reagent, the reaction still offered disappointing results and identification and isolation
of 255 from the complex reaction mixture remained prohibitively challenging.

At this stage it seemed that use of a ‘click’ coupling procedure was unavoidable, despite the
anticipated difficulty of forming the C-N-C bond and closing the tricylic ring system. According
to Ma et al*®, Cul and L-Proline-catalysed coupling could be used to produce substituted
phenothiazines from the corresponding substituted 2-iodoanilines and 2-bromothiophenols. This
methodology was implemented wusing 4-fluoro-2-iodoaniline 244 and 4-fluoro-2-

bromothiophenol 245 towards di-fluorinated phenothiazine 247 (Scheme 5.15, i-iii).

cLogP =4.27
F |||)
(Lt T
NH 2> Br
244 245 247 261
iv) - vi) T Desired Side Product

Scheme 5.15 — Coupling to form di-fluorinated phenothiazine 247. Reagents and conditions: i)Cul, L-proline ,
K>CO;, 2-methoxyethanol, 90 °C, 48 hii) 110 °C 72 h iii) 130 °C 72 h. iv) Pdxdbas, dppf, NaOtBu v) 60 °C, MW, 20
min vi) 160 °C, MW, 2 h.

Ma et al.** report that presence of EWG meta to the sulfide can slow the aromatic substitution
reaction that brings about ring closure and these observations were corroborated in this work. 'H
NMR analyses of the crude product showed a complex mixture was present and it was predicted
that desired product 247 and side-product 261 were present after 5 days of reaction. '’F NMR
analyses of the crude reaction mixture confirmed the presence of four different fluorinated
compounds. The reaction was pushed, as suggested in the original paper, for a further 3 days at
130 °C but did not reach full conversion as assessed by '’F NMR of the crude reaction mixture.

Similar purification difficulties were encountered here as for the N-propylmorpholino derivative
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241 with co-elution of the ring-closed 247 and ring-open 261 products occurring using SiO,

chromatography, so different coupling conditions were sought.

According to Dahl et al.'”* 2-iodobromobenzene, 2-bromothiophenol and a substituted primary
amine can be coupled using Pd,dbas, dppf and NaOtBu and heating with MW irradiation. This
method was found to have some success producing N-propylmorpholino-phenothiazine 241 and
was adapted for a two-component coupling using 4-fluoro-2-iodoaniline 244 and 4-fluoro-2-
bromothiophenol 245 rather than the reported three-component click reaction (Scheme 5.15 iv-

vi).

In this case a complex mixture of products was produced that could not be distinguished by 'H
NMR. "F NMR of the crude mixture suggested at least three distinct fluorinated species were
present, thought to be the two products and starting aniline (supported by TLC analysis). Silica
chromatography could not separate the aniline from the product but ion-exchange
chromatography of the crude mixture was able to remove the aniline from the mix leaving
behind two fluorinated entities as confirmed by '°F NMR. Attempts to separate these products by
silica chromatography were partially successful; separation was possible but almost immediately
upon elution the desired product appeared to be oxidising to an unknown entity (+ 16 in the mass
spectrum) and the "H NMR spectrum showed a highly complex mix of aromatic protons. It was
considered that the strongly electron-withdrawing properties of the two fluorine groups might
have some effect on the stability of 247. It was decided to attempt synthesis of mono-
fluorophenothiazine in the hope that this might be more stable (Scheme 5.16). 4-fluoro-2-

iodoaniline and 2-bromothiophenol were heated with Pd,dbas, dppf and NaOtBu at 60 °C with

MW irradiation for 20 min, followed by 2 h at 160 °C.
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Scheme 5.16 — Reagents and conditions: i) Pdydbas, dppf, NaOtBu ii) 60 °C, MW, 20 min iii) 160 °C, MW, 2 h iv)
mCPBA, CH,Cl, v) Spontaneous oxidation at RT of fluorinated phenothiazine over an indeterminate period of up to
five days.

Desired product 263 was isolated in poor yield (8%) following the same dual purification
procedure described above — removal of aniline via ion-exchange and separation of 263 and 262
by silica chromatography. However, spontaneous oxidation of 263 was also observed as had
been noted for the di-fluoro analogue. To probe whether oxidation was occurring on sulfur,
attempts were made to push the transformation to completion using mCPBA to form 265.
However, it quickly became apparent that the oxidation was happening at either the nitrogen or
on the arene ring, since a mixture of four fluorinated products could be observed by ’F NMR
following oxidation with mCPBA. LC-MS/MS identified 264 and 266 via fragmentation
analyses. Atmospheric pressure chemical ionisation (APCI) can be used in tandem with

electrospray ionisation (ESI) to make chemical structure inferences. Notably, presence of a —O

ion peak (-16 mass) in the APCI MS/MS spectrum is diagnostic for an N-oxide’”. Samples of
mono-fluorophenothiazine 263 and its S-oxide 265 were tested: 263 contained a mixture of the
desired product and the N-oxide, as determined by APCI. The sample of intended 265 contained

almost entirely 266.
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With these new findings in mind, the ring-substituted phenothiazines were dropped from further
investigation as part of this project; unquestionably it would not be productive to submit
mixtures of unknown purity, stability and composition to the biological assay. All other bis-aryl
and tricyclic structures synthesised herein, barring N-propylmorpholino-phenothiazine that
contained a non-removable impurity, were taken forward for testing against PRMTs for

inhibitory potency.

5.4 — Testing

Three different assays were used to test the aforementioned compounds for inhibitory potency: a
chemiluminescence assay, a radiometric assay and the MS-based assay described in Chapter 4.
An overview of these assay types was given in Section 1.4. Results from each assay are
presented on a case-by-case basis in this section and a summary of results is tabulated in Figure

5.11 on pages 178-180.

Of particular interest was the ability of these new compounds to inhibit PRMTS5. These
compounds were synthesised as part of the current project building on previous work within our
laboratory (Scheme 5.1 and Scheme 5.2) that had identified the scaffold DPSO 197 and

subsequent meta-substituted 199 and ring-restricted 201 derivatives as PRMT inhibitors.

5.4.1 — Chemiluminescence Assay

This commercially available assay purchased from Amsbio uses a primary antibody purported to
recognise methylated Arg and a secondary antibody conjugated to HRP to generate
chemiluminescence using H>O, as a substrate (Scheme 1.9B). This protocol was broadly

outlined in Section 1.4.1.b and is explained in detail in the Experimental Section. Immobilised
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histone substrate was incubated with PRMT1/5 (supplied with the assay kit) and inhibitor for 1-
1.5 h; following a washing step to remove all assay components from the immobilised histones,
the samples were blocked to prevent non-specific binding. Primary antibodies (anti Me-Arg)
were used to detect methylated Arg. The exact methylation pattern recognised by the antibodies

was proprietary information — it is unknown whether they bind to mono-or dimethyl- Arg or

both.

Unbound antibody was washed off and the samples blocked again. A secondary antibody
conjugated to HRP was then applied. After a final washing step, the plate was treated with H,O»,
a substrate for HRP, and the resultant chemiluminescence monitored using an automated plate-

reader device.

With limited access to these assay components due to their prohibitive expense, only a small
sample of bis-aryl and tricyclic compounds were tested at 50 uM against PRMTS (Figure 5.3).
Those chosen for testing were some of the meta-substituted electron-withdrawing bis-aryl motifs
and a selection of tri-cyclic phenothiazine-like cores. A limited amount of PRMT1 was available
for these assays and some of the selected compounds were also tested against this enzyme in an

attempt to monitor any selectivity between PRMT1 and PRMTS5 (Figure 5.3).
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Figure 5.3 — Inhibitory tests of a select group of compounds using the commercially available chemiluminescence
assay kit purchased from AmsBio. A) Compounds tested at 50 uM vs. PRMTI and PRMT5 and B) compounds tested

at 5, 10 and 50 uM vs. PRMTYS in an attempt to observe any dose-dependent response. All assays were carried out
in triplicate: % activity is pinned to a negative control containing no inhibitor. Controls containing no enzyme and
containing no SAM were carried out, as were positive controls using Sinefungin 32 and/or SAH 7. Data is presented
as the mean + standard deviation and n = 3 for each data point.

Positive and negative controls were carried out in the presence of Sinefungin and absence of
inhibitor respectively. The positive control using Sinefungin 32 at 50 uM vs. PRMTS5 suggested
the dataset should be treated with caution. Sinefungin 32, a universal and potent inhibitor of all
SAM-utilising enzymes, only gives 44% inhibition of PRMTS as calculated by this assay; it is
expected that the observed inhibition should be much greater at 50 uM given Sinefungin has a
reported ICso of 8.6 uM vs. PRMT5:MEP50”. Possibly the exact batch of enzyme used was
extraordinarily active, or perhaps a degree of human and/or instrumental error was involved,
since these measurements were made only once (although in triplicate). However, the notion that
antibody-based detection of methylated Arg is often unreliable was raised and discussed in

Section 1.4.1.b. The results reported herein go some way to supporting this theory, although
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further repeats would be necessary. It is advised though that data from this assay is treated with

extreme caution.

The results obtained were somewhat disappointing with little inhibition being observed against
both enzymes. DPSO 197 was found to inhibit PRMTS5 by 21% at 50 uM compared to the
previously observed value of 78%. Previously DPSO 197 was tested at 5 and 10 uM vs. PRMT1
(5% and 10% inhibition respectively). The analogous 50 uM test was not carried out in the
previous study and enzyme availability limited tests herein such that the lower concentrations

could not be tested. Table 5.1 documents these data comparisons for DPSO 197.

PRMT [197], uM Inhibition, %
Previous study Current study

PRMT1 5 5 -
PRMT5 5 33 -
PRMT1 10 10 -
PRMT5 10 41 -
PRMT1 50 - 42
PRMT5 50 78 21

Table 5.1 — Comparison of previously obtained inhibition data and inhibition data from the current study.

Table 5.1 shows an inconsistency between the results observed in the present study and in the
previous study for the single concentration test of DPSO (50 uM) vs. PRMTS5. Parham et al.”"
discuss the importance of using concentration-dependent data to allow inter-compound
comparisons of inhibitory prowess; it is emphasised that the data presented here is at the
preliminary single concentration point stage. It is more probable that the inconsistencies

observed are a result of some form of inherent error, supported by the observed poor inhibition

for the positive control of 50 uM Sinefungin 32 vs. PRMTS.
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Further inconsistencies using this assay were noted. In a separate run of the assay, concentration
dependency was tested for 206 against PRMTS5 (Figure 5.3B). At first glance, a mild
concentration-dependency appears to exist for 206. However, comparing the percentage
inhibitions (for 206 at 50 uM) obtained for the two assays shown in Figure 5.3 shows profound
inconsistency: Figure 5.3A shows 119% PRMTS activity whereas Figure 5.3B shows 65%

PRMTS activity. This suggests an assay-based inconsistency is affecting results.

Not wanting to abandon the series of compounds in case it transpired any of the results above
were true positives, it was deemed prudent to re-test in an alternative assay. Described below is
use of a radiometric assay vs. a panel of PRMTs and use of the MALDI-MS assay described in

the preceding chapter.

5.4.2 — Radiometric Assay

Access to a panel of PRMTs (1,3 and 5-8) was facilitated through a collaboration with the SGC,
Toronto. Compounds were tested by Dr M. Eram using a radiometric assay against all six of the
available PRMTs, which were purified by Dr T. Hajian and Dr E. Gibson. PRMT was incubated
with peptide substrate, CT3-SAM and inhibitor for 30 min at 23 °C. After being quenched with
7.5 M guanidine HCI, samples were washed and analysed using a scintillation counter. Raw data
processing was carried out by Dr M. Eram but all subsequent analyses and conclusions are the

author’s own.

PRMT1 and PRMTS are of particular interest given the previous work in our laboratory so data

for these two enzymes are examined first (Figure 5.4).
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Figure 5.4 — Inhibitory tests of a select group of compounds at 50 uM vs. PRMT1 and PRMTS5 using the
radiometric assay. All assays were carried out in triplicate: % activity is pinned to a negative control containing no
inhibitor. Controls containing no enzyme and containing no SAM were carried out, as were positive controls using

Sinefungin 32 and/or SAH 7. Data is presented as the mean + standard deviation and n = 3 for each data point.
Assays were performed by Dr M. Eram of the SGC, Toronto.

The strong inhibition observed for positive controls SAH 7 and Sinefungin 32 demonstrate that
this set of results is most likely not artefactual (Figure 5.4). Very little inhibitory activity was
observed for all tested compounds against PRMT1. Without exception, those compounds that
exhibited some activity (i.e. more than 10%) had large associated standard deviations, so no

conclusions as to their possible inhibitory prowess were made.

The situation was arguably worse for PRMTS, with no inhibition recorded at all. In fact, it
appears as though most of the compounds are having a mild activating effect on the protein. The
most disappointing result was that DPSO 197 did not show any inhibition of either PRMT1 or

PRMTS.
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The compound library was also screened at 50 uM against the other accessible PRMTs, but very
similar conclusions were drawn for these compounds vs. PRMT3 and PRMT6-8 (Figure 5.5).
During hit identification, the DPSO 197 scaffold showed little to no inhibitory activity towards

PRMTs 1,3,4 and 6 so it could be argued that this result was to be expected.

50 uM Compound Inhibition Test V’s. PRMT3 and PRMT6-8 - ;ggmi
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Figure 5.5 — Inhibitory tests of a select group of compounds at 50 uM vs. PRMT3,6-8 using the radiometric assay.
All assays were carried out in triplicate: % activity is pinned to a negative control containing no inhibitor. Controls
containing no enzyme and containing no SAM were carried out, as were positive controls using Sinefungin 32
and/or SAH 7. Data is presented as the mean + standard deviation and n = 3 for each data point. Assays were
performed by Dr M. Eram of the SGC, Toronto.

With these results from the radiometric assays in mind, it was considered that the original hits
identified in Scheme 5.1 and Scheme 5.2 might have been false positives i.e. the apparent
decline in PRMT activity observed in previous work was not a result of true PRMT inhibition
but instead was of a result of an assay artefact/inconsistency. One point to consider here is that

the majority of the tested compounds had relatively high cLogP values (summarised in Figure
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5.11) meaning they are poorly soluble and likely prone to aggregation under aqueous assay

conditions, which has been shown to cause false positive effects in HTS assays””

. Amongst
other factors, the final percentage of DMSO (vehicle) in the assay would likely have an effect on
the propensity for aggregation exhibited by this series of compounds. The radiometric assay
described above'’' was carried out at a final assay concentration of 0.25% DMSO for the 50 uM
inhibition tests. The chemiluminescence assay had been carried out at a final concentration of
1% DMSO as per manufacturer’s instructions. Subsequent analyses using the MALDI-MS assay
were also carried out at a final concentration of 1% DMSO (vide infra). Original screening that
identified DPSO 197 as a lead was carried out at 1-2% DMSO. A DMSO-dependency test
should be carried out to establish the importance of DMSO concentration in assays as part of
future work. As a cursory test to investigate the effect of assay DMSO concentration on the
inhibitory prowess of the current series of compounds, the radiometric assay was carried at by Dr

M. Eram at a final DMSO concentration of 1% and using three concentration points of test

compounds (1, 10 and 50 uM) (Figure 5.6). Positive and negative controls behaved as expected.
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Figure 5.6 - Inhibitory tests of a select group of compounds at 1, 10 and 50 uM vs. PRMTS5 using the radiometric
assay with a final DMSO concentration of 1%. All assays were carried out in triplicate: % activity is pinned to a
negative control containing no inhibitor. Controls containing no enzyme and containing no SAM were carried out,
as were positive controls using Sinefungin 32 and/or SAH 7. Data for this graph was collected in singlicate only.
Assays were performed by Dr M. Eram of the SGC, Toronto.

It was anticipated that some inhibition might have been observed with this increased DMSO
concentration but these results do not support this. However, it is heavily emphasised that this
data set was collected in singlicate only and so no error can be given and the data should

therefore be treated with extreme caution.

The MALDI-MS assay described in Chapter Four avoids many of the problems associated with
the radiometric and antibody-based assay methods and is able to deliver enriched data that
distinguishes between mono- and di-methylated Arg. The original series of compounds (216-
211, 214, 221, 223) synthesized as part of this work and additional compounds, (213, 215-220,

226, 229) were tested using this newly developed protocol; the assay is reliable and robust, as
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discussed in the previous chapter, and it was thought to have the power to confirm or refute the

identity of this series as true PRMT inhibitors.

5.4.3 - MALDI-MS Assay
The compounds were tested at 50 uM vs. PRMT]1 using the MALDI-MS assay following the
exact protocol outlined in the Experimental Section. It is important to note here the two different

methods of calculating inhibition (Figure 5.7).

PRMT1
H4R3 ——— > MMA + DMA

Decline in unmethylated substrate: Activity « n(H4R3),, - n(H4R3), = DECLINE IN H4R3 SUBSTRATE

Increase in methylated substrates: Activity « n(MMA); + 2n(DMA); = TURNOVER OF SAM

Where n = number of moles, t = time elapsed, t, = 0 min
H4R3 = unmethylated histone peptide substrate, MMA = monomethyl Arg, DMA = dimethyl Arg

Figure 5.7 — Calculating inhibition of PRMTI using the MALDI-MS assay.

For the former technique, the decline in starting substrate (H4R3) was monitored. For the latter
technique the increase in products were calculated - the di-methylated peptides were given a
double weighting during calculation because they represent a double turnover with respect to

unmethylated substrate. This latter technique is analogous to monitoring the turnover of SAM.

The following inhibitory values were obtained when using the first method that monitors decline

of unmethylated substrate (Figure 5.8). Positive and negative controls were as expected,

although quite high error was observed for the negative control.

173



Compound at 50 pM Vs. PRMT1 - MALDI-MS Assay
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Figure 5.8 — Inhibitory tests of compounds at 50 uM vs. PRMTI using the MALDI-MS assay. All assays were
carried out in triplicate: % activity is pinned to a negative control containing no inhibitor. Controls containing no
enzyme and containing no SAM were carried out, as were positive controls using Sinefungin 32 and/or SAH 7. Data
is presented as the mean + standard deviation (n = 3) and were processed according to decline in starting substrate.

Within error, zero inhibition was observed for almost all of these compounds at 50 uM vs.
PRMTT1; 217 was the exception showing 55% inhibition. It is noted here that these data represent
single concentration points, and for a comparison of their inhibitory prowess concentration-

dependency would need to be tested for**.

The raw data was also processed using method two, which is the most similar analysis to the
radiometric assay but avoids the problem of erroneous signal that could arise from non-specific
radioactive readout. Figure 5.9 below depicts the difference in inhibition observed when using
each of these methods; in both cases the positive and negative controls gave the expected

outcomes.
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Figure 5.9 — Inhibitory tests of compounds at 50 uM vs. PRMTI using the MALDI-MS assay. All assays were
carried out in triplicate: % activity is pinned to a negative control containing no inhibitor. Controls containing no
enzyme and containing no SAM were carried out, as were positive controls using Sinefungin 32 and/or SAH 7. Data
is presented as the mean + standard deviation (n = 3) and were processed according to either decline in starting
substrate or increase in methylated products — a comparison of which is offered.

For the majority of cases there is no apparent difference between inhibition calculated from the
two different methods of processing — i.e. each mean for method one is within <I standard
deviation of the mean for method two. For the purposes of this work, it was considered that these
methods of analysis proffer equivalent outcomes. The notable exceptions are for 217 and 227

where a marked difference is recorded.

It had in fact been hypothesised there would be a much greater difference in the outcomes of

processing data according to methods one and two. The preliminary evidence above could be

interpreted as suggesting it is unnecessary to collect data that indicates the distribution of mono
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and dimethylated products. This is a promising result for the reliability of the radiometric assay,
which is unable to distinguish such products and whose analysis would be expected to give
broadly similar results to the second method of processing used for the MALDI-MS data. This
comment is made with some caution though and it is anticipated that further data and in-depth
statistical analysis will be required to make a firm conclusion as to whether use of different
PRMT assays, with different monitoring protocols, has an effect on phenotypic-relevance. The
next section gives a brief comparison of results from testing against the three aforementioned

assays.

Overall, results from this section using the MALDI-assay to test inhibitory potency suggest that
this series of compounds are not PRMT1 inhibitors, except 217 that gave modest inhibition at

high concentration.

5.4.4 — Inter-Assay Comparisons

Figure 5.10 depicts the differences in inhibitory values recorded for each compound tested at 50
uM vs. PRMTT1 using the three different assays. When comparing results from the radiometric
assay and the MALDI-MS assay, the vast majority of inhibitory values fall within 1-2 standard
deviations of the mean from each assay. The chemiluminescence data is included for those
compounds tested but is excluded from comparison given the shortcomings of the assay (vide

supra) and the likelihood that it is therefore artefactual.
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Figure 5.10 — Inhibitory tests of compounds at 50 uM vs. PRMT1 using the chemiluminescence assay, the
radiometric assay and the MALDI-MS assay. All assays were carried out in triplicate: % activity is pinned to a
negative control containing no inhibitor. Controls containing no enzyme and containing no SAM were carried out,
as were positive controls using Sinefungin 32 and/or SAH 7. Data is presented as the mean * standard deviation (n
= 3). MALDI assay data is processed according to decline in starting peptide.
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Figure 5.11 — Cross-assay comparisons of inhibition data vs PRMTI. 217 is highlighted as the only example of

moderate inhibition (at 50 uM).

When both radiometric and MALDI-MS assay data are considered it is concluded that all these

compounds, including 217 and 227, are unlikely to be true PRMT1 inhibitors and that in general

no appreciable difference in assay readout is observed between these two techniques. It might

prove interesting to submit 217 to further testing (in particular concentration-dependent testing)

given the good level of inhibition suggested by MALDI-MS data, but it is anticipated that this

result may be anomalous.
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DPSO 197 was originally identified as a possible PRMT1 and PRMTS5 inhibitor using a
combination of radiometric and chemiluminescence assays. Subsequent work - reported herein -
showed a reduction in PRMT1 and PRMTS activity in the presence of DPSO 197 using a
chemiluminescence assay (Section 5.4.1). However, this assay relied upon antibody-based

detection of methylated end-products, which has it’s associated disadvantages'®'

and the assay
returned inconsistent results upon repeated testing, so this data was treated with extreme caution
and was effectively disregarded. The radiometric assay was subsequently used to test this series

of compounds and DPSO 197 was found not to inhibit PRMTS5 or PRMTI1. Results from the

MALDI-MS assay also provided support that DPSO was not an inhibitor of PRMT]1.

Many of the compounds synthesised as part of this study had high cLogP values, which could go
some way to reconciling the differing observations discussed herein. Compounds with high
cLogP values are prone to aggregation' in aqueous systems (i.e. the assay environments used
herein) and aggregates of compounds are notorious for bringing about false positives during
HTS?™. It is postulated that the original work suffered from this aggregation-based effect and
that DPSO 197 was erroneously identified as an inhibitor of PRMT1 and PRMTS, when in fact

may have been a false positive.

In light of all the evidence discussed in this chapter, it is recommended that this series is not

further pursued. It would be interesting to perform a similar analysis of all other reported PRMT

inhibitors given their structural similarity to the sulfone/phenothiazine derivatives (Section 1.5).
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5.4.5 — Aggregation Studies

In an attempt to observe aggregation, 'H NMR was employed. For compounds that aggregate, it
is often possible to observe a ‘line-broadening’ effect” whereby the resolution of spectrum
multiplets become less defined and flattened (shorter, broader peaks — for instance see Foster et
al*"). Preliminary investigations tested DPSO 197 at different concentrations in D,O up to and
including 50 uM — the concentration used for the majority of assays described herein. The
intention had been to carry out analogous tests using deuterated buffers to replicate assay
conditions but unfortunately the test experiments in D,O showed very weak spectra that were not

amenable to ‘line-broadening’ analyses, so this work was not further pursued.

Dynamic light scattering (DLS) could be used in future work to make quantitative assessments

of the aggregation properties of this series of compounds. A precedent exists for using DLS to

assess the aggregation of phenothiazine-based drugs®’’.

5.5 — Cheminformatics

5.5.1 — PAINS Filter

Pan assay interference compounds (PAINS) is a recognised concept first described by Baell*”®
and refers to chemical substructures that are likely to give false-positive or artefactual results
during high throughput screening for hit identifications. It is possible to use computational

techniques to identify such compounds, and in practice a PAINS filter would ideally be used at

the pre-screening stage. As part of the current work, an open-access PAINS filter was adapted

" Increasing the molecular weight of a compound results in slower tumbling and altered relaxation time that leads to
a ‘line-broadening’ effect. Aggregation can be considered a form of apparent molecular weight increase.
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and utilised for assessing whether any of the aforementioned series of compounds are classified

as PAINS.

Knime' is an open-source data analysis platform that operates on a workflow basis using
connections of nodes that perform specific tasks and have specific data outputs. Users can code
their own nodes and/or construct their own workflows as well as use or adapt existing ones
created by the Knime community. Saubern et al. published their PAINS filter workflow*",

which was adapted as part of this project (Figure 5.12).
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Figure 5.12 — Knime workflow adapted from Saubern et al*® that scans libraries of compounds for PAINS (pan-
assay interference compounds), which are postulated to give false-positive results in high throughput screening
programmes. The bottom left node (orange: ‘read PAINS file’) can be altered so that the user can change the
parameters that define a compound as a PAINS or not. The parameters used for this work are the same as those
described in the original work’”. The output of this workflow is a list of ‘pass’ and ‘fail” compounds. The top right
of the workflow outputs the ‘pass’ compounds and the bottom right the 'fail’ compounds: the blue nodes allow this
data to be viewed as interactive tables and the red nodes generate a chemical structure-data file (SDF).

Every compound synthesised as part of this project passed the PAINS filter, as did DPSO 197

and phenothiazine 197. This result is an indicator that the compounds are unlikely to have caused

" Knime software can be accessed via https://www.knime.org/
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during HTS, although this does not completely preclude them from causing off-target effects

since the PAINS filter is only as good as its defined parameters.

The original HTS in our laboratory had been carried out on a focused library set of 100
molecules, each of which had been cherry-picked for structural similarity to compounds reported
in Bedford” and Jung’s'® work. As part of the current work, a database of all reported PRMT
inhibitors was constructed and also run through the PAINS filter. Interestingly three of the
inhibitors from Bedford’s seminal paper failed owing to presence of azo-, enone-, halogenated
quinone and unsaturated five-membered heterocycle functionalities (Figure 5.13). Possibly the
presence of PAINS early on in the PRMT inhibition field, and also in the compound library that
was screened as the starting point for this work, meant that our initial HTS was carried out
against a library containing possible PAINS. Such discrepancies early on in the field may have
manifested itself downstream as inconsistent results and/or false inhibition in later generations of
inhibitor series. This theory may go some way to explaining the results described herein for the

series of compounds under investigation.

o s O o _ oH Q
o L
|y HO o o]
Br B

r

AMI-2 AMI-5 AMI-9
267 268 269

Figure 5.13 — Molecules reported as PRMT inhibitors in the seminal work by Cheng et al.” that were classified as
PAINS (pan-assay interference compounds) by the Knime-based PAINS filter depicted in Figure 5.12.
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5.6 — Conclusions and Future Work

This chapter presents the synthesis and testing of a series of bis-aryl and tricyclic compounds
based on early SAR development that led to hit DPSO 197 and subsequently to its substituted
and ring-restricted derivatives. An Ullman-type coupling was used to access meta-EWG
substituted bis-aryl sulfides in very good yields from the requisite thiophenols and aryl iodides.
These were oxidised to sulfoxides via a Gif-type reaction and to the sulfones via a Prizelhaev-

type reaction, both in reasonably good yields, to furnish a small bis-aryl library.

Similarly, a library of ring-restricted phenothiazines was prepared; N-substituted phenothiazines
were synthesised from requisite alkyl halides under varying substitution conditions in poor to
good yields. Stoichiometric mCPBA was used to generate the sulfoxide derivatives in moderate
to good yields but owing to solubility problems, synthesis of the corresponding sulfones was not
attempted. More polar substituents were not amenable to a direct substitution reaction but were
introduced using individually developed protocols. The 2-hydroxyethyl substituent was
incorporated by an elegant reaction with cyclic sulphate 231 in good yield and the sulfoxide
derivative was produced using mCPBA also in good yield. Oxidation was confirmed to have

selectively occurred at sulfur rather than at the amine or alcohol by X-ray crystallography.

Other methods explored for synthesis of more polar functionalities focused on coupling. A three-
component click chemistry reaction utilising 2-bromothiophenol, 2-iodobromobenzene and a
requisite substituted primary amine was reported to generate N-substituted phenothiazines'**.
This palladium and dppf-catalysed reaction was used to synthesise N-propylmorpholino-
phenothiazine 241 as the major product, although the minor product (the non-ring closed
intermediate) was challenging to remove from the crude mixture despite multiple purification

attempts. This unfortunately excluded 241 from testing against PRMTs given the 7% ring-open
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impurity. Attempts were made to modify this procedure to a two-component coupling utilising 2-
iodoanilines in place of 2-iodobromobenzene and a primary amine. This procedure was used to
synthesis mono- and di-fluorinated phenothiazines in an attempt to investigate the effect of meta-
EWG substituted tricyclic structures on PRMT activity. Unfortunately the resultant compounds
were unstable, undergoing spontaneous oxidation to the N-oxides as assessed by ESI and APCI

LC-MS/MS.

A library of 25 viable compounds was taken forward for testing vs. PRMTs. Three different
assay techniques were used: a chemiluminescence, a radiometric and a MALDI-MS assay. The
original hit DPSO 197 was originally shown to inhibit PRMT1 and PRMTS5 during hit
identification and early SAR. However, this result could not be replicated here and it was
concluded, following inter-assay data comparisons and a consideration of the limitations of each
assay technique, that DPSO 197 was not a true PRMT inhibitor. It is possible that DPSO 197 had
been a false positive hit from the screen against a cherry-picked library in the original work. This

idea is substantiated by two observations:

1. Firstly, hydrophobic compounds with high cLogP values have been shown to self-aggregate
and cause false positive readouts under aqueous assay conditions®”. The original hit 196 had a
cLogP value of 6.89 and could conceivably have represented a false positive. Hit 196 was the
precursor to DPSO 197 and although the latter had a lower cLogP value (2.02) it is plausible that
a similar aggregation effect was being observed, especially given the planarity of the molecule

which facilitates n-m stacking.

2. Secondly, the majority of early SAR development using DPSO 197 had been carried out with

an assay using antibody-based detection. Throughout this thesis, the suitability of antibodies
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against methylated arginines has been called into question. In 2011 it was reported that more

than 25% of anti-histone antibodies described in the scientific literature are not fit for purpose'®’.

A further hypothesis of this thesis had been that the inability to distinguish between mono- and
dimethylated- arginine was a disadvantage for PRMT assays. The MALDI-MS assay,
development of which is described in the preceding chapter, is able to provide enriched data that
shows the distribution of un-, mono- and di-methylated arginine-containing peptides. This was
exploited in the current chapter and used to compare the difference in inhibitory readout from
processing the data in two different ways: turnover was monitored firstly by calculating decline
in unmethylated substrate and second by monitoring increase of the two methylated products.
For the latter technique the di-methylated peptides were given a double weighting during
calculation because they represent a double turnover with respect to unmethylated substrate. No
appreciable difference for most compounds was noted between these two methods of processing,
which is evidence lodged against the theory that this peptide distribution metadata is important
for inhibitory potency. This observation also tentatively suggests that the radiometric assay, the
current literature gold-standard, is able to generate accurate data, which is promising for the
wider PRMT field that so relies upon this assay. It is heavily emphasised though that a great deal
of further work is required to make a firm and final conclusion on this matter. Certainly a much
larger sample size will be required and further manipulation of the MALDI-MS data is
necessary. In particular, it is thought that kinetic parameters could be applied to MALDI-MS
data outputs to make some sort of assessment as to whether an inhibitor might be competing with
any of the three relevant peptides and if inhibitors might have a different effect on different
phases of catalysis. This will require in-depth and kinetic analyses outside the scope of this

project.

187



Regrettably it was concluded that the series described herein are most likely not true inhibitors of
PRMT1,3,5,6,7 or 8. 217 showed some inhibition in the MALDI-MS assay, but not in others,
and may be worth following up but should be rigorously tested as a true inhibitor prior to any
subsequent attempted development. Of particular relevance would be to carry out an aggregation

205

assay that investigates detergent-dependency™" (e.g. Triton/Tween), and a concentration-

dependency assay to establish if the compound is suffering from single-concentration point

artefacts®®,

A PAINS filter was implemented to test whether or not the compounds might be interfering with
assay readout but all compounds passed. However, some of the early inhibitors from the seminal
work” were found to fail the PAINS test. The original screening library that identified DPSO
197 was constructed of cherry-picked compounds based upon these scaffolds; it is not
inconceivable that the error of identifying DPSO 197 as a PRMT inhibitor originated here,
especially since the paper was published in a pre-PAINS-aware era. However, it is emphasised
that just because a PAINs filter flags a compound as a possible pan-assay interferer, does not
necessarily mean that the compound is a false positive. It is reiterated that re-testing of early
inhibitors/hits reported in the literature, in particular those that might now be considered PAINS,

could prove to be a worthwhile and interesting venture.

In Section 1.5, the development of peptide-based and bisubstrate PRMT inhibitors were
discussed. In light of the disappointing results obtained from the small molecule symmetrical
inhibitors reported herein, peptide-based inhibitors might be a productive new avenue towards

inhibiting PRMTs.
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In particular, it may be possible to exploit the research presented in Chapters Two and Three to
explore new chemical space that might allow development of highly specific PRMT probes.
Reproduced below is Figure 1.24 showing the scaffold for a PRMT inhibitor/probe described by
Dowden et al.’*®. Addition of an MMA() residue synthesised as part of this work (Chapter

Three) at R; and/or R, could make for an interesting avenue of research.

Cofactor analogue

4 = N
N=\ T\Ha
- O Ry =COZH, NHy, ..~
HQNWN"‘ TN, =0 e e,
| ) Ry =NH,
N. N HO OH n otz
R, Substrate analogue
54

Figure 1.24 — The first true adenosine-containing bisubstrate PRMT inhibitors.

Furthermore, one of the aims for the future should be to build on the work presented in Chapters
Two and Three and synthesise the full range of possible methylated arginines. Testing of
differentially methylated arginines as part of histone peptides could be carried out using the
MALDI-MS assay, developed as part of this work, against the whole panel of PRMTs. Any
possible reactivity with and/or selectivity between PRMTs could be exploited in the design of
specific PRMT probes. Future work may wish to explore this potentially exciting option. Some
preliminary docking work was carried out on the hypothetical SAM-analogue 270 shown in
Figure 5.14A. The guanidine terminus could be substituted with specific methylation patterns.
Figure 5.14B shows cofactor-mimetic Sinefungin 32 (magenta) and a peptide substrate (grey) in
the PRMTS5 active site (PDB code: 4GQB)>’. The guanidine terminus of the Arg residue in the
substrate can be seen bridging towards the —NH; of Sinefungin, which would be replaced with
the —CH3 to be transferred in the cofactor SAM. The cofactor-binding pocket is shown in Figure

5.14C with sinefungin (magenta) and hypothesised structure 270 (green) superimposed. Both
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compounds were docked using Mol® software and represent predicted energy minima. The
guanidine terminus of structure 270 can be seen protruding out of the plane of the page, towards
the reader. The aim would be to fill the space in which the true substrate Arg would usually fit.
Different methylation patterns at this position may allow for inter-PRMT specificity.

A)
HO.__O

N=\ 0o /\I
. N NH,

207

Figure 5.14 — A) Hypothesised structure of a next generation PRMT inhibitor/probe based on bisubstrate inhibitors
reported by Dowden et al.'™ B) Positioning of the cofactor mimetic Sinefungin (magenta) and peptide (grey) in the
PRMTS active site (PDB code: 4GOB)’° C) Overlay of Sinefungin (magenta) and structure 270 docked into the
PRMTI active site using Mol® software.
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Thesis Summary

This thesis describes a multi-disciplinary project that had the following broad aims:
» Widen biological understanding of arginine methylation patterns in the context of the
PRMT family of enzymes

» Develop a potent PRMT inhibitor

One of the major hypotheses of this work was that alternative Arg methylation patterns might
exist and have physiological and/or epigenetic relevance. The assays used routinely in the PRMT
field were reviewed; it was speculated that their associated disadvantages, namely their lack of
selectivity for different methylated Arg substrates and products, could have prevented

identification of novel methylated derivatives.

Work presented in this thesis was partly directed towards synthesis of standards of novel
methylated Arg derivatives that could assist in testing such a hypothesis. One of the major
successes of this work is the development of a 12-step route for large-scale synthesis of protected
Me(d)-containing derivatives that can be used in SPPS; the full route, including subsequent
incorporation into a l16-mer peptide, was successfully implemented for synthesis of peptidyl-

MMA(9) methylation pattern.

Testing of this peptide for relevance as a possible PRMT1 substrate was made possible by
development of a MALDI-MS assay that enables distinction between peptides with different
methylation numbers. This assay was used to investigate possible PRMT]I-catalysed
polymethylation, but no evidence of higher order methyl patterns were observed using this

technique.
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Since PRMTs are epigenetic drug targets, a library of bis-aryl and tricyclic small molecules were
prepared that were tested for inhibitory activity against a panel of PRMTs. The MALDI-MS
assay developed as part of this work was utilised, alongside a radiometric and a
chemiluminescence assay. No strong inhibitors were identified but the variability in results
between the three assays was discussed and could serve as a platform for future work

investigating the applicability of assays for monitoring PRMT activity.

Future work should aim to synthesise the full range of novel methylated Arg derivatives and use

the MALDI-MS assay to make investigations as to their relevance as substrates and/or inhibitors

of not just the PRMTs, but also other epigenetic enzymes.
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Chapter 6 — Experimental Section

6.1 — Chemistry

6.1.1 — General Experimental

All reactions involving water-sensitive reagents were carried out under a nitrogen or argon
atmosphere using standard vacuum line techniques and glassware that was flame-dried before

12" Water was purified

use. Solvents were dried following the procedure outlined by Grubbs et a
by an Elix® UV-10 system. All other solvents and reagents were obtained from Sigma Aldrich,
Fluorochem, Alfa Aesar, TCI Fine Chemicals UK or Acros and were used as supplied
(analytical or HPLC grade) without prior purification. Organic layers were dried over Na,SO,.
Brine refers to a saturated (sat.) aqueous solution of NaCl. Under vacuum refers to the use of a
rotary evaporator attached to a diaphragm pump. Pet. ether refers to the fraction of petroleum
spirit boiling between 30 and 40 °C. Thin layer chromatography was performed on aluminium
plates coated with 60 Fas4 silica (Merck). Plates were visualised under UV light (254 nm) or by
staining with either 1% (w/v) ag. KMnO4 or 0.3% (w/v) ninhydrin in a solution of 3% (v/v)
AcOH in n-butanol. Flash column chromatography was performed on Kieselgel 60 silica in a
glass column. Melting points were recorded on a Gallenkamp Hot Stage apparatus and are
uncorrected. Infrared spectra were recorded on a Bruker Tensor 27 FT-IR spectrometer, as neat
or thin film samples. Selected characteristic peaks are reported in wavenumbers (cm™). Optical
rotations were recorded on a Perkin-Elmer 241 polarimeter with a water-jacketed 10 cm cell at
22 °C or on a Schmidt Haensch Unipol polarimeter with a water-jacketed cell at 25 °C. Specific
rotations are reported in 10" decomp cm® g ' and concentrations in g/100 mL. NMR spectra

were recorded on Bruker Avance spectrometers (DPX200, DQX400, AVIII400, AVII 500 or

DRX500) in the deuterated solvent stated. The field was locked by external referencing to the
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relevant deuteron resonance. Chemical shifts (8) are reported in parts per million (ppm) relative
to tetramethylsilane (TMS) where 0y (TMS) = 0.00 and ¢ (TMS) = 0.00. Coupling constants
(J) are quoted in Hz and are reported to the nearest 0.1 Hz. The coupling constants were
determined by analysis using ACD Labs software. Low-resolution mass spectra were recorded
on either a VG MassLab 20-250 or a Micromass Platform 1 spectrometer, operating in positive
or negative mode, from solutions of MeOH. Accurate mass measurements were run on either a
Bruker MicroTOF internally calibrated with polyalanine, or a Micromass GCT instrument fitted
with a Scientific Glass Instruments BPX5 column (15 m x 0.25 mm) using amyl acetate as a
lock mass, by the mass spectrometry department of the Chemistry Research Laboratory,
University of Oxford, UK. m/z values are reported in Daltons. [IUPAC names of all compounds
are given except in the case of amino acid derivatives, which are referred to by their recognised
names. Additionally amino acids are abbreviated for clarity according to the following rules:
stereochemistry about the a-carbon is denoted by L- or D- prefixes. Standard three letter
abbreviations are used for naturally occurring amino acids and additionally ornithine is
abbreviated to ‘Orn’. Protection of the a-amino group is denoted in brackets immediately
following this code e.g. Orn(Fmoc). Any side-chain protection is denoted before the code e.g. N-
Fmoc-Orn. The a-carboxylic acid group is denoted as either the acid (e.g. Orn-OH) or the
relevant ester (e.g. Orn-OMe). An example: L-Ornithine with a-amino Fmoc protection, terminal
amino Boc protection and a-carboxylate ethyl esterification would be denoted as follows: N-
Boc-Orn(Fmoc)-OEt. In '"H NMR spectra where two protons are attached to the same carbon
atom but have different chemical shits (e.g. diastereotopic protons), the protons are arbitrarily

defined as Ha and Hp (Figure 6.1) and are assigned accordingly.
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Fmoc
HN”

HoN ~_OH
HA Hg O

Figure 6.1 — Example of diastereotopic protons defined as H, and Hyp for the purpose of 'H NMR assignments.

6.1.2 - General Procedure for Ion-Exchange Purification using Dowex® Resin

Dowex® (50WX8) was prepared according to the following washing procedure: 1 M HClg) (2
column volumes, cv), H,O (until eluent runs neutral), x M NH4OH(,q) (2 cv), HO (2 cv), 1 M
HCl(aq) (until eluent runs neutral). The crude mixture was dissolved in the minimum volume of
water or HCl(,q) (up to 2 M) and added drop-wise to the stationary phase. In the case of an acidic
mobile phase, the column was washed with H,O until the eluent ran neutral. The column was
washed with MeOH (2 cv) then H,O (2-4 cv) and then the product eluted with x M NH4OH )

(2-4 cv) under gravity.

6.1.3 - Procedure for Separation of Orn and Arg using Ion-Exchange

A column of 2.5 cm diameter was filled with Dowex® resin, and prepared as described above, to
a height of 12.5 cm. Following application of the crude mixture to the stationary phase, as
described above, the column was washed with H,O (2 cv). Aqueous 0.2 M NH4C,H;0, pH 5.5
(approx. 1 L) was used to elute Orn. Gentle pressure could be applied manually via bellows up to
a flow rate of ~3 mL/min. Following complete elution of Orn, analysed by TLC (5:1
MeOH:NH4OH), the second eluent 0.5 M NH4C,H3;0, pH 6.8 (approx. 600 mL) could be
applied to the column for elution of Arg under the same flow rate as before. Fractions containing
product were pooled and concentrated under vacuum until a slurry formed. The general
procedure for ion-exchange chromatography (Section 6.1.2) was employed to remove the salts

from the product.
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6.1.4 - General Experimental Procedures
General Procedure 1:

Ullman-type coupling for S,S-bis(aryl)sulfide coupling

X SH \l CUl,K2CO3 AN S AN
T T (0

iPrOH HO |//
~"OH
R R
80 °C

Cul (0.05 eq.), KxCOs (2 eq.) and the requisite aryl iodide (1 eq.) were added sequentially to a
microwave vial before sequential addition of ethylene glycol (2 eq.), isopropyl alcohol (1
mL/mmol) and the requisite aryl thiol (1 eq.). The reaction mixture was heated at 80 °C for 24 h,
cooled down, filtered and the filtrate concentrated under vacuum. The residue was purified on

Si0;.

General Procedure 2:

Oxidation of S,S-bis(aryl)sulfide to S,S-bis(aryl)sulfoxide

0
|\s|\ FeCl, |\§|\
// 4 H5|06 // P4
R R/ RT R R/

A solution of §,S-bis(aryl)sulfide (1 eq.) and Fe(IIT)Cl; (0.03 eq.) in MeCN (10 mL/mmol) was
stirred for 5 min at room temperature before addition of HsIOs (1.1 eq.), and the resulting
mixture stirred for 16 h. The reaction was quenched with saturated Na>S,03 (aq) (25 mL/mmol)
and extracted with CH,Cl, (3x25 mL). The combined organic layer was dried, filtered,

concentrated under vacuum and the residue was purified on SiO,.

196



General Procedure 3:

Oxidation of S,S-bis(aryl)sulfide to S,S-bis(aryl)sulfone

(ONJ o)
| XN S | N ACOH, H202 | N S | N
S Z reflux, 2 h S %

A solution of §,S-bis(aryl)sulfide (1 eq.) in glacial AcOH (5 mL/mmol) and HyOxxq) (33%, 5
mL/mmol) was refluxed for 2 h, cooled to room temperature and the solvent was removed under
vacuum. The residue was dissolved in CH,Cl, (50 mL/mmol) and washed with water (100
mL/mmol). The organic layer was dried, filtered, concentrated under vacuum and the residue

was purified on SiOs.

General Procedure 4a:

Alkylation of phenothiazine

D —2— oo

N
N R™ "X

Phenothiazine (1 eq.) was added to a suspension of NaH (1 eq.) in THF (10 mL/mmol) and the
resulting mixture was stirred at room temperature for 30 min before drop-wise addition of the
requisite alkyl halide (1 eq.), and the reaction stirred for 16 h. The mixture was treated with
water (30 mL) and EtOAc (30 mL), the organic layer was washed with brine (30 mL) and the
aqueous layer extracted further with EtOAc (3x50 mL). The combined organic layer was dried,

filtered, concentrated under vacuum and the residue was purified on SiO,.
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General Procedure 4b:

Alkylation of phenothiazine

S KHMDS
0 = o
R

N
H

A solution of phenothiazine (1 eq.) in THF (10 mL/mmol) was cooled to 0 °C before drop-wise
addition of KHMDS (1.05 eq., 0.5 M in toluene), and the resulting mixture brought to room
temperature and stirred for 15 min. The requisite alkyl halide (2.2 eq.) was then added drop-wise
and the resulting reaction was stirred for 16 h. The mixture was treated with water, the aqueous
layer extracted with Et,O (30 mL) and EtOAc (2x30 mL). The organic layers were combined,
washed with brine, dried, filtered, concentrated under vacuum and the residue was purified was

purified on SiO,.

General Procedure 5:

Oxidation of substituted phenothiazine to S-phenothiazine-sulfoxide

mCPBA

CLI0 e CLIO

N N

R R

mCPBA (1 eq.) was added to a solution of phenothiazine (1 eq.) in CH,Cl, (12 mL/mmol) and
the reaction stirred for 16 h. The mixture was quenched with a saturated aqueous solution of
NaHCOj; and washed with water and the aqueous layer extracted with CH,Cl, (3 x 50 mL). The
combined organic layer was dried, filtered, concentrated under vacuum and the residue purified

by silica column chromatography.
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General Procedure 6:

Oxidation of substituted phenothiazine to S,S-phenothiazine-sulfone

0]
Nk reflux, 4 h Nk

R R

H>05(aq) (33%, 5 mL/mmol) was added to a solution of phenothiazine (1 eq.) in glacial AcOH (5
mL/mmol) and the resulting solution refluxed for 4 h. The reaction mixture was cooled to room
temperature and the solvent removed under vacuum. The residue was dissolved in CH,Cl, (50
mL/mmol) and washed with water (100 mL/mmol). The organic layer was dried, filtered,

concentrated under vacuum and the residue purified by recrystallisation.

L-Arginine HClm, 1
Arg-OH
H NHZ
HCI HZN\”/N\/\/:\WOH
NH (0]
Method A:

1H-Pyrazole-1-carboxamidine hydrochloride (1.13 g, 7.71 mmol, 1.3 eq.) was added to a
solution of L-Orn-HCI (1.00 g, 5.93 mmol, 1.0 eq.) in NaOHq) (8 M, 2 mL), and the reaction
stirred for 5 d at room temperature. The mixture was acidified to pH 6 with HClug and
evaporated under vacuum to leave ~1 mL of solution. Ion exchange chromatography (Section
6.1.2) was used to afford the title compound as a brown oil (330 mg, 27%) after washing with 1
M HClgy; [0] +12.7 (¢ = 1.0 in 6 M HClyg) (lit.*" [a]® +22 (¢ = 8 in 6 M HClug)); 'H

NMR & (400 MHz, D,O) 1.55-1.76 (2H, m, RNHCH,CH:CH,), 1.84-2.01 (2H, m,
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RNHCH,CH,CH>), 3.18 (2H, t, J = 6.9 Hz, RNHCH,CH,CH.,), 4.01 (1H, t, J = 6.3 Hz, CO,CH);

LRMS m/z (EST") 175 [M+H]". HMBC data proving guanylation has been regioselective at the

0-NH; of Orn:
CH, adjacent to guanidine group
T
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Method B:

2-Methylisothiouronium iodide 93 (1.23 g, 5.64 mmol, 1.9 eq.) was added to a solution of L-
Orn-HCl (500 mg, 2.97 mmol, 1.0 eq.) in NaOHq) (1 M, 3 mL) and the reaction refluxed at 100
°C for 5 h. The reaction was cooled to room temperature and acidified to pH 4 with 1 M HCl)
and purified on Dowex® as described in Section 6.1.3, to afford the title compound as a brown
oil (149 mg, 29%). The starting material L-Orn was observed by NMR as a 13% impurity;
selected data confirming synthesis of the title compound: "H NMR § (400 MHz, D,0) 1.55-1.76
(2H, m, RNHCH,CH,CH>), 1.84-2.01 (2H, m, RNHCH,CH,CH>), 3.18 (2H, t, J = 6.9 Hz,
RNHCH,CH,CH,), 4.01 (1H, t, J = 6.3 Hz, CO,CH); LRMS m/z (ESI") 175 [M+H]". HMBC

data proving guanylation has been regioselective at the 3-NH; of Orn:
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CH, adjacent to guanidine group

emical Shift (ppm)

F1 Che

Guanidine
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F2 Chemical Shift (ppm)

No-(9-Fluorenyl)methoxycarbonyl-/NVo-tert-Butoxycarbonyl-L-ornithine methyl ester,213 41

N-Boc-Orn(Fmoc)-OMe

To a solution of Orn(Fmoc)-OMe 86 (100 mg, 0.247 mmol, 1 eq.) in MeOH (1 mL) was added
di-tert-butyl dicarbonate (70 mg, 0.321 mmol, 1.3 eq.) in acetone (I mL) and NaHCOs (63 mg,
0.750 mmol, 3 eq.). The reaction was stirred for 16 h at room temperature and concentrated

under vacuum to afford the title compound as a colourless gel (19 mg, 16% yield) after

purification on SiO; (1:9 MeOH:CH,Cl,); 'H NMR § (400 MHz, CD;0D) 1.44 (9H, s, t-Bu)
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1.47-1.71 (3H, m, NHCH,CH>CH,(#,)) 1.78-1.89 (1H, m, NHCH,CH,CHa(Hj)) 3.02-3.09 (2H,
m, NHCH,CH,CH,) 3.71 (3H, s, OCHj3) 4.15-4.25 (2H, m, ArCH, CO,CH) 4.33-4.39 (2H, m,
ArCH,) 7.31 (2H, dd, J = 6.9, 7.3 Hz, C(3)H) 7.39 (2H, dd, J = 7.3, 7.5, C(4)H) 7.67 (2H, dd, J

= 6.4, 6.6 Hz, C(5)H) 7.80 (2H, d, J = 7.5 Hz, C(2)H); LRMS m/z (EST") 409 [M+Na]".

N“-(9-Fluorenvl)methoxvcarbonvl-]\"; -tert—Butoxvcarb0nvl-L-0rnithine146, 81

N-Boc-Orn(Fmoc)-OH

Reaction mixture 1 was prepared as follows: [N-Boc-Orn-OH],Cu 77 (23.2 g, 44.3 mmol, 1.0
eq.) was suspended in acetone (100 mL) and stirred for ~15 min before addition of water (100
mL). The resulting mixture was stirred for an additional 10 min before sequential addition of
10% aqueous Na,COs (200 mL) and 8-quinolinol (16.7 g, 115 mmol, 2.6 eq.) and the reaction
stirred for 1 h. Reaction mixture 2 was prepared as follows: Na,COs) (4.95 g, 46.7 mmol, 1.1
eq.) and Fmoc-ClI (23.0 g, 88.9 mmol, 2.0 eq.) in acetone (100 mL) were added sequentially to a
solution of N-hydroxysuccinimide (10.7 g, 93.0 mmol, 2.1 eq.) in water (50 mL). The reaction
was stirred for 30 min, following which it was poured into reaction mixture 1. The resulting
reaction was stirred for 1 h after which the copper-quinolate precipitate was filtered and washed
with water. The filtrate and washings were concentrated under vacuum. The residual aqueous

solution was poured into a separating funnel and extracted with toluene (3x30 mL, discarded).
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The aqueous phase was extracted with EtOAc (3x30 mL). The combined organic layers were
washed with 0.5 M HCl,q) (1x30 mL), 0.25 M HClaq) (2x30 mL) and brine (1x30 mL), dried and
concentrated under vacuum to give a foam. The foam was dissolved in EtOAc and the resulting
solution refluxed at 90 °C for 15 min before cooling to RT to afford the title compound as a

white solid (23.5 g, 58%) after recrystallization from hexane-EtOAc; mp (from EtOAc-hexane)
120.0-124.5 °C (lit."** (from EtOAc-hexane) 112.5 °C); [a]** +7.0 (c = 1.0 in MeOH) (lit."*
[a]X —7.95 (c = 1.0 in DMF)); 'H NMR § (400 MHz, DMSO-dy) 1.37 (9H, s, -Bu), 1.40-1.77
(4H, m, NHCH,CH,CH,), 2.85-2.97 (2H, m, NHCH,), 3.86-3.96 (1H, m, CO,HCH), 4.18-4.32
(3H, m, ArCHCH,), 7.33 (2H, td, J = 7.5, 1.3 Hz, 2xC(3)H), 7.39-7.44 (2H, m, 2xC(4)H), 7.65
(2H, d, J = 8.1 Hz, amide-NH), 7.73 (2H, d, J = 7.3, 2xC(5)H), 7.89 (2H, dd, J = 7.5, 0.6 Hz,

2xC(2)H); LRMS m/z (ESI") 477 [M+Na]".

N“-(Benzyloxy)carbonyl- , N -tert-butoxycarbonyl L-ornithine, 82

N-Boc-Orn(Cbz)-OH

Cu(CH3C0O3)2'H,0 (9.98 g, 50.0 mmol, 0.5 eq.) in H,O (50 mL) was added to a solution of L-
Orn-HCI (16.9 g, 100 mmol, 1.0 eq.) in NaOH,q) (2 M, 100 mL), and the reaction mixture stirred
for 10 min. A solution of di-tert-butyl dicarbonate (28.7 g, 132 mmol, 1.3 eq.) in acetone (200
mL) was added and the reaction stirred at room temperature for 24 h. A pale blue suspension

began to form and additional acetone (100 mL) was added and the reaction left stirring for a
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further 24 h. The pale blue chalky precipitate was filtered under vacuum, washed with
acetone:water (2:1, 200 mL) and re-suspended in acetone (90 mL) and a 10% aqueous solution
of Na,COs (10%, 180 mL) with vigorous stirring. 8-Quinolinol (13.1 g, 90.3 mmol, 0.9 eq.) was
added and stirred for 1.5 h affording a green suspension. In a separate flask, benzyl
chloroformate (12.9 mL, 90.4 mmol, 0.9 eq.) in acetone (45 mL) was added to N-
hydroxysuccinimide (10.4 g, 90.4 mmol, 0.9 eq.) in water (45 mL) and the reaction stirred for 30
min at 0 °C. The contents of the two flasks were mixed and the reaction was stirred for 2 h at
room temperature. The green precipitate was removed by filtration under vacuum and washed
with H,O (3x45 mL). Acetone was evaporated from the filtrate and the remaining pH 7-8
aqueous phase extracted with CH,Cl, (3x50 mL, discarded) to remove residual 8-quinolinol. The
aqueous phase was adjusted to pH 3 with HCl,q and extracted with EtOAc (3x50 mL). The
organic layers were combined and dried to afford the title compound as a yellow gel (30.1 g,
82%) without the need for further purification; [a]] —2.7 (¢ = 1.0 in MeOH) (lit. [a]}) 4.0-—2.0
(c = 1 in MeOH)); '"H NMR § (400 MHz, CD;0D) 1.43 (9H, s, #-Bu), 1.50-*"*1.73 (3H, m,
NHCH,CHCH,(H,4)), 1.80-1.92 (1H, m, NHCH,CH,CH(H3)), 3.05 (2H, dd, J = 6.7, 6.9 Hz,
NHCH,CH,CH,), 4.13-4.18 (1H, m, CO,CH), 5.09 (2H, s, CH»-Ar), 7.26-7.39 (5H, m, Ar); 'H
NMR (ref*®) § (400 MHz, CDCLs) 1.44 (9H, s, -Bu), 1.49-1.76 (3H, m, NHCH,CH,CHx(H,)),
1.83-1.97 (1H, m, NHCH,CH,CH»(H3)), 3.03-3.24 (2H, m, NHCH,CH,CH,), 4.35-4.47 (1H, m,

CO,CH), 5.11 (2H, s, CHx-Ar), 7.29-7.38 (5H, m, Ar); LRMS m/z (ESI") 365.
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N“~(tert-butoxycarbonyl)-, N -p-toluenesulfonyl L-ornithine, 83

N-Ts-Orn(Boc)-OH

A solution of Cu(CH3CO;),-H,0 (9.98 g, 50.0 mmol, 0.5 eq.) in water (50 mL) was added to a
solution of L-Orn-HCI (16.9 g, 100 mmol, 1.0 eq.) in NaOHq) (2 M, 100 mL), and the resulting
mixture stirred for 10 min. p-Toluenesulfonyl chloride (24.8 g, 130 mmol, 1.3 eq.) in acetone
(200 mL) was added followed by Et;N (18.1 mL, 130 mmol, 1.3 eq.) and the reaction stirred at
room temperature for 24 h. A pale blue suspension began to form and additional acetone (100
mL) was added and the reaction left stirring for a further 48 h. The pale blue chalky precipitate
was filtered under vacuum, washed with acetone:water (2:1, 200 mL) and re-suspended in
acetone (90 mL) and NaOH,q) (2 M, 100 mL) with vigorous stirring. 8-Quinolinol (13.1 g, 90.3
mmol, 0.9 eq.) was added and the resulting reaction stirred for 1.5 h affording a green
suspension, following which di-terz-butyl dicarbonate (28.7 g, 132 mmol, 1.3 eq.) in acetone (45
mL) was added. The reaction was stirred for 72 h, the green precipitate removed by filtration
under vacuum and washed with H,O (3x45 mL). Acetone was evaporated from the filtrate under
vacuum and the remaining pH 7-8 aqueous phase extracted with CH,Cl, (3x50 mL, discarded) to
remove §-quinolinol. The aqueous phase was adjusted to pH 3 with HClg) (1 M) and extracted
with EtOAc (3x50 mL). The organic layers were combined and dried to afford the title

compound as a brown gel (24.6 g, 64%) without the need for further purification, which slowly
solidifies to a pale brown solid over a period of days; mp (from CH,Cl,) 77.1-101.9 °C; [oc]f)2

+3.7 (¢ = 1.0 in MeOH); IR vpax cm™ 3500-3000 (broad), 2976 (broad), 1687 (medium), 1595
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(medium), 1159 (sharp); '"H NMR & (400 MHz, CD;0D) 1.42 (9H, s, -Bu), 1.47-1.66 (3H, m,
ArNHCH,CH,CHa(H,)), 1.68-1.84 (1H, m, ArNHCH,CH,CHa(H3)), 2.42 (3H, s, Ar-CHj),
2.81-2.86 (2H, m, ArNHCH,), 3.86-3.94 (1H, m, CO,CH), 7.37 (2H, d, J = 8.1 Hz, C(3)H,
C5)H), 7.72 (2H, d, J = 8.4 Hz, C(2)H, C(6)H); *C NMR & (100 MHz, CD;0D) 20.1 (C, Ar-
CH3), 25.5 (AINHCH,CH,CH,), 27.4 (3xt-BuC(CH3)), 30.2 (ArNHCH,CH,CH,), 42.5
(AINHCH,), 55.2 (CO,CH), 78.6 (--BuC(CHz)), 126.7 (C(2), C(6)), 129.3 (C(3), C(5)), 137.5
(C(1)), 143.1 (C(4)), 156.2 (t-BuOC=0), 178.0 (CO,H); LRMS m/z (ESI") 385 [M-H] ; HRMS

(EST) C17H25N,06S” [M—H] requires 385.1439; found 385.1436.

N*-(9-Fluorenyl)methoxycarbonyl- L-ornithine, 84

Orn(Fmoc)-OH-CF;CO;H

CFaCOH  HN_~_oon

N-Boc-Orn(Fmoc)-OH 81 (2.00 g, 4.40 mmol) was dissolved in TFA:CH,Cl; (3:7, 10 mL) and
stirred for 30 min, the crude mixture was then concentrated under vacuum. The product was re-
crystallised in EtOAc, washed with Et,O and dried to afford the title compound as an off-white
powder (2.20 g, quant.); mp (from Et,0) 143.9-147 °C (lit.*'® (HCI salt, from EtOAc) 97.9 °C);
[a]?2 +24.2 (¢ = 0.8 in MeOH); 'H NMR § (400 MHz, DMSO-ds) 1.54-1.71 (3H, m,
NH,CH,CH>CH2(Hy4)), 1.73-1.85 (1H, m, NH,CH,CH,CH2(H3)), 2.72-2.83 (2H, m, NH,CH>),
3.92-4.01 (1H, m, CO,HCH), 4.20-4.36 (3H, m, ArCHCH.,), 7.32-7.37 (2H, m, 2xC(3)H) 7.42
(2H, td, J=17.5, 0.8 Hz, 2xC(4)H), 7.67-7.79 (3H, m, 2xC(5)H, amide-NH), 791 2H,d, J=7.5

Hz, 2xC(2)H); LRMS m/z (ESI") 355 [M+H] "
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N“-(Benzyloxy)carbonyl- L-ornithine, 85

Orn(Cbz)-OH

)
Hrgko

o)

N-Boc-Orn(Cbz)-OH 82 (1.31 g, 3.58 mmol) was dissolved in TFA:CH,Cl, (3:7, 10 mL) and
stirred for 30 min. The solvent was evaporated under vacuum to afford the title compound as a
pale brown oil (1.14 g, 99%) without the need for further purification; [a]> —2.7 (¢ = 1.0 in
MeOH); 'H NMR § (400 MHz, CD;0D) 1.71-1.82 (3H, m, NH,CH,CH,CHx(H,)), 1.89-2.03
(1H, m, NH,CH,CH,CH(H3)), 2.91-2.98 (2H, m, NH,CH.CH,CH,), 4.18-4.23 (1H, m,

CO,CH), 5.10 (2H, s, CH>-Ar), 7.29-7.38 (5H, m, Ar); LRMS m/z (ESI") 267 [M+H]".

N“-(9-Fluorenyl)methoxycarbonyl- L-ornithine methyl ester, 86

Orn(Fmoc)-OMe-HCI

HCI

SOCI; (839 uL, 11.5 mmol, 1.8 eq.) was added drop-wise to Orn(Fmoc)-OH-CF;CO;H 84 (3.04

g, 6.49 mmol, 1.0 eq.) in MeOH (5 mL) and the reaction mixture stirred for 30 min, refluxed for

207



3 h and stirred for 16 h at room temperature. The solvent was removed under vacuum; a yellow
solid was obtained, which was triturated with EtOAc and filtered to afford the title compound as
a white powder (3.08 g, 89%); mp 153.7-156.5 °C; [a]** —3.5 (¢ = 1.0 in MeOH); IR Viae cm’’
3320 (broad), 2952 (broad), 1692 (sharp), 1531 (sharp); 'H NMR & (400 MHz, CD;0D) 1.67-
2.00 (4H, m, NH,CH,CH-CH,), 2.92-2.98 (2H, m, NH,CH>), 3.74 (3H, s, CO,CHj3), 4.19-4.28
(2H, m, NHCH, ArCH), 4.31-4.38 (1H, m, ArCHCH(H,)), 4.41-4.49 (1H, m, ArCHCH(Hp)),
7.33 (2H, app dd, J = 7.5, 7.3 Hz 2xC(3)H), 7.41 (2H, app dd, J = 7.5, 7.3 Hz, 2xC(4)H), 7.68
(2H, t, J = 7.3 Hz, 2xC(5)H), 7.82 (2H, d, J = 7.3 Hz, 2xC(2)H); *C NMR & (100 MHz,
CDs;0OD) 23.7 (NH,CH,CH»CH,), 28.1 (NH,CH,CH,CH»), 38.8 (NH,CH,CH,CH»), 47.0
(NHCH) 51.5 (OCHj3), 53.4 (ArCH), 66.6 (ArCHCH>»), 119.6 (2xC(2)), 124.8 (2xC(5)), 126.8
(2xC(3)), 127.4 (2xC(4)), 140.1 (2x(C(6)), 143.8 (2xC(1)), 157.4 (carbamate C=0), 172.3
(carboxylate C=0); LRMS m/z (ESI') 369 [M+H]"; HRMS (ESI") C,HN,O,  [M+H]

requires 369.1809; found 369.1808.

2-Methylthiouronium iodidem, 93

/
S

A

H,N” NH  HI

Iodomethane (2.8 mL, 45.0 mmol, 1.4 eq.) was added drop-wise to a solution of thiourea (2.47 g,
32.5 mmol 1.0 eq.) in EtOH (25 mL) at 0 °C. The reaction was brought to room temperature and
then heated to reflux at 90 °C for 90 min after which it was cooled to room temperature. The
solvent was removed under vacuum affording the title compound as a yellow-brown salt (6.99 g,

quant.) without the need for further purification; mp (from EtOH) 116.8-118.8 °C (lit.*'” (from
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Et,0) 115.3-117.6 °C); 'H NMR § (400 MHz, DMSO-dy) 2.56 (3H, s, S-CH3), 8.90 (4H, br. s,

NH,CNH;); HRMS (EI) C,HgN,S [M] requires 90.0252; found 90.0254.

1,2-Dimethylisothiouronium iodide*'®, 94

Iodomethane (953 pL, 15.3 mmol, 1.4 eq.) was added drop-wise to a solution of N-
methylthiourea (1.00 g, 11.1 mmol 1.0 eq.) in EtOH (15 mL) at 0 °C. The reaction was brought
to room temperature and then heated to reflux at 90 °C for 90 min after which it was cooled to
room temperature. The solvent was removed under vacuum affording the title compound as a
yellow-brown salt (2.54 g, 99%) without the need for further purification; mp (from EtOH)
134.0-135.4 °C (lit.*"? (from acetone) 135 °C); "H NMR & (400 MHz, D,0) 2.58 (3H, s, S-CH}3),

2.99 (3H, s, NHCH;); LRMS m/z (EST') 105 [M+H]".

1,2,3-Trimethylthiouronium iodide, 96

Iodomethane (1.3 mL, 21.2 mmol, 1.1 eq.) was added dropwise to a solution of N,N’-
dimethylthiourea (2 g, 19.2 mmol, 1 eq.) in acetone (80 mL) and the reaction heated to reflux
for 40 min after which it was cooled to room temperature. The solvent was removed under
vacuum affording the title compound as an off white salt (4.5 g, quant. yield) without the need

for purification; mp 205.9-210.8 °C; NMR 0y ppm (400 MHz, DMSO-ds) 2.63 (3H, s, S-CH3)
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2.94 (6H, dd, J = 15.8, 4.5 Hz, 2xN-CH;) 8.71 (1H, br.s., NH or =NH) 9.04 (1H, br.s., NH or

=NH); LRMS m/z (ESI") 119 [M+H]".

1,1,2,3,3-Pentamethylthiouronium iodide, 98

lIodomethane (1 mL, 16.6 mmol, 1.1 eq.) was added dropwise to a solution of
tetramethylthiourea (2 g, 15.1 mmol, 1 eq.) in acetone (80 mL) and the reaction heated to reflux
for 40 min after which it was cooled to room temperature. The solvent was removed under
vacuum affording the title compound as a bright yellow salt (quant. yield) without the need for
purification; mp 179.8-180.4 °C 1it*** (180-185 °C (dec)); NMR 8y ppm (400 MHz, DMSO-d5)
2.08 (1H, s, NH) 2.55 (3H, s, SCH3) 3.21 (12H, s, =NCH;CH; NCH;CH;); LRMS m/z (ESI")

147 [M+H]".

(9H-Fluoren-9-yl)methyl (2-oxopiperidin-3-yl)carbamate™', 99

DIPEA (96 pL, 0.550 mmol, 2.2 eq.) was added to a solution of Orn(Fmoc)-OMe-HCI 86 (100
mg, 0.250 mmol, 1.0 eq.) in MeOH (2 mL) and the reaction heated to reflux at 90 °C for 1 h. The

solvent was removed under vacuum to afford the title compound as a white gel (20 mg, 11%)
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after purification on SiO; (80:20 EtOAc:pet. ether); [a]5 —5.7 (¢ = 0.9 in MeOH) (lit.*' not

provided); IR vimex cm™ 2948 (broad), 2360 (broad), 2161 (broad), 2031 (broad), 1708 (broad),
1651 (broad); 'H NMR & (400 MHz, DMSO-dy) 1.55-1.88 (3H, m, C(8)H., C(9)H.), 1.88-2.07
(1H, m, C(8)Hp), 3.12 (2H, s, C(10)H>), 3.81-3.99 (1H, m, C(7)H), 4.16-4.39 (3H, m,
ArCHCH,), 7.34 (2H, t, J = 7.2 Hz, 2xC(4)H or C(5)H), 7.43 (2H, t, J = 7.3 Hz, 2xC(4)H or
C(5)H), 7.49 (1H, d, J = 8.6 Hz, Fmoc-NH), 7.57 (1H, s, lactam NH), 7.74 (2H, d, J = 7.1 Hz,
2xC(3)H), 7.90 (2H, d, J = 7.6 Hz, 2xC(2)H); >C NMR § (100 MHz, DMSO-ds) 21.7 (C7)),
28.3 (C(8)), 41.6 (C(10)), 47.1 (ArCH)), 51.1 (C(7)), 66.0 (C(ArCH,)), 120.6 (2x(C(2)), 125.8
(2xC(3)), 127.5 (2xC(5)), 128.1 (2xC(4)), 141.2 (2x(C(6)), 144.4 (2x(C(1)), 156.6 (carbamate
C=0)), 170.3 (lactam C=0)); LRMS m/z (ESI") 359 [M+Na]'; HRMS (ESI)" Cy0H2N,NaO;"

requires 359.1366, found 359.1368.

N-((2,2,4,6,7-Pentamethyl-2,3-dihydrobenzofuran-5-yl)sulfonyl)-/ H-pyrazole-1-

carboximidamide, 107

DIPEA (5.9 mL, 33.9 mmol, 5.0 eq.) was added to a solution of 1H-Pyrazole-1-carboxamidine
(1.00 g, 6.82 mmol, 1.0 eq.) and Pbf chloride (751 mg, 9.00 mmol, 1.3 eq.) in DMF (3 mL), and
the reaction heated to 100 °C for 2 h with MW irradiation. The solvent was removed under
vacuum and the residue suspended in water (20 mL) and extracted with EtOAc (3x20 mL). The
combined organic layers were washed with water (4x50 mL), dried and concentrated under

vacuum to afford the title compound as a white solid (511 mg, 21%) after purification on SiO,

(pet. ether:EtOAc 90:10 to 80:20); mp (from EtOAc) 182.4-183.3 °C; IR vimax cm™ 3460 (weak,
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sharp), 3352 (weak, sharp), 1722 (moderate, sharp), 1554 (moderate, sharp), 1149 (strong,
sharp); "H NMR § (400 MHz, CDCl;) 1.48 (6H, s, C(8)(CH;),), 2.12 (3H, s, C(2)CH3), 2.57 (3H,
s, C(5)CH3), 2.63 (3H, s, C(3)CH3), 2.99 (2H, s, C(7)H>), 6.41 (1H, dd, J= 1.7, 2.9 Hz, C(2’)H),
7.68 (1H, dd, J = 0.7, 1.7 Hz, C(3")H), 8.22 (1H, dd, J = 0.7, 2.8 Hz, C(1)H); >C NMR & (100
MHz, CDCl;) 12.4 (C(2)CHz3), 17.9 (C(3)CHz3), 19.2 (C(5)CHz), 28.6 (C(8)(CHs)»), 43.1 (C(7)),
86.8 (C(8)), 109.6 (C(27)), 117.9 (C(3)), 124.9 (C(6)), 129.0 (C(17)), 131.1 (C(4)), 133.1 (C(5)),
139.3 (C(2)), 143.6 (C(3)), 148.8 (RHNC=NH), 159.6 (C(1)); HRMS (FI) Ci7H»N4O3 [M]

requires 362.1410; found 362.1413.

N*-(9-Fluorenyl)methoxycarbonyl- N°.N®-bis(tert-butoxycarbonyl)  L-arginine methyl

ester, 111

N,N’-Di-Boc-Arg(Fmoc)-OMe

N-N’-di-Boc-1H-pyrazole-1-carboxamidine 109 (279 mg, 0.90 mmol, 1.2 eq.) and DIPEA (312
pL, 1.79 mmol, 2.4 eq.) were added sequentially to Orn(Fmoc)-OMe-HCl 86(300 mg, 0.740
mmol, 1.0 eq.) in MeOH (5 mL) and the reaction stirred for 16 h. The solvent was removed
under vacuum to afford a white solid (crude, 175 mg) and a small sample taken for analysis.
Attempts to purify the crude mixture by silica column chromatography (20:80 EtOAc:Pet. ether)
or alumina column chromatography had limited success — degradation to the unprotected

guanidine 112 and the cyclised d-lactam 99 was observed. This compound was therefore used
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immediately in the next step as a crude mixture. Selected data supporting synthesis of the title
compound is presented below: "H NMR § (400 MHz, DMSO-ds) 1.38 (9H, s, -Bu), 1.47 (9H, s,
t-Bu), 1.34-1.74 (4H, m, NH,CH,CH,CH>), 3.24-3.32 (2H, s, NH,CH>), 3.62 (3H, s, CO,CHj3),
3.99-4.08 (1H, m, NHCH), 4.17-4.33 (3H, m, ArCHCH,), 7.33 (2H, t, J = 7.4 Hz, C(4)H or
C(5)H), 7.41 2H, t,J=7.4 Hz, C(4)Hor C(5)H), 7.71 (2H, d, J= 7.2 Hz, C(3)H), 7.83 (1H, d, J
= 7.9 Hz, CH,CH,NH), 7.89 (2H, d, J = 7.5 Hz, C(2)H); LRMS m/z (ESI") 611 [M+H]"; HRMS

(ESI") C3,H43N,O5" [M+H]" requires 611.3075; found 611.3071.

N*-(9-Fluorenyl)methoxycarbonyl- L-arginine methyl ester, 112

Arg(Fmoc)-OMe:CF;CO;H

N,N’-Di-Boc-Arg(Fmoc)-OMe 111(72 mg, 0.118 mmol) was added to TFA:CH,Cl, (3:7, 5 mL)
and the reaction stirred for 2 h at room temperature. The solvent was removed under vacuum to

afford the title compound as pale yellow salt (46 mg, 73%) without the need for purification; mp
156.8-160.2 °C; [OL]2D5 —4.3 (¢ = 0.6 in MeOH); IR vpax em' 3351 (broad), 3162 (broad), 2933

(broad), 1676 (strong), 1433 (moderate), 1365 (weak), 1203 (strong), 1176 (strong), 1135 (sharp,
strong); "H NMR & (400 MHz,CD;0D) 1.59-1.75 (3H, m, NHCH,CH,CH,(H,)), 1.85-1.94 (1H,
m, NHCH,CH,CH,(Hp)), 3.17-3.21 (2H, m, NHCH,CH,CH,), 3.72 (3H, s, OCHj3), 4.19-4.24
(2H, m, NHCH, ArCH), 4.33-4.43 (ArCHCH,), 7.29-7.33 (2H, m, 2xC(3)H), 7.37-7.41 (2H, m,
2xC(4)H), 7.66 (2H, dd, J= 7.5, 7.6 Hz, 2xC(2)H), 7.79 (2H, d, J = 7.6 Hz, 2xC(5)H); *C NMR

0 (100 MHz, CD;0D) 25.0 (NHCH,CH,CH,), 28.3 (NHCH,CH,CH,), 40.4 (NHCH,CH,CH»),
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47.0 (ArCH), 51.4 (OCH3), 53.5 (NHCH), 66.5 (ArCHCH)), 119.6 (2xC(5)), 124.8 (d, J = 4.8
Hz, 2xC(1)), 126.8 (2xC(3)), 127.4 (2xC(4)), 141.2 (2xC(6)), 143.8 (d, J = 19.1 Hz 2xC(1)),
157.3 (d, J = 7.6 Hz, carbamate C=0), 161.7 (q, J = 34.3 Hz, guanidine C), 172.8 (carboxylate
C=0); LRMS m/z (EST") 411 [M+H]"; HRMS (ESI") C2,H,7N40," [M+H]" requires 411.2027;

found 411.2037.

N*-(9-Fluorenyl)methoxycarbonyl- L-arginine hvdrochloridezzz, 113

Arg(Fmoc)-OH-HCI

L-Arg(Fmoc)-OMe-HCI 112 (92 mg, 0.206 mmol) was added to 0.5 M HClg (10 mL) and
heated to reflux at 100 °C for 16 h. The reaction was cooled and the water removed under
vacuum to yield the title compound as a white salt (92 mg, quant.); mp (from 0.5 M HCl,q))
160.2-162.0 °C (lit.*** (from CH,Cly:n-hexane) 120-124 °C); [a]? +10.9 (c = 0.9 in DMF)
(1it”? [a]® +8.0 (in DMF)); 'H NMR § (400 MHz, DMSO-ds) 1.45-1.67 (3H, m,
NHCH,CH,CH(H,)), 1.70-1.82 (1H, m, NHCH,CH>CH(H3)), 3.06-3.13 (2H, m, NHCH>), 3.95
(1H, td, J = 8.6, 4.8 Hz, NHCH), 4.18-4.33 (3H, m, ArCHCH.,), 7.33 (2H, td, J= 7.5, 1.0 Hz,
2xC(3)H), 7.42 (2H, app. t, J = 7.3 Hz, 2xC(4)H), 7.67-7.77 (3H, m, 2xC(5)H, CH,NH), 7.90

(2H, d, J= 7.6 Hz, 2xArC(2)H); LRMS m/z (ESI") 397 [M+H]".
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(Z)-tert-Butyl(((tert-butoxycarbonyl)imino)(1H-pyrazol-1yDmethyl)( methvl)carbamate223 .

NaH (60% in oil, 48 mg, 1.20 mmol, 1.2 eq.) was added to a solution of N-N’-di-boc-1H-
pyrazole-1H-carboxamidine 109 (310 mg, 1.00 mmol, 1.0 eq.) in DMF (5 mL). The reaction was
stirred for 5 min before drop-wise addition of iodomethane (68 pL, 1.09 mmol, 1.1 eq.) in DMF
(2 mL),and was stirred for 48 h at room temperature. Water was then added and the aqueous
layer extracted with EtOAc (3x30 mL), the combined organic layers were dried and concentrated
under vacuum to afford the title compound as a colourless oil (252 mg, 77%) after purification
on SiO; (10:90 EtOAc:pet. ether); IR Viay cm™ 2979 (broad), 1730 (broad), 1688 (broad), 1139
(strong); 'H NMR & (400 MHz, CDCls) 1.23 (9H, s, #-Bu), 1.46 (9H, s, #-Bu), 3.18 (3H, s,
NCHs»), 6.36 (1H, dd, J = 2.7, 1.6 Hz, C(2)H), 7.63 (1H, dd, J = 1.6, 0.6 Hz, C(3)H), 7.93 (1H,
br.s., C(1)H); °C NMR § (100 MHz, CDCl;) 27.8 (+-Bu(3xCHs)), 28.0 (+-Bu(3xCH3), 35.7
(NCHa), 82.5 (+-Bu(CCHa)), 82.8 (+-Bu(CCH3)), 109.2 (C(2)), 129.9 (C(3), C(1)), 143.3(N=C-N-
CHs), 152.5 (C=NC=0), 157.5 (C-N(CH3)C=0); LRMS m/z (ESI") 325 [M+H]"; HRMS (ESI")

C15H24Ny;NaO," [M+Na]" requires 347.1690; found 347.1696.
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N*-(Benzyloxy)carbonyl- N* -methyl, N°, N®-bis(tert-butoxycarbonyl) L-arginine, 115

N-Me(w)-, N,N’-di-Boc-Arg(Cbz)-OH

\{/o Nfo o)

Pyrazole 109 (101 mg, 0.311 mmol, 1.0 eq.) and DIPEA (111 pL, 0.637 mmol, 2.0 eq.) were
added sequentially to a solution of Orn(Cbz)-OH 85 (86 mg, 0.323 mmol, 1.0 eq.) in MeOH (2
mL), and the reaction stirred for 16 h at room temperature. The mixture was concentrated under
vacuum to afford the title compound as white crystals (112 mg, 57%) after purification on SiO,
(CH,Cl,:MeOH 96:4 to 88:12); mp (from MeOH) 122.4-126.5 °C; [OL]ZDS +44 (¢ = 1.0 in
MeOH); IR Vi cm™ 1026 (strong), 1701 (medium), 2360 (broad, weak), 2977 (broad, weak);
'H NMR § (400 MHz, CD;0D) 1.46 (9H, s, 2xt-Bu), 1.59-1.72 (3H, m, NHCH,CH,CH,(H,)),
1.82-1.92 (1H, m, NHCH,CH,CH(H3)), 3.01 (3H, s, NHCH;), 3.18-3.27 (2H, NHCH,CH,CH>),
4.04-4.10 (1H, CO,CH), 5.06 (2H, td, J = 9.2, 12.4, ArCH,), 7.26-7.37 (5H, m, phenyl); °C
NMR 6 (100 MHz, CD;0D) 24.8 (NHCH,CH,CH,), 27.2 (2x(CHs)3), 29.7 (NHCH,CH,CH,),
34.1 (NCH3), 42.4 (NHCH,CH,CH>), 55.5 (br. s, CO,CH), 66.3 (ArCH,), 79.2 (C(CHs)3), 81.9
(C(CH3)3.), 127.6 (C(3), C(5)), 127.7 (C(4)), 128.1 (C(2), C(6)), 136.8 (C(1)), 153.2 (C=NH),
157.1 (ArCH,), 179.0 (CO,H); LRMS m/z (ESI') 523 [M+H]"; HRMS (ESI") C»sH3oN,Og"

[M+H]" requires 523.2762; found 523.2761.
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N*-(Benzyloxy)carbonyl- N —methyl L-arginine, 116

N-Me(w)-Arg(Cbz)-OH

)
H HN™ ~O
CF3CO,H HN NM(OH
NH 0]

Nw -Me-, N,N’-di-Boc-Arg(Cbz)-OH (112 mg, 0.214 mmol) was dissolved in TFA:CH,Cl, (3:7,

10 mL) and stirred for 5 h. The solvent was evaporated under vacuum to afford the title

compound as a pale brown oil (94 mg, quant.) without the need for further purification; [oc]zD5 —

44 (¢ = 1.0 in MeOH, 0.15% DIPEA); IR vmax cm™ 3231 (weak, broad), 1635 (strong), 1184
(strong); 'H NMR § (400 MHz, CD;0D) 1.62-1.78 (3H, m, NMeCH,CH,CH(H,)), 1.85-1.97
(1H, m, NMeCH,CH,CHx(H3)), 2.82 (3H, s, NCH3), 3.16-3.23 (2H, m, NMeCH,CH,CH,), 4.16-
422 (1H, m, CO,CH), 5.09 (2H, s, ArCH,); “C NMR & (100 MHz, CD;OD) 25.0
(NMeCH,CH,CH,), 26.7 (NCH;), 28.5 (NMeCH,CH,CH,), 40.5 (NMeCH,CH,CH,), 53.4
(CO,CH), 66.3 (ArCHy), 127.4 (C(3), C(4)), 127.6 (C(4)), 128.1 (C(2), C(6)), 136.7 (C(1)),
157.1 (d, J = 58.7 Hz, C=NH), 160.6 (q, J = 36.0 Hz, NHC=0), 174.1 (CO;H); LRMS m/z

(ESI") 323 [M+H]"; HRMS (ESI") C;5sH23N,04 " [M+H]" requires 323.1714; found 323.1714.
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N’-(tert-Butoxycarbonyl)-N“-((2,2.4,6,7-pentamethyl-2.3-dihydrobenzofuran-5-yl)sulfonyl)

L-argininem, 117

N-Pbf-Orn(Boc)-OH

A solution of Pbf-Cl (1.02 g, 3.53 mmol, 2.2 eq.) in acetone (3.2 mL) was added drop-wise to a
ice-cold solution of L-Arg(Boc)-HCI (500 mg, 1.61 mmol, 1.0 eq.) in NaOHggq) (1 M, 1.6 mL),
and the reaction was stirred at 0 °C for 2 h before being brought to room temperature for 16 h. A
white precipitate was removed by filtration, which was characterised as the side-product Pbf-OH
118. The filtrate was extracted with Et;O to remove unreacted Pbf-Cl and the residual aqueous
phase was slowly acidified to pH 6-7 with HClq. The resulting precipitate was isolated by
vacuum filtration and washed with H,O and evaporated under high vacuum to afford the title

compound as a white solid (166 mg, 32%) without the need for further purification; mp (from
H,0) 150.6-156.6 °C (lit.*** 110-120 °C (solvent unspecified)); [a]7 +16.1 (c = 1.0 in MeOH)
(1it.** [a]2® +4.0 (c = 4 in MeOH)); 'H NMR § (400 MHz, CD;0D) 1.43 (9H, s, #-Bu), 1.45
(6H, s, C(8)(CH;),), 1.51-1.70 (3H, m, RNHCH,CH,CHi(H,)), 1.74-1.85 (1H, m,
RNHCH,CH,CH,(Hp), 2.08 (3H, s, C(2)CH3), 2.51 (3H, s, C(5)CH;), 2.57 (3H, s, C(3)CH3),
3.00 (2H, s, C(7)H>), 3.14-3.21 (2H, m, RNHCH,CH,CHy,), 4.00-4.05 (1H, m, CO,CH); "°C
NMR & (100 MHz, CD;OD) 11.2 (C(2)CH3), 17.0 (C(3)CHs), 18.2 (C(5)CHs), 27.4 (t-
BuC(CHs)s, C(8)(CH3),), 28.8 (RNHCH,CH,CHy,), 40.2 (RNHCH,CH,CH,), 42.6 (C(7)), 53.4
(CO,CH), 79.2 (t-BuCCHs), 86.4 (C(8)), 117.1 (C(3)), 124.7 (C(6)), 132.1 (C(4)), 132.8 (C(5)),

138.0 (C(2)), 156.8 (C(1)), 158.5 (CO,); LRMS m/z (ESI") 527 [M+H]".
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2.2.4,6,7-Pentamethyl-2,3-dihydrobenzofuran-5-sulfonic acid, 118

Pbf-OH

o)

The title compound 118 was isolated as a white solid (104 mg, 11%); mp (from acetone)
decomp. past 210 °C; IR vmex cm’' 3418 (broad), 2988-2929 (weak), 2360-2341 (weak), 1209
(sharp, strong), 1180 (sharp, strong), 1010 (strong); 'H NMR 3§ (400 MHz, CD;OD) 1.43 (6H, s,
C(8)(CHs),), 2.07 (3H, s, C(5)H3), 2.49 (3H, s, C(3)H3), 2.56 (3H, s, C(2)H3), 2.97 (2H, s,
C(7)H,); °C NMR § (100 MHz, CD;0D) 11.1 (C(5)CH3), 16.9 (C(2)CHs), 18.2 (C(3)CH3), 27.3
(C(6)(CH3)»), 42.7 (C(7)), 85.7 (C(8)), 116.2 (C(3)), 123.9 (C(6)), 131.1 (C(4)), 134.7 (C(5)),
136.8 (C(2)), 157.3 (C(1)); LRMS m/z (ESI') 269 [M—H] ; HRMS (ESI ) Ci3H;04S [M—-H]

requires 269.0853; found 269.0859.

N’-(9-Fluorenyl)methoxycarbonyl-NV°-((2,2.4,6,7-pentamethyl-2,3-dihydrobenzofuran-5-

vl)sulfonvl)—Na -methyl-L-arginine, 138

N-Pbf-, N-Me(d)-Arg(Fmoc)-OH

10% Pd/C(50 mg, ~20% w/w) was added to a solution of N-Pbf-, N-Me-Arg(Cbz)-OH 179 (236

mg, 0.411 mmol, 1.0 eq.) in MeOH (6 mL). The reaction was sealed, degassed and back-flushed
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with H, (three cycles). The reaction was stirred for 5 h, filtered through Celite®, eluted with
MeOH and concentrated under vacuum. The crude residue was dissolved in 10% aqueous
NayCOs (1 mL). In a separate flask, a solution of Fmoc-Cl (116 mg, 0.448 mmol, 1.1 eq.) in
acetone (1 mL) was added to 10% aqueous Na,COs (4 mL), followed by N-hydroxysuccinimide
(58 mg, 0.504 mmol, 1.2 eq.), and the reaction stirred for 30 min. The two solutions were
combined and the resulting reaction stirred for 16 h at room temperature after which the solvent
was removed under vacuum. The residue was dissolved in EtOAc and washed with 1 M HCl,g)
(3x30 mL). The organic layers were combined and dried to afford the title compound as white
crystals (145 mg, 57%) after purification on SiO, (CH,Cl;:MeOH 95:5 to 90:10 to 85:15); mp
(from MeOH) 165.3-169.9 °C; [a]5+5.3 (¢ = 1.0 in MeOH:CH,Cl, 55:45); IR Vpay cm™ 2971
(weak, broad), 1553 (strong); '"H NMR & (400 MHz, CD;0D) 1.39 (6H, s, C(8)H3), 1.50-1.64
(3H, m, NMeCH,CH-CH(Hy,)), 1.71-1.82 (1H, m, NMeCH,CH,CH,(H3)), 2.05 (3H, s, C(2)H3),
2.50 (3H, s, C(5)H3) 2.58 (3H, C(3)H3), 2.88 (3H, s, NCH3), 2.92 (2H, s, C(7)H>), 3.96-4.02 (1H,
m, CO,CH), 4.16 (1H, t, J = 6.4, ArCH), 4.26-4.33 (1H, ArCH»(H,)), 4.36-4.44 (1H,
ArCH»y(Hp)), 7.22-7.28 (2H, m, C(3’)H), 7.31-7.37 (2H, m, C(4*)H), 7.57-7.64 (2H, m, C(5’)H),
7.72-7.79 (2H, m, C(2’)H); >C NMR & (100 MHz, CD;OD) 11.1 (C(2)CHj3 ), 17.1(C(3)CHs3),
18.2 (C(5)CH3), 23.5 (NMeCH,CH,CH,), 27.3 (C(8)(CH3),), 29.5 (NMeCH,CH,CH>»), 34.2
(NCH3), 42.6 (C(7)CH»), 47.2 (ArCH), 48.9 (NMeCH,CH,CH,), 56.1 (CO,CH), 66.3 (ArCH>»),
86.2 (C(8)), 117.2 (C(3)), 119.5 (C(2)), 124.6 (C(6)), 124.8 (C(5)), 126.7 (C(3)), 127.4
(C#4)), 131.9 (C4)), 133.2 (C(5)), 137.9 (C(2)), 141.2 (C(6’)), 144.0 (C(1°)), 155.9 (NH=CO),
157.0 (ArC=0), 158.4 (C(1)); LRMS m/z (ESI") 663 [M+H]"; HRMS (ESI") C35H4N4NaO;S"

[M+Na]" requires 685.2666; found 685.2662.
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N -Methyl L-ornithinem, 149

N-Me(8)-Orn-OH

N-Ts-N-Me-Orn(Boc)-OH 180 (232 mg, 0.579 mmol) was dissolved in 48% HBr(q) (2 mL) and
refluxed at 122 °C for 2 h. The reaction was cooled to room temperature and solid contaminants
removed by gravity filtration. The filtrate was purified via ion-exchange chromatography by
adapting the general procedure described in Section 6.1.2. In this instance, the acidic crude
mixture was stirred for 30 min with Dowex® resin, prepared according to the general procedure,
before being added to a column. The flow-through was collected and stirred with a second batch
of Dowex® for 5 min before application to a second column. This process was repeated for a
second time and the three resulting columns washed and eluted in tandem, requiring NH4OH )

(9 M) as eluent. The product fractions were pooled to afford the title compound as a brown oil
(64 mg, 76%); [a] +19.8 (¢ = 1.4 in 6 M HClg) (lit.'” [a]2 +23.3 (¢ = 2 in 6 M HCl); 'H
NMR § (400 MHz, D,0) 1.64-1.90 (4H, m, MeNHCH,CH,CH,), 2.65 (3H, s, CHj3), 3.02 (2H,

dd, J= 7.8, 7.2, MeNHCH>CH,CH,), 3.71 (1H, dd, J = 6.1, 5.3 CO,CH); LRMS m/z (ESI") 147

[M+H]".
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Methyl 2-((((9H-fluoren-9-yl)methoxy)carbonyl)amino)-5-(benzyl(methyl)amino)pentanoate, 156
N-Methyl, N-Benzyl-Orn(Fmoc)-OMe-HCI

Benzaldehyde (75.5 pL, 0.74 mmol, 1.2 eq.) was added to a solution of Orn(Fmoc)-OMe-HCl
86 (250 mg, 0.62 mmol, 1 eq.) in MeOH (2 mL) and 3A molecular sieves (crushed). The flask
was sealed and purged with argon and stirred for 1 h before addition of NaCNBH; (46.5 mg,
0.74 mmol, 1.2 eq.). The reaction was stirred for 30 min and then 37% formaldehyde (46 uL,
1.24 mmol, 2 eq.) was added followed immediately by NaCNBH; (54.7 mg, 0.87 mmol, 1.4 eq.).
The reaction was stirred for 30 min and subsequently quenched by addition of a few drops of
HCl(,q) (1 M) and filtered through Celite®, using MeOH and CH,Cl, as eluent. The solvent was
removed under vacuum to afford the title compound as a partially pure off-white gel (158 mg)
containing putative dibenzylated species 157 after attempted purification on SiO, (EtOAc:Pet.
ether, 2:8 to 8:2); selected data: IR vme cm™ 2917 (weak, broad), 2330 (weak, broad), 1733
(weak, sharp), 1449 (medium, sharp), 732 (strong, sharp); '"HNMR § (400 MHz, CD;0D) 1.52-
1.84 (4H, m, (Bn)(Me)NCH,CH:CH,), 2.14 (3H, s, NCH;), 2.37 (2H, t, J = 6.7 Hz,
(Bn)(Me)NCH>), 3.46 (2H, s, NCH>Ph), 3.70 (3H, s, CO,CHj3), 4.13-4.23 (2H, m, NHCH,
ArCH), 437 (2H, m, ArCHCH,), 7.20-7.43 (9H, m, NCH»Ph, (Ar)H,Hs), 7.65 (2H, t, J= 7.0
Hz,(Ar)H;), 7.77 (H, d, J = 7.3 Hz, (Ar)H,); “C NMR § (100 MHz, CD;OD) 23.0
(BnNMeCH,CH,), 32.5 (BnNMeCH,CH»CH>), 41.3 (PhCH,NMeCH,), 51.5 (NHCO,CH,), 53.9
(NHCO,CH,CAr), 56.9 (MeCO,CHNH, NCH3), 62.0 (OCH3) 107.3 (2xC(2)), 119.8 (2xC(3)),

121.1 2xC(5)), 127.2 (2xC(4)), 127.4 (2xC(1)), 128.3 (C(10)), 128.9 (C(9), C(11)), 129.6 (C(8),
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C(12)), 138.2 (C(7)), 140.4 (2xC(6)), 143.9 (NHCO,), 176.1 (CO,Me); LRMS m/z (ESI") 473;

HRMS (ESI") Cy9H33N,04" [M+H]" requires 473.2435; found 473.2414.

N“-(Benzyloxy)carbonyl-, NE-Z,4-dinitr0benzvlsulf0nvl L-ornithine, 175

N-DNs-Orn(Cbz)-OH

3' 5
2 6
1

O

02N 6 ! 2 /g
o H HN (@]
5 n_N - OH

>3 ﬁ M

NO, O 0]

2,4-Dinitrobenzenesulfonyl chloride (4.8 g, 18.0 mmol, 1.1 eq.) was dissolved in NaOH,q) (1 M,
15 mL), slowly to avoid precipitation and added to a solution of Orn(Cbz)-OH-CF;CO,H 85
(6.22 g, 16.4 mmol, 1.0 eq.) in NaOHq) (1 M, 10 mL), and the resulting mixture stirred at room
temperature for 72 h. The mixture was washed with Et;0O (2x30 mL, discarded), the aqueous
phase cooled to 0 °C and acidified to pH 2 with vigorous stirring. The aqueous phase was
extracted with EtOAc (3x30 mL) and the organic layers combined and dried to afford a pale
yellow solid (71% title compound, 29% starting amino acid). Attempts to purify the compound
resulted in degradation (notably on SiO,) and so it was used for subsequent reactions without
purification. Selected data: mp (from EtOAc) 106.0-113.7 °C; IR Vimax cm™ 3321 (broad), 1696
(sharp, medium), 1541 (sharp, strong), 1243 (medium); [Oc]2D5 —6.2 (¢ = 1.0 in MeOH); '"H NMR
d (400 MHz, CD;OD) 1.71-1.83 (3H, m, RNHCH,CH.CHj(H,)), 1.90-1.98 (1H, m,
RNHCH,CH,CHx(Hp), 2.92-2.99 (2H, m, RNHCH>CH,CH,), 4.17-4.22 (1H, m, CO,CH), 5.10
(2H, s, CH,Ar), 7.27-7.38 (5H, m, benzyl), 8.27 (1H, d, J = 8.7 Hz, C(2)H), 8.45-8.49 (1H, m,

C()H), 8.52 (1H, d, J = 2.2, C(5)H); >*C NMR § (100 MHz, CD;OD) 23.8 (NHCH,CH,CH.),
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28.3 (NHCH,CH,CH,), 38.9 (NHCH,CH,CH,), 53.3 (NHCH), 66.3 (ArCH,), 118.6 (C(5)),
125.5 (C(1)), 127.4 (C(2°), C(6)), 127.7 (C4*)), 128.1 (C(3’), C(5°)), 130.9 (C(2)), 142.7
(C(6)), 157.3 (carbamate C=0). Carbons 3, 4 and 1’ were not seen. HMBC data suggests a
coupling to the 136-137 ppm region which could correspond to C(1°) and a coupling to the 147-
149 region which could correspond to C(3); LRMS m/z (ESI") 519 [M+Na]"; HRMS could not

be found.

N“-(Benzvloxv)carb0nvl-Na-methvl-L-ornithine, 177

N-Me(8)-Orn(Cbz)-OH

|

O

N-Me, N-Boc-Orn(Cbz)-OH 188 (990 mg, 2.60 mmol) was dissolved in TFA:CH,Cl, (3:7, 10

mL) and stirred for 30 min. The solvent was evaporated under vacuum to afford the title
compound as a pale brown oil (1.01 g, quant.) without the need for further purification; [oc]zD5 -

5.0 (¢ = 1.0 in MeOH); IR Vima cm™ 3035 (broad, weak), 1671 (strong), 1198 (strong); '"H NMR
& (400 MHz, CD;OD) 1.70-1.83 (3H, m, NHCH,CH,CHy(H,)), 1.96 (1H, m,
NHCH,CH,CH,(Hj3), 2.67 (3H, s, NCH3), 2.97-3.04 (2H, m, NHCH,CH,CH,), 4.18-4.24 (1H,
m, CO.CH), 5.10 (2H, s, ArCH,), 7.24-7.40 (5H, m, phenyl); >C NMR & (100 MHz, CD;OD)
22.3 (NHCH,CH,CH,), 28.3 (NHCH,CH,CH,), 32.1 (NCH3), 48.4 (NHCH,CH,CH,), 53.2

(CO,CH), 66.3 (Ar-CHa), 127.5 (C(3), C(5)), 127.7 (C(4)), 128.1 (C(2), C(6)), 136.9 (C(1)),
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159.3; LRMS m/z (ESI") 281 [M+H]"; HRMS (ESI)" C14H2N,O4" requires 281.1496, found

281.1497.

N"-(Benzyloxy)carbonyl- N° -methyl, N°, N®-bis(tert-butoxycarbonyl)-L-arginine, 178

N-Me(d)-, N,N’-Di-Boc-Arg(Cbz)-OH

o)

H | Hrg/go

O~ _N_ _N “__OH
OO
N__O o)

N-Me-Orn(Cbz)-OH, 177 (999 mg, 2.53 mmol, 1.0 eq.) was dissolved in MeOH (5 mL) and
N,N’-bis-boc-pyrazole-1H-carboxamidine (865 mg, 2.79 mmol, 1.1 eq.) added. The reaction was
stirred for 24 h and then concentrated under vacuum to afford the title compound as a white solid
(846 mg, 64%) after purification on SiO, (CH,Cl,:MeOH:EtsN 97:2:1); mp (from 91:9
MeOH:DIPEA) 69.0-75.3 °C; [a]2D5+1.8 (c = 1.0 in MeOH, 1% DIPEA); IR vy cm™ 2978
(broad, weak), 1601 (moderate), 1147 (strong); 'H NMR & (400 MHz, CD;0D) 1.46 (18H, s,
2xt-Bu), 1.58-1.73 (3H, m, NMeCH,CHCH»(H,)), 1.75-1.88 (1H, m, NMeCH,CH,CHx(H5)),
2.95 (3H, s, NCHj3), 3.38-3.46 (2H, m, NMeCH,CH»CHy), 4.03-4.09 (1H, m, CO,CH), 5.02-5.11
(2H, m, ArCH,), 7.25-7.38 (5H, m, phenyl); “C NMR & (100 MHz, CD;OD) 23.2
(NMeCH»CH>CH,), 27.2 (2x(-BuC(CHs)3)), 29.4 (NMeCH,CH,CH,), 35.3 (HCH3), 49.9
(NMeCH,CH,CHa,), 55.2 (CO,CH), 66.1 (CH,Ar), 79.9 (2x(-BuC(CH3)3)), 127.5 (C(2), C(6)),

127.6 (C(4)), 128.1 (C(3), C(5)), 136.9 (C(1)), 153.9 (C=NH), 156.9 (Ar-C=0), 177.1 (CO,H);
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LRMS m/z (ESI") 523 [M+H]"; HRMS (ESI") CysH30N4O5" [M+H]" requires 523.2762; found

523.2763.

N’-(Benzyloxy)carbonyl-N"-((2,2,4,6,7-pentamethyl-2,3-dihydrobenzofuran-5-yl)sulfonyl)-

N -methyl-L-arginine, 179

N-Pbf-, N-Me(d)-Arg(Cbz)-OH

A solution of Pbf-Cl (402 mg, 1.39 mmol, 1.0 eq.) in acetone (9 mL) was added over 10 min to
an ice-cold solution of N-Me-Arg(Cbz)-OH 188 (620 mg, 1.42 mmol, 1.0 eq.) in acetone (5 mL)
and 3 M NaOH,g) (5 mL), and the reaction stirred for 1 h at 0 °C. A second portion of Pbf-Cl
(197 mg, 0.682 mmol, 0.5 eq.) in acetone (4.5 mL) was added and the resulting mixture stirred at
0 °C for 90 min. A third portion of Pbf-Cl (197 mg, 0.682 mmol, 0.5 eq.) in acetone (4.5 mL)
was added and the reaction stirred at 0 °C for 30 min, brought to room temperature and stirred
for 16 h after which it was filtered and concentrated. The crude mixture was re-suspended in
acetone (3 mL) and 3 M NaOH(q and a further four portions of Pbf-Cl (each 197 mg, 0.682
mmol, 0.5 eq.) added at 1 h intervals at room temperature. The mixture was filtered,
concentrated and purified on SiO, (CH,Cl,:MeOH:AcOH 100:0:0 to 96:3:1 to 93:6:1). Fractions
containing product were pooled, mixed with H,O and the organics removed under vacuum. The
residual aqueous solution was acidified to ~pH 2 using 1 M HCl,q) and extracted with CH,Cl,

(3x 30 mL). The organic layers were combined, washed with 10% aqueous citric acid, dried
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(NaxSOy4) and concentrated under vacuum to afford the title compound as a pale yellow oil (236
mg, 29%); [a]5 1.2 (c = 1.0 in MeOH); IR Vinax cm™ 3339 (weak, broad), 2930 (weak, broad),
1553 (moderate), 1089 (strong); 'H NMR § (400 MHz, CD;0D) 1.44 (6H, s, C(8)(CHj),), 1.53-
1.65 (3H, m, NMeCH,CH,CH,(H,)), 1.71-1.81 (1H, m, NMeCH,CH,CHy(H3)), 2.07 (3H,
C(2)H;), 2.50 (3H, C(5)H3), 2.57 (3H, s, C(3)H3), 2.89 (3H, s, NCH;), 2.98 (2H, s, C(7)H.),
3.34-3.39 (2H, m, NMeCH,CH,CH,), 4.09-4.14 (1H, m, CO,CH), 5.08 (2H, td, J = 4.6, 12.4,
ArCH,), 7.26-7.38 (5H, m, phenyl); °C NMR § (100 MHz, CD;0D), 11.2 (C(2)), 17.1 (C(3)),
18.3 (C(5)), 23.6 (NMeCH,CH,CHy), 27.4 (C(8)(CHs),), 28.5 (NMeCH,CH,CH,), 34.0 (NCH3),
42.6 (C(7)), 48.6 (NMeCH,CH,CHy,), 53.6 (CO,CH), 66.3 (ArCH,), 86.3 (C(8)), 117.1 (C(3)),
124.7 (C(6)), 127.4 (C(3"), C(5%)), 127.6 (C(4")), 128.1 (C(2°), C(6’)), 131.9 (C(4)), 133.2
(C(5)), 136.8 (C(1%)), 137.8 (C(2)), 155.9 (C=NH), 157.2 (NHC=0), 158.4 (C(1)), 174.1
(COH); LRMS m/z (ESI") 575 [M+H]"; HRMS (ESI") CyH3oN407;S" [M+H]" requires

575.2534; found 575.2535.

N“~(tert-Butoxycarbonyl)- Na-methvl, M-p-toluenesulfonvl L-ornithine, 180

N-Ts-N-Me(8)-Orn(Boc)-OH

5
4 6 | HN/&O
0] -
3 p g,N\/\/\H/OH
2 1
0] (0]

A solution of N-Ts-Orn(Boc)-OH 83 (1.00 g, 2.59 mmol, 1.0 eq.) in NaOH,q) (2 M, 10 mL) was
sealed in a microwave vial. lodomethane (161 pL, 2.59 mmol, 1.0 eq.) was injected to the vial
and the reaction heated to 70 °C for 1 h. The reaction was cooled to below 40 °C and a second

equivalent of iodomethane (161 pL, 2.59 mmol, 1.0 eq.) added before heating to 70 °C for 1 h.
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This cycle was repeated once more with one further equivalent of iodomethane (161 pL, 2.59
mmol, 1.0 eq.) and the reaction cooled to room temperature and then to 0 °C. The mixture was
acidified to pH 2 with HCluq (1 M) to precipitate the product as a brown gel, which was
extracted from the aqueous phase with CH,Cl, (3x25 mL). The organic phases were combined

and dried to afford the title compound as a brown oil (800 mg, 77%) without the need for further
purification; [a] —5.6 (¢ = 1.0 in MeOH); IR Vs cm’™ 2977 (broad), 1712 (broad), 1338

(weak), 1160 (strong); 'H NMR & (400 MHz, CD;OD) 1.44 (9H, m, #-Bu)), 1.56-1.72 (3H, m,
ArNHCH,CH,CH,(H,)), 1.78-1.91 (1H, m, ArtNHCH,CH,CH,(H3)), 2.43 (3H, s, Ar-CH;), 2.68
(3H, s, N-CH3), 2.94-3.07 (2H, m AtNHCH,CH,CH,), 4.07-4.12 (1H, s, CO,CH), 7.40 (2H, d, J
= 8.1 Hz, C3)H, C(5)H), 7.67 (2H, d, J = 8.2 Hz, C(2)H, C(6)H); *C NMR & (100 MHz,
CD;OD) 20.1 (Ts-CH3), 23.7 (ArNHCH,CH,CH,), 273 (3xt-BuC(CH3)), 28.4
(ArNHCH,CH,CH,), 33.7 (N-CH3), 49.4 (ArNHCH3,), 53.1 (CO,CH), 79.1 (--BuC(CH3)), 127.2
(C(2), C(6)), 129.5 (C(3), C(5)), 134.3 (C(1)), 144.3 (C(4)), 156.7 (+-BuOC=0), 174.6 (CO,H);
LRMS m/z (ESI") 423 [M+Na]"; HRMS (ESI") CisH2sN;NaOsS™ [M+Na]" requires 423.1560;

found 423.1558.

9-Borabicyclo[3.3.1]non-9-yl|N-methyl-ornithinato-O,/N]-boron, 184

N-Me-Orn(9-BBN)

0]

HN/\/\')J\O
| + -1
HM—BE

To a solution of N-Me-Orn-OH 149 (205 mg, 1.40 mmol, 1.4 eq.) in MeOH (0.75 mL) was
added 9-BBN in THF (3.4 mL, 1.70 mmol, 0.5 M) and refluxed for 1.5 h. The resulting
suspension was filtered, and the residue washed with n-hexane (1x20 mL) and Et,O (1x20 mL)

to give the title compound as a crude brown gel. Selected data of the crude mixture supporting
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synthesis of title compound: 'H NMR & (400 MHz, CD;OD) 1.57-2.19 (18H, m, 9-BBN,
NHCH,CH:CH>), 2.93 (3H, s, NCHj3), 3.33-3.40 (2H, m, NHCH,), 3.55-3.59 (1H, m, CO,CH);

LRMS m/z (ESI") 267 [M+H]".

NO -methyl, No, No-bis(tert-butoxycarbonyl) L-arginine, 186

N-Me(6)-, N-, N’-bis-Boc-Arg-OH

To a solution of crude N-Me-Orn(9-BBN)-OH 184 (127 mg, 0.477 mmol, 1 eq.) in MeOH (1
mL) was added bis-Boc-pyrazole-1H-carboxamidine 109 (180 mg, 0.580 mmol, 1.2 eq.) and
DIPEA (100 pL, 0.574 mmol, 1.2 eq.). The mixture was concentrated, re-dissolved in NaOH )
(2 M) and stirred for 1 h. Purification via Dowex® resin afforded the title compound as a
partially pure brown residue. Selected data supporting synthesis of the title compound: "H NMR
d (400 MHz, D,0) 1.37 (18H, s, #-Bu), 1.53-1.79 (4H, m, NH,CH,CH,CH.), 2.93 (3H, s, OCHj3),

3.34-3.44 (2H, m, NH,CH>CH>), 3.64-3.70 (1H, CO,CH); LRMS m/z (ESI") 389 [M+H]".
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N*-(Benzyloxy)carbonyl-, Nﬁ-methvl, N'S-tert(butoxvcarbonvl)—L-ornithine, 188

N-Boc, N-Me(8)-Orn(Cbz)-OH

Cu(CH3C0O,)2'H,0 (1.76 g, 8.82 mmol, 0.5 eq) in H>O (9 mL) was added to a solution of N-Me-
Orn-OH, 149 (2.58 g, 17.7 mmol, 1.0 eq.) in 2 M NaOH(q) (17 mL), and the reaction mixture
stirred for 10 min. Di-tert-butyl dicarbonate (3.9 g, 17.9 mmol, 1.0 eq.) in acetone (34 mL) was
added and the reaction stirred at room temperature for 17 h. The solution was filtered under
vacuum, and the filtrate was treated with 8-quinolinol (2.30 g, 15.8 mmol, 0.9 eq.) and stirred for
2 h after which the copper:quinolinate complex was removed by vacuum filtration. The filtrate
(pH 10) was extracted with CH,Cl, (3x20 mL, discarded) and the aqueous phase slowly acidified
to pH 4 using conc. HCl(,g), extracted with EtOAc (3x20 mL, discarded) and concentrated before
being re-dissolved in 10% NayCOsq) (32 mL). In a separate flask N-hydroxysuccinimide (1.80
g, 15.6 mmol, 0.9 eq.) was added to a 10% aqueous solution of Na,COs; (8 mL) and benzyl
chloroformate (2.3 mL, 16.1 mmol, 0.9 eq.) added in acetone (8 mL) and the mixture stirred on
ice for 30 min. The two solutions were combined and stirred for 24 h after which the mixture
was acidified to pH 4 with 1 M HCl,q) and extracted with EtOAc (3x20 mL). The organic layers

were combined, dried and concentrated to afford the title compound as a colourless oil (1.11 g,
16%) after purification on SiO, (CH,Cl,:MeOH:Et;N 98:1:1); [(1]2D5 -2.59 (¢ = 1.0 in MeOH);

IR Vimax cm’' 2974 (broad, weak), 1692 (broad, strong), 1159 (sharp, strong); 'H NMR & (400

MHz, CD:OD) 1.45 (9H, s, #Bu), 1.58-1.70 (3H, m, NCH,CH,CHx(H,)), 1.82 (1H, m,
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NCH,CH,CH,(H,)), 2.82 (3H, s, NCH3), 3.20-3.27 (2H, m, NCH,CH,CH,), 4.16-4.22 (1H, m,
CO,CH), 5.06-5.14 (2H, m, CHAr), 7.26-7.39 (5H, m, phenyl); °C NMR & (100 MHz,
CD;0D), 23.6 (NHCH,CH,CHy,), 27.3 (--BuC(CHs)3), 28.5 (NHCH,CH,CH,), 33.0 (NCHs),
53.6 (CO,CH), 66.2 (Ar-CHy), 79.5 (+-BuC(CHs)3), 127.4 (C(3), C(5)), 127.6 (C(4)), 128.1
(C(2), C(6)), 136.9 (C(1)), 156.3 (MeNC=0), 157.3 (ArCH,C=0), 174.3 (CO,); LRMS m/z

(ESI") 379; HRMS (ESI") C9H2sN,04 [M+H]" requires: 381.2020; found 381.2013.

N"-(benzyloxy)carbonyl- N -methyl-L-arginine, 189

N-Me(d)-Arg(Cbz)-OH

o)
Hl;l/gO

|
CF3CO,H H2N\H/N\/\/\WOH
NH (0]

N-Me-,N,N’-di-Boc-Arg(Cbz)-OH, 178 (906 mg, 1.73 mmol) was dissolved in TFA:CH,Cl,

(3:7, 20 mL) and stirred for 2 h. The solvent was evaporated under vacuum to afford the title

compound as a pale brown oil (760 mg, quant.) without the need for further purification; [oc]zD5 —

4.4 (¢ =1.0 in MeOH, 0.15% DIPEA); IR vma cm™' 3370 (weak, broad), 1628 (moderate), 1145
(strong); '"H NMR & (400 MHz, CD;0D) 1.62-1.78 (3H, m, NMeCH,CH,CH,(H,)), 1.84-1.94
(1H, m, NMeCH,CH,CHx(H3)), 2.99 (3H, s, NCH3), 3.34-3.42 (2H, m, NMeCH,CH,CH,), 4.19-
425 (1H, m, CO,CH), 5.06-5.15 (2H, m, ArCH,); “C NMR § (100 MHz, CD;OD) 23.0
(NMeCH,CH,CH,), 28.3 (NMeCH,CH,CH,), 35.1 (NCH;), 49.5 (NMeCH,CH,CH,), 54.5

(CO,CH), 66.3 (ArCH.), 127.4 (C(3), C(4)), 127.6 (C(4)), 128.1 (C(2), C(6)), 136.8 (C(1)) 156.8
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(C=NH), 157.4 (NHC=0), 173.8 (CO,H); LRMS m/z (ESI") 323 [M+H]"; HRMS (ESI")

C15H23N,O4" [M+H]" requires 323.1714; found 323.1714.

S.S-bis(3-fluorophenyl)sulfide, 206

F3 LS F
oo
5

Following general procedure 1, 3-fluoroiodobenzene (275 pL, 2.34 mmol), 3-fluorothiophenol
(198 pL, 2.34 mmol) and ethylene glycol (260 uL, 4.68 mmol) afforded the title compound as a
pale yellow oil (432 mg, 83%) after purification on SiO; (pet. ether); IR Vmax cm™ 1578 (sharp),
1472 (sharp), 1216 (sharp); 'H NMR & (400 MHz, CDCls) 6.92 (2H, tdd, J = 8.4, 2.6, 0.9 Hz,
2xC(4)H), 6.97-7.01 (2H, m, 2xC(2)H), 7.08 (2H, ddd, J = 7.8, 1.6, 1.0 Hz, 2xC(6)H), 7.20-7.26
(2H, m, 2xC(5)H); °C NMR & (100 MHz, CDCl3) 114.5 (d, J = 21.3 Hz, 2xC(4)), 117.9 (d, J =
23.5 Hz, 2x(C(2)), 126.7 (d, J = 2.9 Hz, 2x(C(6)) 130.6 (d, J = 8.1 Hz, 2x((5)), 1372 (d,J=17.3
Hz, 2xC(1)), 163.0 (d, J = 249.4 Hz, 2xC(3)); °F NMR & (377 MHz, CDCls) —111.5 (F, m,
2xCF); LRMS not available due to compound being undetectable by ESI; HRMS (EI')

C1oHgF,S" [M] requires 222.0315; found 222.0314.

S, S-Bis(3-(trifluoromethyl)phenyl)sulfide**®, 207

FsCs AU _S CFs
O

5
Following general procedure 2, 3-iodobenzotrifluoride (340 pL, 2.34 mmol), 3-
(trifluoromethyl)thiophenol (200 pL, 2.34 mmol) and ethylene glycol (260 pL, 4.68 mmol)
afforded the title compound as a pale yellow oil (614 mg, 81%) after purification on SiO, (pet.

ether); IR Vimax cm™ 1318 (sharp), 902 (weak), 792 (strong); 'H NMR & (400 MHz, CDCls) 7.43-
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7.53 (4H, m, 2xC(5)H, 2xC(6)H), 7.55 (2H, d, J = 7.0 Hz, 2xC(4)H), 7.63 (2H, s, 2xC(2)H); *C
NMR & (100 MHz, CDCls) 123.6 (q, J = 272.9 Hz, 2xCF3), 124.4 (q, J = 3.7 Hz, 2xC(4)), 127.7
(q, J = 3.7 Hz, 2xC(2)), 129.9 (2xC(5)), 131.9 (q, J = 33.0 Hz, 2xC(3)), 134.2 (2x((6)), 136.2
(2xC(1)); F NMR & (377 MHz, CDCly) —62.9 (F, 2xCF3); LRMS not available due to
compound being undetectable by EST; HRMS m/z (FI) [M] Ci4HgFsS  requires 322.0251; found

322.0244.

3.3'-Sulfinyl-bis(fluorobenzene), 208

Following general procedure 2, S§,S-bis(3-fluorophenyl)sulfide 206 (220 mg, 1.00 mmol)
afforded the title compound as an off-white crystalline solid (160 mg, 42%) after purification on
Si0, (10:90 EtOAc:pet. ether); mp (from EtOAc) 72.9-73.7 °C; IR Viay cm™ 1216 (sharp), 1038-
1063 (broad); '"H NMR & (400 MHz, CDCl;) 7.13-7.18 (2H, m, 2xC(4)H), 7.33-7.52 (6H, m,
2xC(2)H, 2xC(5)H, 2xC(6)H); >C NMR & (100 MHz, CDCl3) 111.7 (d, J = 23.8 Hz, 2xC(2)),
118.6 (d, J = 21.5 Hz, 2xC(4)), 120.3 (d, J = 3.2 Hz, 2x((6)), 131.2 (d, J = 7.9 Hz, 2xC(5)),
147.7 (d, J = 5.6 Hz, 2xC(1)), 163.0 (d, J = 252.7 Hz, 2xC(3)); '°F NMR & (377 MHz, CDCls)
—109.0 - —108.9 (F, m, 2xCF); LRMS m/z (ESI') 261 [M+Na]'; HRMS (ESI") C,HsF,NaOS"

[M+Na]" requires 261.0156; found 261.0157.
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3,3'-Sulﬁnvl-bis((triﬂuoromethvl)benzene)227, 209

0]

FiCs_AU_S CF;
o

5
Following general procedure 1, S,S-bis(3-(trifluoromethyl)phenyl)sulfide 207 (320 mg, 1.00
mmol) afforded the title compound as a yellow oil (251 mg, 74%) after purification on SiO;
(20:80 EtOAc:pet. ether); IR Viax cm’ 1057 (strong); 'H NMR § (400 MHz, CDCLs) 7.65 (2H, t,
J =7.8 Hz, 2xC(5)H), 7.75 (2H, d, J = 8.0 Hz, 2xC(4)H), 7.85 (2H, d, J = 7.9 Hz, 2xC(6)H),
7.98 (2H, s, 2xC(2)H); "’F NMR § (377 MHz, CDCl3) —62.8 (F, 2xCF3); LRMS m/z (ESI") 361

[M+Na]".

3.3'-Sulfonyvlbis(fluorobenzene), 210

Following general procedure 3, S,S-bis(3-fluorophenyl)sulfide 206 (100 mg, 0.450 mmol)
afforded the title compound as an off-white powder (77.5 mg, 68%) after purification on SiO;
(20:80 EtOAc:pet. ether); mp (from EtOAc) 93.4-94.7 °C; IR vima cm™ 3048 (weak), 1218
(sharp), 1148 (strong); 'H NMR & (400 MHz, CDCl;) 7.30 (2H, tdd, J = 8.3, 2.5, 0.9 Hz,
2xC(4)H), 7.49-7.56 (2H, m, 2xC(5)H), 7.65 (2H, ddd, J = 7.8, 2.1 Hz, 2xC(2)H), 7.75 (2H, d, J
= 7.8 Hz, 2xC(6)H); °C NMR § (100 MHz, CDCls) 115.1 (d, J = 24.2 Hz, 2xC(2)), 120.9 (d, J
= 21.3 Hz, 2xC(4)), 123.6 (d, J = 3.7 Hz, 2xC(6)), 131.3 (d, J = 7.3 Hz, 2x((5)), 143.1 (d, J =
5.9 Hz, 2xC(1)), 162.5 (d, J = 253.1 Hz, 2xC(3)); °F NMR & (377 MHz, CDCl;) —108.8 (F,
2xCF); LRMS m/z (ESI") 277 [M+Na]"; HRMS (ESI") C;,HgF2NaO,S" [M+Na]" requires

277.0105; found 277.0102.
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3,3'-Sulfonylbis((trifluoromethyl)benzene), 211

Following general procedure 3, S,S-bis(3-(trifluoromethyl)phenyl)sulfide 207 (100 mg, 0.310
mmol) afforded the title compound as a white solid (34 mg, 32%) after purification on SiO,
(20:80 EtOAc:pet. ether); mp (from EtOAc) 93.2-93.4 °C (lit.”*® (from pet. ether) 87-89 °C); IR
Vmax €M™ 1325 (sharp), 1130 (strong); 'H NMR § (400 MHz, CDCl;) 7.72 (2H, dd, J = 7.8, 8.0
Hz, 2xC(5)H), 7.88 (2H, d, J = 7.8 Hz, 2xC(6)H), 8.16 (2H, d, J = 7.8 Hz, 2xC(4)H), 8.25 (2H,
s, 2xC(2)H); C NMR & (100 MHz, CDCly) 124.9 (q, J = 3.7 Hz, 2xC(2)), 130.4 (2xC(5),
2xC(6)), 131.1 (2xC(4)), 142.1 (2xC(1)) note: C(3) and CF3 were not resolved);'’F NMR & (377
MHz, CDCls) —62.9 (F, 2xCF3); LRMS m/z (ESI") 377 [M+Na]"; HRMS (ESI") C,HgF,NaOS"

[M+Na]" requires 377.0041; found 377.0043.

10-Butyl-10H-phenothiazine??’, 213

Following general procedure 4b, methyl iodide (312 pl, 5.01 mmol) afforded the title compound
as a white solid (725 mg, 68%) after purification on SiO, (100% pet. ether); mp 100.5-101.6 °C
(from EtOAc) (1it.** (from EtOH) 101.7-104.1°C); '"H NMR & (400 MHz, C¢Dg) 2.67 (3H, s,
NCH;), 6.36 (2H, d, J = 8.1 Hz, 2xC(5)H), 6.70 (2H, td, J = 7.5, 1.1 Hz, 2xC(3)H), 6.90 (2H, td,
J =1.8, 1.5 Hz, 2xC(4)H), 7.05 (2H, dd, J = 7.6, 1.4 Hz, 2xC(2)H); C NMR & (100 MHz,
CeDs) 35.2 (NCH3), 114.7 (2xC(5)), 123.0 (2xC(3)), 124.4 (2xC(1)), 127.8 (2x(C(2)), 127.8

(2xC(4)), 146.5 (2xC(6)); LRMS m/z (ESI") 214 [M+H]".

235



10-Ethyl-10H-phenothiazine®", 214

A1 S
3
L
BN
Following general procedure 4a, phenothiazine (1.00 g, 5.03 mmol) and ethyl bromide (370 pl,
4.96 mmol) afforded the title compound as a white powder (740 mg, 65%) after purification on
Si0, (10:90 EtOAc:pet. ether); mp (from EtOAc) 103.4-104.6 °C (1it.>° (from MeOH) 103-104
°C); '"H NMR ppm (400 MHz, CDCl3) 1.43 (3H, t, J = 7.0 Hz, CH3), 3.94 (2H, q, J = 7.0 Hz,
NCH,), 6.82-6.95 (4H, m, 2xC(3)H, 2xC(2)H), 7.08-7.19 (4H, m, 2xC(4)H, 2xC(5)H ); LRMS

m/z (ESI") 228 [M+H]".

1O-propvl-l0H-phen0thiazine23 1, 215

Following general procedure 4b, 1-bromopropane (500 pL, 5.50 mmol) afforded the title
compound as a white crystalline solid (321 mg, 53%) after purification on SiO, (100% pet.
ether); mp (from pet. ether) 50.1-50.8 °C (lit.>" (from EtOH) 48-49 °C); IR vpax cm’ 1455
(moderate), 752 (sharp); '"H NMR & (400 MHz, C4Ds) 0.72 (3H, t, J = 7.4 Hz, CH,CH,CH;),
1.51 (2H, sxt, J = 7.4 CH,CH,CHz), 3.36 (2H, t, /= 7.4 Hz, CH,CH,CH3), 6.54 (2H, d, J= 8.2
Hz, 2xC(5)H), 6.67-6.73 (2H, m, 2xC(3)H), 6.89-6.95 (2H, m, 2xC(4)H), 7.07 (2H, dd, J=7.6,

1.2 Hz, 2xC(2)H); *C NMR § (100 MHz, C¢Ds) 10.9 (CH,CH,CH3), 19.9 (CH,CH,CHjs), 48.7
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(CH,CH,CH3), 115.56 (2xC(2)), 122.3 (2xC(4)), 125.5 (2xC(1)), 126.9 (2xC(3)), 127.5
(2xC(5)), 145.5 (2xC(6)); LRMS m/z (ESI") 242 [M + H]"; HRMS (ESI") C;sH;NS" [M+H]"

requires 242.0998; found 242.0999.

10-Butyl-10H-phenothiazine?**, 216

Cs,COs (815 mg, 2.50 mmol, 1.0 eq.) was added to phenothiazine (500 mg, 2.51 mmol, 1.0 eq.)
in DMF (10 mL) before addition of TBAI (925 mg, 2.50 mmol, 1 eq.) and the mixture stirred for
1 h before cooling to 0 °C. 1-Bromobutane (591 pL, 5.50 mmol, 2.2 eq.) was added drop-wise,
the reaction brought to room temperature and stirred for 16 h. The reaction was treated with
water and EtOAc (3x30 mL). The organic layers were combined, washed with water (2x30 mL)
and brine (1x30 mL), dried, filtered and concentrated under vacuum to afford the title compound
as a colourless oil (140 mg, 10%) after purification on SiO, (100% pet. ether; 'H NMR & (400
MHz, CsDs) 0.70 (3H, t, J = 7.5 Hz, CH,CH,CH,CHj3), 1.18 (2H, dq, J = 15.0, 7.5 Hz,
CH,CH,CH,CH3), 1.45-1.54 (IH, m, CH,CH,CH,CHj3), 342 (1H, t, J = 7.0 Hz
CH,CH,CH»CH3), 6.58 (2H, d, J = 8.1 Hz, 2xC5H), 6.70 (1H, td, J = 7.5, 1.2 Hz, 2xC(3)H),
6.91-6.96 (1H, m, 2xC(4)H), 7.08 (1H, dd, J = 7.6, 1.5 Hz, 2xC(2)H); *C NMR & (100 MHz,
Ce¢Ds) 13.5 (CH,CH,CH,CH3), 19.9 (CH,CH,CH,CHj), 28.8 (CH,CH,CH,CHsj), 46.7
(CH,CH,CH,CH3), 1154 (2x(C(2)), 122.3 (2xC(3)), 125.5 (2xC(1)), 126.9 (2xC(4)), 127.5

(2xC(5)), 145.5 (2xC6); LRMS m/z (ESI") 256 [M+H]".
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10-(Cyclopropylmethyl)-10H-phenothiazine, 217
CO0
4
5 ® N
wy

2

Following general procedure 4a, phenothiazine (1.00 g, 5.03 mmol) and
(bromomethyl)cyclopropane (485 pL, 5.00 mmol) afforded the title compound as an off-white
solid (247 mg, 20%) after purification on SiO; (pet. ether); mp (from pet. ether) 122-126 °C; IR
Vmax cm™' 3000 (weak), 1456 (moderate), 750 (strong); 'H NMR & (400 MHz, acetone-ds); 0.37-
0.42 (2H, m, C(2’)H,4 and C(3")H,), 0.57-0.63 (2H, m, C(2’)Hp and C(3’)H3), 1.19-1.30 (1H, m,
C(1")H), 3.80 (2H, d, J = 5.8 Hz, NCH.), 6.91-6.96 (2H, m, 2xC(3)H), 7.10 (2H, dd, J = 8.2, 1.2
Hz, 2xC(5)H), 7.14 (2H, dd, J = 7.7, 1.4 Hz, 2xC(2)H), 7.17-7.22 (2H, m, 2xC(4)H); >C NMR §
(100 MHz, acetone-ds) 5.4 (C(2°), C(3’)), 10.0 (C(1°)), 52.3 (NCH,), 116.3 (2x((5)), 122.8
(2xC(3)), 124.8 (2x(C(1)), 127.4 (2xC(2)), 127.8 (2xC(4)), 146.0 (2xC(6)); LRMS not available
due to compound being undetectable by ESI; HRMS (FI) C;sH;sNS [M] requires 253.0925;

found 253.0926.

10-(Cyclobutylmethyl)-10H-phenothiazine, 218

Following general procedure 4b, bromomethylcyclobutane (309 pL, 2.75 mmol) afforded the
title compound as a white crystalline solid (148 mg, 44%) after purification on SiO, (100% pet.

ether); mp (from pet. ether) 80.3-84.1 °C; IR vpay cm™' 2931 (weak); 'H NMR & (400 MHz,
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CsDg) 1.44-1.65 (4H, m, C(1")H,, C(3))H>), 1.82-1.94 2H, m, C(4")H.), 2.58-2.72 (1H, m,
C(2")H), 3.51 (2H, d, J= 6.9 Hz, NCH)), 6.56 (2H, d, J = 8.1 Hz, 2xC(5)H), 6.71 (2H, dd, J =
7.5, 1.2 Hz, 2xC(3)H), 6.92-6.97 (2H, m, 2xC(4)H), 7.08 (2H, dd, J = 7.6, 1.4 Hz, 2xC(2)H); *C
NMR § (100 MHz, C¢De) 18.1 (C(4’)), 26.6 (C(1*), C(3)), 32.9 (C(2)), 53.2 (NCH,), 115.8
(2xC(3)), 122.4 (2xC(3), 125.9 2xC(1)), 126.9 (2xC(4)), 127.5 (2xC(2)), 145.8 (2xC(6)); LRMS

m/z (ESI") 268 [M+H]"; HRMS (ESI") C;7H;sNS™ [M+H]" requires 268.1155; found 268.1151.

10-(Cyclopentylmethyl)-10H-phenothiazine, 219

Following general procedure 4b, iodomethylcyclopentane (360 uL, 2.75 mmol) afforded the title
compound as a white solid (49 mg, 17%) after purification on SiO, (100% pet. ether); mp (from
pet. ether) 108.7-109.2 °C; IR Vpax cm™ 2950 (weak), 1454 (moderate), 748 (strong, sharp); 'H
NMR 6 (400 MHz, C¢Dg) 1.13 (2H, dd, J = 12.1, 7.2 Hz, C(1")Ha, C(3’)H4), 1.23 - 1.34 (2H, m,
C(4’)Ha, C(5)Hy), 1.34 - 1.45 (2H, m, C(4")Hp, C(5’)Hp), 1.61 (2H, dd, J = 12.7, 4.9 Hz,
C(1")Hs, C(3’)Hp), 2.40 (1H, spt, J= 7.5 Hz, C(2’)H), 3.42 (2H, d, J = 7.5 Hz, NCH.,), 6.63 (2H,
d, J= 8.1 Hz, 2xC(2)H), 6.71 (2H, td, J= 7.5, 1.1 Hz, 2xC(4)H), 6.95 (2H, ddd, /= 7.7, 1.5 Hz,
2xC(3)H), 7.11 (2H, dd, J = 7.6, 1.4 Hz, 2xC(5)H); >C NMR § (100 MHz, C¢Ds) 25.0 (C(4"),
C(5%)), 30.2 (C(1°), C(37)) 36.8 (C(2)), 52.4 (NCH,), 115.9 (2x((5)), 122.4 (2x(C(3)), 126.2
(2xC(1)), 126.9 (2xC(4)), 127.7 (2xC(2)), 145.9 (2xC(6)); LRMS m/z (ESI) 282 [M + H]’;

HRMS (ESI") CisH2NS " [M+H]" Requires 282.1311; found 282.1310.
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10-(Cyclohexylmethyl)-10H-phenothiazine, 220

Following general procedure 4b, bromomethylcyclohexane (384 uL, 2.75 mmol) afforded the
title compound as a white solid (192 mg, 52%) after purification on SiO, (100% pet. ether); mp
(from pet. ether) 84.8-85.1 °C; IR Vimax cm™' 2927 (weak), 1451 (sharp), 750 (sharp); 'H NMR &
(400 MHz, C¢Dg) 0.66-0.81 (2H, m, C(1*)H,4, C(3°)H,4), 0.89-1.03 (3H, m, C(4’)H, C(5’)H4,
C(6°)Hy), 1.41-1.54 (3H, m, C(4’)Hp, C(5°)Hp, C(6°)Hp), 1.80-1.91 (2H, m, C(1’)Hp, C(2°)H,
C(3’)Hs), 3.40 (2H, d, J= 6.6 Hz, NCH.,), 6.65 (2H, d, J= 8.1 Hz, 2xC(5)H) 6.70 (2H, td, J =
7.5, 1.1 Hz, 2xC(3)H), 6.93-6.98 (2H, m, 2xC(4)H), 7.09 (2H, dd, J = 7.6, 1.5 Hz, 2xC(2)H); °C
NMR 6 (100 MHz, C¢Ds) 25.7 (C(4°), C(67)), 26.5 (C(57)), 30.8 (C(1°), C(37)), 34.6 (C(27)), 53.7
(NCH,), 115.8 (C(57)), 122.4 (C(3’)), 126.1 (C(1)), 126.9 (C(4)), 127.6 (C(2)), 146.0 (C(3));
LRMS m/z (EST) 296 [M+H]"; HRMS (ESI") C;9H, NS [M+H]" requires 296.1468; found

296.1465.

10-Benzvl—1()H-phenothiazinem, 221

Following general procedure 4a, phenothiazine (1.00 g, 5.00 mmol) and benzyl bromide (590 pl,

5.00 mmol) afforded the title compound as a white crystalline solid (535 mg, 37%) after
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purification on SiO; (10:90 CH,Cly:pet. ether); mp (from CH,Cly:pet. ether) 92.7-94.4 °C (lit."?
(from heptane) 90-91 °C); "HNMR § (400 MHz, CDCls) 5.10 (2H, s, NCH,), 6.64 (2H, dd, J =
8.2, 1.0 Hz, 2xC(2)H), 6.87 (2H, td, J = 7.5, 1.4 Hz, 2xC(3)H), 6.96-7.00 (2H, 2xC(4)H), 7.09
(2H, dd, J = 7.5, 1.7 Hz, 2xC(5)H), 7.27-7.38 (5H, m, C(1’-5>)H); LRMS m/z (ESI") 290

[M+H]".

10-Methyl-10H-phenothiazine 5-oxide® 3, 222

Following general procedure 5, 10-methyl-10H-phenothiazine 213 (150 mg, 0.703 mmol)
afforded the title compound as a white solid (60 mg, 37%) after purification on SiO;
(acetone:pet. ether 30:70); mp (from acetone) 188.6-195.3 °C (lit.>*? (from EtOH) 187-189 °C);
'H NMR & (400 MHz, CsDg) 2.66 (3H, s, CH3), 6.59 (2H, d, J = 8.4 Hz, 2xC(5)H), 6.81 (2H, td,
J=174,0.9 Hz, 2xC(3)H), 7.07 (2H, ddd, J = 8.4, 7.2, 1.7 Hz, 2xC(4)H), 7.74 (2H, dd, J= 7.6,
1.5 Hz, 2xC(2)H); >C NMR § (100 MHz, C¢Dy) 34.0 (CH3), 114.9 2xC(5)), 121.4 (2xC(3)),
126.6 (2xC(1)), 130.3 (2xC(2)), 131.4 (2xC(4)), 139.6 (2xC(6)); HRMS (FI") C3H;;NOS [FI]

requires 229.0561; found 229.0562.

10-Ethyl-10H-phenothiazine 5-oxide, 223

Following general procedure 5, 10-ethyl-10H-phenothiazine 214 (114 mg, 0.501 mmol) afforded

the title compound as an off-white powder (79 mg, 65%) after purification on SiO, (20:80
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EtOAc:CH,CL); mp (from EtOAc) 163.2-165.6 °C (lit.”*' (from EtOH) 162-164 °C); IR Viax
cm” 1051 (moderate), 751 (strong); 'H NMR & (400 MHz, CDCls) 1.60 (3H, t, J = 7.1 Hz,
CH;), 438 (2H, q, J = 7.1 Hz, NCH,), 7.24-7.29 (2H, m, 2xC(3)H), 7.48 (2H, d, J = 8.6 Hz,
2xC(5)H), 7.65 (2H, ddd, J = 8.7, 7.1, 1.6 Hz, 2xC(4)H), 7.95-7.98 (2H, m, 2xC(2)H); *C NMR
8 (100 MHz, CDCl3) 12.1 (CH3), 42.7 (NCH,), 115.5 2xC(5)), 121.7 (2xC(3)), 124.0 (2xC(1)),
131.9 (2xC(2)), 132.9 (2xC(4)), 138.1 (2xC(6)); LRMS m/z (ESI") 266 [M+Na]"; HRMS (ESI")

C14H;3NNaOS' [M+Na]" requires 244.0791; found 244.0787.

10-Propyl-10H-phenothiazine 5-oxide, 224

Following general procedure 5, 10-propyl-10H-phenothiazine 215 (100 mg, 0.414 mmol)
afforded the title compound as a white solid (57 mg, 54%) after purification on SiO, (pet.
ether:acetone 80:20); mp (from acetone) 140.2-140.9 °C (lit.** (from EtOH) 138-140 °C); 'H
NMR 6 (400 MHz, C¢Dg); 0.62 (3H, t, J = 7.4 Hz, CH,CH,CHj3), 1.39 (2H, dq, J=15.2, 7.5 Hz,
CH,CH,CH3), 3.38-3.45 (2H, m, CH,CH,CH3), 6.79-6.90 (4H, m, 2xC(3)H, 2xC(5)H), 7.12
(2H, ddd, J = 8.6, 7.1, 1.7 Hz, 2xC(4)H), 7.76 (2H, dd, J = 7.6, 1.7 Hz, 2xC(2)H); >C NMR &
(100 MHz, CsDs)10.5 (CH,CH,CH3), 19.4 (CH,CH,CH3), 48.6 (CH,CH,CHz), 115.6 (2xC(5)),
121.3 (2xC(3)), 126.4 (2xC(1)), 131.1 (2xC(2)), 131.7 (2xC(4)), 138.5 (2xC6)); LRMS m/z

(ESI") 537 [2M+Na]".
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10-Butyl-10H-phenothiazine 5-oxide, 225

@?
Following general procedure 5, 10-butyl-10H-phenothiazine 216 (60 mg, 1.24 mmol) afforded
the title compound as a white solid after purification on SiO; (pet. ether:acetone 80:20); mp
(from acetone) 128.4-129.4 °C; IR vy cm’ 2962 (weak), 1572 (weak), 1480 (moderate), 1027
(moderate); '"H NMR § (400 MHz, C¢D¢) 0.69 (3H, t, J = 7.3 Hz, CH,CH,CH,CH3), 1.8 (2H, tq,
J=1.5, 7.3 Hz, CH,CH,CH,CH3), 1.36-1.45 (2H, m, CH,CH,CH»CH3), 3.52 (2H, dd, J = 7.8,
7.3 Hz, CH,CH,CH,CH3), 6.81-6.86 (2H, m, 2xC(3)H), 6.93 (2H, d, J = 8.6 Hz, 2xC(5)H), 7.11-
7.17 (2H, m, 2xC(4)H), 7.76 (2H, dd, J = 7.7, 1.6 Hz, 2xC(2)H); *C NMR & (100 MHz, C¢Ds)
134 (CH,CH,CH,CH3), 19.6 (CH,CH,CH,CHs3), 28.1 (CH>CH,CH,CHj3), 46.8
(CH,CH,CH,CH3), 115.5 (2xC(5)), 121.3 (2xC(3)), 126.5 (2xC(1)), 131.0 (2xC(2)), 131.6
(2xC(4)), 138.5 (2xC(6)); LRMS m/z (ESI") 272 [M +H]"; HRMS (ESI") C¢H;sNOS™ [M+H]"

requires 272.1104; found 272.1103.

10-(Cyclopropylmethyl)-10H-phenothiazine 5-oxide, 226

Following general procedure 5, 10-(cyclopropylmethyl)-10H-phenothiazine, 217 (114 mg, 0.450

mmol) afforded the title compound as an off-white powder (79 mg, 65%) after purification on
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Si0, (EtOAc:CH,Cl; 10:90); mp (from EtOAc) decomp. past 160 °C; IR viex cm™ 2922 (weak)
1053 (medium); 'H NMR & (400 MHz, CDCl;) 0.55-0.60 (2H, m, C(2")H, and C(3’)H,), 0.81-
0.90 (2H, m, C(2°)Hp and C(3°)Hj), 1.16-1.23 (1H, m, C(1°)H), 4.17 (2H, d, J = 5.0 Hz, NCH,),
7.23-7.29 (2H, m, 2xC(5)H), 7.59-7.66 (4H, m, 2xC(3)H, 2xC(4)H), 7.93-7.97 (2H, m,
2xC(2)H); >C NMR & (100 MHz, CDCls) 6.5 (C(2°), C(3)), 9.7 (C(17)), 52.3 (NCH,), 116.5
(2xC(5)), 121.8 (2xC(3)), 124.6 (2xC(1)), 131.4 (2xC(2)), 132.7 (2xC(4)), 139.0 (2xC(6));
LRMS m/z (EST") 270 [M+H]" 290 [M+Na]"; HRMS (ESI") C;¢H;sNOSNa" [M+Na]" requires

292.0767; found 292.0756.

10-(Cyclohexylmethyl)-10H-phenothiazine 5-oxide, 228

Following general procedure 5, 10-(cyclohexylmethyl)-10H-phenothiazine 220 (50 mg, 0.169
mmol) afforded the title compound as a white solid (35 mg, 66%) after purification on SiO; (pet.
ether:acetone 80:20); mp (from acetone) 165.1-165.8 °C; IR Vma cm’ 2918 (broad), 1457
(sharp), 1023 (sharp, strong), 748 (sharp, strong); "H NMR & (400 MHz,C4Dg) 0.58-0.73 (2H, m,
C(1”)Hy4, C(3’)H,), 0.82-0.97 (3H, m, C(4*)H4, C(5’)H4, C(6°)H,), 1.36-1.49 (3H, m, C(4’)Hp,
C(5’)Hs, C(6°)Hp), 1.72 (2H, d, J= 13.3 Hz, C(1’)Hp, C(3’)Hp), 1.82 (1H, ttt, J=11.0, 7.3, 3.7
Hz, C(2°)H), 3.62 (2H, d, J= 7.0 Hz, NCH)), 6.78-6.84 (2H, m, 2xC(3)H) 7.02 (2H, d, J= 8.4
Hz, 2xC(5)H), 7.11-7.18 (2H, m, 2xC(4)H), 7.71 (2H, dd, J = 7.6, 1.5 Hz, 2xC(2)H); >C NMR §

(100 MHz, C¢Ds) 25.5 (C(4’), C(6%)), 26.3 (C(5)), 30.5 (C(1°), C(3°)), 35.9 (C(2%)), 52.2
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(NCH,), 116.3 (2xC(5)), 121.6 (2xC(3)), 127.8 (2xC(1)), 130.1 (2xC(2)), 131.3 (2xC(4)), 139.4
(2xC(6)); LRMS m/z (ESI') 312 [M+H]"; HRMS (ESI") Ci1oH»,NOS™ [M+H]" requires

312.1417; found 312.1427.

10-Benzyl-10H-phenothiazine 5-oxide, 229

Following general procedure 5, 10-benzyl-10H-phenothiazine 221 (145 mg, 0.501 mmol)
afforded the title compound as a pale pink solid (95 mg, 62%) after purification on SiO;, (10:90
EtOAc:CH,Cly); mp (from EtOAc) 215-220 °C (lit.>' (solvent unspecified) 226.5-228 °C); IR
Vmax ¢m” 1461 (moderate), 1014 (sharp); 'H NMR § (400 MHz CDCls) 5.52 (2H, s, NCH,),
7.14-7.18 (2H, m, C(1’)H, C(5’)H), 7.21 (2H, d, J = 8.6 Hz, 2xC(5)H), 7.24-7.30 (2H, m,
2xC(3)H), 7.30-7.40 (3H, m, C(2’-4’)H), 7.51 (2H, ddd, J = 8.6, 7.2, 1.6 Hz, 2xC(4)H), 8.00
(2H, dd, J = 7.7, 1.6 Hz, 2xC(2)H); C NMR § (100 MHz, CDCl3) 52.9 (NCH,), 116.7
(2xC(5)), 122.3 (2xC(3)), 123.6 (2xC(1)), 125.8 (C(1°), C(5)), 127.6 (C(3’)), 129.2 (C(2’),
C(4)), 131.5 (2xC(2)), 133.2 (2xC(4)), 135.2 (2xC(6°)), 139.1 (2xC(6)); LRMS m/z (ESI") 328

[M+Na]"; HRMS (ESI") C19H;sNNaOS" [M+Na]" requires 306.0947, found 306.0940.
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2-(10H-Phenothiazin-10-yl)ethan-1-01**, 230

OH
Phenothiazine (2 g, 10.0 mmol, 1.0 eq.) was dissolved in THF (20 mL), potassium
bis(trimethylsilyl)amide (as 0.5 M solution in toluene, 31.2 mL, 15.6 mmol, 1.5 eq.) was added
drop-wise and the resulting mixture brought to room temperature and stirred for 15 min. 1,3,2-
Dioxathiolane 2,2-dioxide (1.49 g, 12.0 mmol, 1.2 eq.) was added in one portion and the reaction
stirred for 18 h. HSO4(.q) (conc.) was added drop-wise until the solution reached pH 1. Water (5
mL) was added drop-wise and the reaction stirred for 3 h. The reaction was quenched with a
saturated aqueous solution of NaHCO; (20 mL) and extracted with Et,O (1x30 mL) and EtOAc
(2x30 mL). The organic layers were combined, washed with water (3x30 mL) and dried to give
the title compound as a dark purple oil (1.64 g, 67%) after purification on SiO; (30:70 Et,O:pet.
ether); '"H NMR § (400 MHz, DMSO-ds) 3.71 (2H, td, J = 6.1, 5.6 Hz, CH,CH,OH), 3.90-3.98
(2H, m, CH,CH,OH), 4.90 (1H, t, J= 5.4 Hz, OH), 6.93 (2H, td, J=7.5, 1.2 Hz, 2xC(3)H), 7.03
(2H, dd, J= 8.3, 1.1 Hz, 2xC(5)H), 7.12 (2H, dd, J= 7.6, 1.5 Hz, 2xC(2)H), 7.16-7.22 (2H, m,
2xC(4)H); °C NMR & (100 MHz, DMSO-ds) 50.0 (CH,CH,OH), 58.2 (CH,CH,OH), 116.1
(2xC(5)), 123.0 (2xC(3)), 123.6 (2xC(1)), 127.5 (2xC(2)), 128.1 (2xC(4)), 145.1 (2xC(6));

LRMS m/z (ESI") 244 [M + H]", 266 [M+Na]", 282 [M+K]+.

246



10-(2-Hydroxyethyl)-10H-phenothiazine 5-oxide, 233

OH
Following general procedure 5, 10-(2-hydroxyethyl)-10H-phenothiazine 230 (108 mg, 0.444
mmol) afforded the title compound as a pink crystalline solid (79 mg, 70%) after purification on
Si0, (CH,Cl:MeOH 98:2 to 97:3); mp (from MeOH) 174.2-176.8 °C; IR Vimax cm™' 3507 (very
broad), 2981 (broad), 2362 (weak), 1589 (moderate), 1466 (strong, sharp); '"H NMR & (400
MHz, DMSO-ds) 3.86 (2H, dt, J = 6.4, 6.3 Hz, CH,CH;OH), 442 (2H, t, J = 6.5 Hz,
CH,CH,OR), 5.01 (1H, t, /= 5.7 Hz, CH,CH,0H), 7.3 (2H, ddd, J = 7.8, 6.6, 1.5 Hz, 2xC(3)H),
7.68-7.77 (4H, m, 2xC(4)H, 2xC(5)H), 7.95 (2H, dd, J = 7.6, 1.4 Hz, 2xC(2)H); >C NMR & (100
MHz, DMSO-ds) 50.3 (CH,CH,OH), 58.2 (CH,CH,OH), 117.3 (2xC(5)), 122.2 (2xC(3)), 124.6
(2xC(1)), 131.5 (2xC(2)), 133.4 (2xC(4)), 138.7 (2xC(6)); LRMS m/z (ESI) 260 [M+H]";

HRMS (ESI") C14H;4sNO,S" [M+H]" requires 260.0740; found 260.0740.

4-(3-(10H-phenothiazin-10-yl)propyl)morpholine, 241
e
4
5 ° '\LL

To a solution of 2-bromothiophenol (361 pL, 3.00 mmol, 1 eq.), 2-bromoiodobenzene (386 uL,

@

3.00 mmol, 1 eq.) and 3-morpholinopropylamine (438 pL, 3.00 mmol, 1 eq.) in toluene (13 mL)

was added NaOrBu (1.15 g, 12.0 mmol, 4 eq.), Pd2dbas (69 mg, 0.075 mmol, 0.025 eq.) and 1,1°-
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bis(diphenylphosphino)ferrocene (56 mg, 0.119 mmol, 0.040 eq.), and the mixture heated at 60
°C for 20 min with MW irradiation and then to 120 °C for 2 h also with MW irradiation. The
mixture was cooled to room temperature and filtered twice through filter paper. The filtrate was
concentrated, treated with water (30 mL) and extracted into Et;O (30 mL) and EtOAc (2x 30
mL). The organic layers were dried and concentrated under vacuum. Two attempts were made to
purify the residue via SiO, chromatography (99:1 CH,Cl,:MeOH) then (99.8:0.2 to 99.5:0.5 to
99:1 CH,Cl,:MeOH) and a subsequent attempt was made to increase purity by preparative TLC
(98:2 CH,Cl:MeOH). Selected data of the crude mixture supporting synthesis of the title
compound: 'H NMR & (400 MHz, C¢Dg) 1.57-1.65 (2H, m), 2.02-2.12 (6H, m), 3.47-3.52 (4H,
m), 3.58 (2H, t, J = 6.9 Hz), 6.63-6.72 (4H, m), 6.70 (2H, J= 7.5, 0.8 Hz), 7.07 2H, J=17.6, 1.4
Hz); °C NMR § (100 MHz, C¢Dg) 24.0, 44.7, 53.7, 55.5, 66.8, 115.5, 122.4, 125.4, 127.0, 145.4;

LRMS m/z (ESI") 327 [M+H]".

2-Brom0-5-ﬂu0r0benzeneth101236, 245

S-(2-Bromo-5-fluorophenyl) dimethylcarbamothioate 249 (1.82 g, 6.59 mmol) was added to
MeOH (60 mL) and NaOH,q) (1N, 60 mL) and heated to reflux (100 °C) for 2 h. The mixture
was cooled to room temperature and concentrated under vacuum. The residue was diluted with
water and extracted with CH,Cl, (3x30 mL, discarded) then acidified to pH 1 with HClg) (1 M)
and extracted with EtOAc (3x30 mL) to afford the title compound as a colourless oil (1.07 g,
79%) which was used without further purification. "H NMR & (400 MHz, CDCls) 6.74 (1H, ddd,
J=28.9,79, 29 Hz, C(5)H), 7.10 (1H, dd, J = 8.7, 2.9 Hz, C(4)H), 7.48 (1H, dd, J = 8.9, 5.5

Hz, C(1)H); '°F NMR & (377 MHz, CDCl3) —114.2 (F, CF); LRMS m/z (EST') 204 [M-H] .
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0-(2-Bromo-5-fluorophenyl) dimethylcarbamothioate, 248

2-Bromo-5-fluorophenol (1.16 mL, 10.4 mmol, 1.0 eq.) was added to a suspension of K,COs3
(2.20 g, 15.9 mmol, 1.5 eq.) in DMF (10.5 mL). Dimethylthiocarbamoyl chloride (1.55 g, 12.5
mmol, 1.2 eq.) was added and the reaction stirred at room temperature for 17 h. The mixture was
poured slowly into water (8 mL) containing 2 g of ice and the resulting slurry was stirred for 2 h.
The precipitate was filtered off by vacuum filtration, dissolved in CH,Cl, and washed with water
(3x100 mL). The organic layer was dried, filtered, and concentrated under vacuum to afford the
title compound as a bright yellow solid (2.47 g, 85%), which did not require further purification;
mp (from CH,CL) 68.7-70.1 °C (lit.>” (from DMF) 63.0 °C); IR vmax cm™ 1147 (strong); 'H
NMR 6 (400 MHz, CDCls) 3.33 (3H, s, CH3(2’)), 3.40 (3H, s, CH3(1’)), 6.81-6.85 (1H, m,
C(5)H), 6.87 (1H, dd, J = 8.7, 2.9 Hz, C(1)H), 7.48 (1H, dd, J = 8.8, 5.7 Hz, C(4)H); >C NMR §
(100 MHz, CDCl3) 39.0 (CH3(2’)), 43.5 (CH3(1")), 111.9 (d, J = 4.8 Hz, C(3)), 113.5 (d, J =
24.8 Hz, C(1)), 114.7 (d, J = 21.9 Hz, C(5)), 133.4 (d, J = 8.6 Hz, C(4)), 151.7 (d, J = 11.4 Hz,
C(2)), 161.8 (d, J = 248.9 Hz, C(6)), 185.6 (C=S); '’F NMR & (377 MHz, CDCl;) —112.8 (F,

CF); HRMS (FI) CoHoBrFNOS' [M] requires 276.9572; found 276.9567.
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S-(2-Bromo-5-fluorophenyl) dimethylcarbamothioate, 249

O-(2-Bromo-5-fluorophenyl) dimethylcarbamothioate 248 (2.40 g, 8.63 mmol, 1.0 eq.) was
added to N,N-diethylaniline (8 mL) and heated for 2 h with MW irradiation at 220 °C. The
reaction mixture was cooled to room temperature and poured slowly onto 20 g of ice in 30 mL
HCl(aq) (4N). The slurry was stirred for 30 min and left to stand for 17 h, it was then stirred for a
further 15 min. The precipitate was filtered off by vacuum filtration, dissolved in CH,Cl, (30
mL) and washed with water (3x100 mL). The organic layer was dried, filtered, and concentrated
under vacuum to afford the title compound as a brown solid (2.08 g, 87%) after purification on
SiO, (pet. ether:EtOAc 95:5). The product was freshly prepared as required since it
spontaneously rearranges from the carbonyl 249 back to the thiocarbonyl 248 after a few days;
mp (from CH,Cl,) 69.1-69.6 °C (lit.*’ (from N,N-diethylaniline) 69.1-69.6 °C); IR Viay cm™ 680
(strong); "H NMR § (400 MHz, CDCl3) 3.00-3.20 (6H, m, 2xNCH;), 6.96-7.04 (1H, m, C(5)H),
7.38-7.42 (1H, m, C(1)H), 7.64 (1H, dd, J = 8.9, 5.3 Hz, C(4)H); >C NMR & (100 MHz, CDCls)
37.1 (2xCH3), 118.2 (d, J = 21.9 Hz, C(5)), 124.9 (d, J = 22.9 Hz, C(1)), 132.4 (d, J = 8.6 Hz,
C(2)), 134.1 (d, J = 7.6 Hz, C(4)), 161.3 (d, J = 249.9 Hz, (6), 164.5 (C=0), C(3) not resolved;
F NMR & (377 MHz, CDCl;) —114.1 (F, CF); LRMS m/z (ESI") 278 [M + H]"; HRMS (ESI)

CoHyBrFNNaOS" [M+Na]" requires 299.9465; found 299.9456.
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N-chloro-N-(2-iodophenyl)acetamide, 258

To a solution of N-(2-lodophenyl)acetamide, 259 (100 mg, 0.383 mmol, 1 eq.) in Et,O (5§ mL)
was slowly added a solution of Ca(ClO); (163 mg, 1.14 mmol, 3 eq.) and NaHCO; (96 mg, 1.14
mmol, 3 eq.) in water (5 mL) at 0 °C. The biphasic reaction was stirred for 30 min and the
aqueous phase separated and extracted with Et;O (3x20 mL). The organic layers were combined,
dried and concentrated under vacuum to afford the title product, which was used immediately
without the need for purification. Selected data of the crude mixture supporting synthesis of title
compound: 'H NMR § (400 MHz, Ce¢Ds) 1.66 (3H, s, CH3), 6.39 (1H, J = 7.5, 7.8 Hz, C(2)H),
6.69-6.76 (1H, m, C(1)H), 6.82 (1H, br. s, C(4)H), 7.42 (1H, d, J = 8.0 Hz); °C NMR & (100
MHz, C¢Ds) 21.6 (CH3), 100.2 (C(5)), 129.5 (C(2)), 130.2 (C(3)) 130.7 (C(1)), 140.1 (C(4)),

145.6 (C(6)); LRMS m/z (EST") 295 [M+H]"; HRMS not found.

N-(2-1odophenyl)acetamide, 259

2-lodoaniline (5 g, 22.85 mmol, 1 eq.) and triethylamine (9.55 mL, 68.5 mmol, 3.0 eq.) were
dissolved in CH,Cl, (40 mL). Acetic anhydride (6.45 mL, 68.2 mmol, 3.0 eq.) was added drop-
wise at 0 °C and the reaction was brought to room temperature and stirred for 2 h. The mixture
was diluted with CH,Cl, and washed with water and 1 M NaOH ., to afford the title compound

as a white solid (4.99 g mg, 84%) after purification on SiO; (pet. ether:EtOAc 80:20); mp (from
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EtOAc) 109.2-109.6 °C (1it.** (from MeOH) 109-110 °C); '"H NMR & (400 MHz, C¢Ds) 1.51
(3H, s, CH3), 6.35 (1H, td, J = 7.6, 1.5 Hz, C(3)H), 6.96 (1H, t, J = 7.6 Hz, C(2)H), 7.46 (1H, dd,
J=179, 1.5 Hz, C(4)H), 8.63 (1H, d, J = 7.3 Hz, C(1)H); >C NMR & (100 MHz, C¢D¢) 23.6
(CHs), 89.3 (C(5)), 121.7 (C(1)), 125.3 (C(3)), 129.1 (C(2)), 138.5 (C(4)), 138.9 (C(6)), 167.1

(C, C=0); LRMS m/z (EST") 260 [M—H] .

3-fluoro-10H-phenothiazine, 263

L AS U A F
10

To a solution of 2-bromothiophenol (361 pL, 3.00 mol, 1 eq.), and 4-fluoro-2-iodoaniline (354
pL, 3.00 mmol, 1 eq.) in toluene (13 mL) was added NaO7Bu (384 mg, 4.00 mmol, 1.3 eq.),
Pd,dbas (69 mg, 0.075 mmol, 0.025 eq.) and 1,1’-bis(diphenylphosphino)ferrocene (166 mg,
0.299 mmol, 0.10 eq.) and the mixture heated at 60 °C for 20 min with MW irradiation and then
to 160 °C for 2 h also with MW irradiation. The mixture was cooled to room temperature and
filtered twice through filter paper then treated with water (20 mL) and extracted into Et,O (3x20
mL). The organic layers were dried and concentrated under vacuum and the residue purified via
Dowex® chromatography, followed by SiO, chromatography (1:9 EtOAc:Pet. ether) to afford
the title compound as a blue solid (52 mg, 8%). Selected data supporting the synthesis of the title
compound: "H NMR § (400 MHz, C¢Dg) 4.81 (1H, br. s, NH), 5.61 (1H, dd, J = 4.7 Hz), 591
(1H, d, J = 7.9 Hz), 6.40 (1H, td, J = 8.4, 2.8 Hz), 6.51-6.59 (2H, m) 6.71-6.80 (2H, m); "°F

NMR § (377 MHz, C¢Ds) —122.3 (1F, C(10)F); LRMS not found.
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6.2 — Biochemistry and Molecular Biology

6.2.1 - General

Chemicals were purchased Apollo Scientific, Sigma Aldrich, Alfa Aesar or Fisher Scientific
unless otherwise stated. Standard sterile techniques were practised where necessary. All
equipment and media requiring sterilisation were autoclaved at 121 °C for 20 min. For heat-
sensitive solutions, filtration through 0.22 um filters was carried out to ensure aseptic conditions.
Water was purified using a Millipore Elix® 10 system and then sterilised through a Millipore

Milli-Q purification system fitted with a 0.22 um filter.

6.2.2 - Measurement of pH

The probe used to monitor pH of buffer solutions was a Hanna Instruments HI 9321
microprocessor pH meter fitted with a 5 mm diameter electrode. Solutions were stirred with a
magnetic bar and pH adjusted by drop-wise addition of either HCl,q) (conc., 2 M or 1 M) or
NaOHgq) (8 M, 2 M or 1 M). The instrument was calibrated before use with standard calibration

solutions (Fischer Scientific).

6.2.3 - Waterbaths and Static Incubators
For ‘heat shock’ bacterial transformation, a Grant W14 waterbath was used at 42 °C.
For plated cell growth and assays, a Hereaus incubator was used at either 30 °C or 37 °C as

stated.

6.2.4 - Media Recipes
2-Tryptone-Yeast (2-TY):

A 1 L solution contains 16 g bacto-tryptone, 10 g yeast extract and 5 g NaCl.
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Terrific Broth (TB):
A 900 mL solution containing 12 g bacto-tryptone, 24 g yeast extract and 4 mL glycerol was
autoclaved. Separately, 100 mL KH,PO, (0.17 M), K;HPO4 (0.72 M) was autoclaved. Once the

two solutions had cooled to room temperature they were mixed to a total volume of 1 L.

6.2.5 - SDS-PAGE Gel Electrophoresis

Precast 4-12% NuPAGE® Bis-Tris Mini Gels (Novex) were used with 1X NuPAGE® MES or
MOPS SDS running buffer prepared by diluting 20X standards purchased from Novex. 500 pL
NuPAGE® antioxidant was added to the upper buffer chamber prior to running the gel. Samples
were prepared by mixing 6.5 pL of protein sample with 2.5 pL NuPAGE® LDS sample buffer
(4X) and 1 pL NuPAGE® reducing agent (10X) and heating to 70 °C for 10 min. 7 pL of the
mixture was loaded onto the gel and 4 pL of standard ladder PageRuler™ (Thermo Fisher)

added to an adjacent lane.

Gels were run at 200 V constant for 35 min (MES buffer systems) or 50 min (MOPS buffer
systems) using Bio-Rad apparatus. Gels were stained for 1 h in a solution of 45% EtOH, 45%
H,0, 10% AcOH containing 0.25% (w/v) Coomassie™ Blue stain. Gels were de-stained for 3 h

in the same solution but without the addition of Coomassie™ Blue.

The gel from showing purified His-PRMT]1 from the two different expressions is shown below

(Figure 6.2).
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Figure 6.2 — SDS-PAGE of His-PRMT purified via affinity chromatography. Lane 1 = ladder (PageRuler™), Lane
2 = Pure recombinant His-PRMTI from expression using 2-TY media, Lane 3 = Pure recombinant His-PRMT1
from expression using TB media.

6.2.6 - Gene Amplification and Vectors
PRMT1 was expressed from a pNIC28-BSA4 vector encoding an N-terminal hexa-His tag and

kanamycin resistance gene. This vector was gifted from Dr L. Walport.

6.2.7 - Transformation

25 uL BL21 (DE3) E. coli competent cells, gifted from Dr L. Walport, were thawed on ice and
1uL plasmid DNA (100 ng/uL) added. The cells were left on ice for 20 min before being heat-
shocked at 42 °C for 30 s. Cells were immediately cooled on ice for a further 2 min before
addition of 400 pL 2-TY media. The suspension was incubated for 1 h at 37 °C (without
shaking) before plating of 250 pL onto a 2-TY agar plate containing kanamycin (30 pg/mL).

Plates were incubated at 37 °C for 24 h.
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6.2.8 - Protein Expression

Starter Cultures:

Using a sterile pipette tip, a single colony was picked from the agar plates containing
transformed cells and added to a 500 mL conical flask containing 100 mL 2-TY media (prepared
by Mr H. M. Jubier) and 30 pg/mL kanamycin. The flask was incubated for 14 h at 37 °C with

250 rpm shaking in a New Brunswick Scientific G25 environmental shaker.

Large-Scale Growth:

6 mL of starter culture was used to inoculate 600 mL of media in a 2 L Tunair® flask containing
30 pg/mL kanamycin. Five 2 L flasks were used with 2-TY media for the first PRMTI1
expression and twelve 2 L flasks were used with TB media for the second expression. Flasks
were incubated at 37 °C with 180 rpm shaking until ODgyo reached ~0.6, upon which cells were
induced with IPTG to a final concentration of 100 uM. Induced cells were incubated at 18 °C
with 180 rpm shaking for 16 h before being harvested by centrifugation (8000 rpm, 8 min, 20

°C) and transferred to re-sealable plastic bags for storage at -80 °C.

6.2.9 - Protein Purification

Buffers required for protein purification:

The following buffers were all pH adjusted to 7.5 and contained 5% glycerol:

Binding buffer: 50 mM HEPES, 500 mM NaCl, 20 mM imidazole, 1 mM TCEP.
Wash buffer: 50 mM HEPES, 500 mM NaCl, 40 mM imidazole, 1 mM TCEP.

Elution buffers: 50 mM HEPES, 500 mM NacCl, 250/500 mM imidazole, 1 mM TCEP.

Protein storage buffer: 10 mM HEPES, 200 mM NaCl.
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Isolation and purification:

Frozen cell pellets from large-scale expressions were manually smashed into small pieces and
then defrosted at room temperature in 200 mL of binding buffer. Once the suspension was
homogenous, 10 pg/mL DNase I (Roche) and 2 EDTA-free protease inhibitor tablets (Roche)
were added. Cells were lysed on ice by sonication (3 min 30 sec of 3 s on, 4 s off) using a Vibra
Cell VCX 500 with a 13 mm probe. The resultant suspension was centrifuged (22,000 rpm, 25
min, 6 °C) and the supernatant filtered through a 0.4 pum filter before being loaded onto a His-

trap purification column (GE Healthcare).

PRMT1 was purified by Ni-affinity chromatography using an Akta purification system. The
crude mixture was loaded onto the column in binding buffer, washed with wash buffer and then

PRMT1 eluted in 250 mM and 500 mM elution buffers using a step gradient.

Concentration and storage:

Fractions containing PRMT1 were pooled and concentrated using a 30 kDa-exclusion filter tube
(Millipore) and centrifuging for 5-20 min intervals (2,000 rpm, 4 °C). Buffer-exchange was
achieved by resuspension-concentration-resuspension using protein storage buffer until
imidazole concentration was below 40 mM. Protein was aliquoted at 4°C and flash-frozen in

liquid nitrogen before immediate transfer to a -80 °C freezer for storage for up to three months.

6.3 — Peptide Synthesis

6.3.1 - Synthesis
Standard amino acids were purchased from Novabiochem or CS Bio. SPPS was carried out using

a Liberty Blue (CEM Corporation) automated peptide synthesiser and peptides were synthesised
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from C- to N-terminus using a 100-200 mesh rink amide resin (4-(2’,4’-dimethoxyphenyl-fmoc-
aminomethyl)-phenoxyacetamidonorleucyl-MBHA) (AGTC Bioproducts) as the solid support.
For each cycle, protected amino acids were activated with DIC and HoBt and added to the
reactor in 10 times excess (except MMA(J), which was added in two-times excess) as a 0.2 M
solution in DMF. Each coupling reaction was carried out using standard Liberty Blue
procedures: reactions were heated with MW irradiation for 3 h with stirring, except in the case of
Arg, which was reacted for 6 h at room temperature. For the coupling of MMA(J) the reaction
was stirred for 8 h at room temperature. After each coupling, the a-Fmoc group was removed by

treatment with 20% piperidine (Merck) in DMF (Rathburn Chemicals).

6.3.2 — Cleavage and Isolation

After the final coupling reaction, the resin was filtered from the solvent under vacuum, washed
with copious amounts of CH,Cl, and dried under high vacuum for 10 min. The dry resin was
added to a solution containing 4 mL TFA, 100 uL triisopropylsilane, 100 uL water and 100 pL
1,3-dimethoxybenzene. The solution was stirred gently for 3.5 h at room temperature and then
the resin removed by filtration under vacuum. The peptide was precipitated from the filtrate by
addition of 40 mL ice-cold Et,O. Centrifugation (2000 rpm, 10 min) pelleted the peptide — the
supernatant was removed and the pellet re-suspended in the minimum volume of water. The

solution was lyophilized to afford the crude peptide.

6.3.3 — Preparative HPLC Purification
The crude peptide was dissolved in 2 mL water and filtered through a 0.22 pm filter before
injection onto a Vydac C,s reverse-phase HPLC column. A gradient of eluent A (0.1% TFA in

water) to eluent B (0.1% TFA in MeCN) was applied from 100:0 to 80:20 over 45 min. Fractions
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containing peptide (assessed by MALDI-MS) were pooled and lyopholised to afford the pure

product.

6.3.4 — Analytical LC/MS

Low resolution positive ion ESI mass spectrometry data were recorded using an Agilent 1200

series LC/MS system (6120 Quadrupole MS) with a Waters Sunfire C;s column.

6.4 — Assay Protocols

All assay procedures were run in triplicate and with suitable positive and negative controls.

6.4.1 — Chemiluminescence Assay

PRMT1 and PRMTS5 chemiluminescence assay kits were purchased from Amsbio (product codes
52004L and 52002L respectively). Substrate histones were immobilised to a 96-well plate.
Micro-wells were rehydrated by addition of 150 uL. TBST buffer (50 mM Tris-HCI, 150 mM
NaCl, 0.05% Tween-20, pH 8.0) and incubation at RT for 15 min. 40 uM SAM and 1 pL
inhibitor (final conditions of 1% DMSQO) were added per well and the volume adjusted to 50 uL
using supplied HMT Tris-based assay buffer. Enzyme was added to initiate the reaction (6 ng
PRMT1/well or 700 ng PRMT5/well) and the plate incubated at 37 °C for 1 h (PRMT1) or 2 h
(PRMTS). Wells were washed three times with 200 uL TBST buffer. Primary antibody was
diluted as per manufacturer’s instructions and 100 pL added to the wells for incubation with
gentle shaking (RT, 50 rpm, 1 h). Plates were washed as before and then incubated in 100 pL of
a supplied BSA-based blocking solution (RT, 50 rpm, 10 min). HRP-conjugated secondary
antibody was diluted as per manufacturer’s instruction and incubated with gentle shaking (RT,
50 rpm, 30 min). Wells were washed and blocked as before following which 100 pL of supplied

HRP substrate was added and chemiluminescence immediately detected using an Omega
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FLUOstar plate reader (BMG Labtech). Results were blank-corrected and anomalies were

excluded from analysis.

6.4.2 — Radiometric Assay
The scintillation proximity assay was used as previously reported™’. The assays were set up as

follows:

PRMTI:
Assay conditions: 20 mM Tris-HCI, pH 8.0 containing 0.01% Triton X-100 and 5 mM DTT; 20

nM PRMTT1, 130 nM peptide (Biotin-H4-1-24) and 4.3 pM SAM.

PRMT3:
Assay conditions: 20 mM Tris-HCI, pH 7.5 containing 0.01% Tween-20 and 5 mM DTT; 20 nM

PRMTS3, 0.6 uM peptide (Biotin-H4-1-24) and 28 uM SAM.

PRMTY5:
Assay conditions: 20 mM Tris-HCI, pH 8.5 containing 0.01% Tween-20 and 10 mM TCEP; 15

nM PRMT5-MEPS50 complex, 120 nM peptide (Biotin-H4-1-24) and 2 pM SAM.

PRMT6:

Assay conditions: 20 mM BTP, pH 7.5; 0.01% Tween-20 and 10 mM DTT; 50 nM PRMT6; 0.6

uM peptide (H4 1-24) and 2.3 uM SAM
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PRMT7:
20 mM Tris-HCl, pH 8.5 containing 0.01% Tween-20 and 5 mM DTT, 25 nM PRMT?7, 0.3 uM

peptide (H2B 23-37) and 1.1 uM SAM

PRMTS:
20 mM Tris-HCI, pH 8.0 containing 0.01% Triton X-100 and 5 mM DTT; 25 nM PRMTS, 0.7

uM peptide (Biotin-H4-1-24) and 2.2 uM SAM.

All reactions were incubated at 23 °C for 30 min and were quenched by addition of equal
volumes of 7.5 M guanidine hydrochloride and the volume finalised to 200 pL by addition of 20
mM Tris-HCI (pH 8.0). Samples were transferred to scintillation proximity assay plates
(FlashPlate® PLUS, PerkinElmer Life Sciences) and were incubated for 1 h. The signals were
measured using a TopCount NXT™ Microplate Scintillation and Luminescence Counter

(PerkinElmer Life Sciences).

All assays were carried out in triplicate unless otherwise stated and expressed as averages
+standard deviation. The final concentration of DMSO differed depending on the concentration
of compound tested; 50 uM tests (0.25% DMSO), 25 uM tests (0.05% DMSO) or 5 uM (0.01%
DMSO). Percentage activity of each individual test compound was expressed with respect to the

negative control, which was pinned to 100% activity.

6.4.3 — Large Scale MALDI-MS Assay
Inhibitor in DMSO was added to each test well in a 96-well plate. Buffer was added followed by
peptide and then SAM. Reactions were initiated by addition of enzyme with aspiration. Controls

containing DMSO in place of inhibitor, water in place of SAM and buffer in place of enzyme
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were also initiated. Assays were incubated for 90 min at 30 °C and then quenched by pipetting
100 uL MeOH into each well. 1 mg a-cyano-4-hydroxycinnamic acid (CHCA) was dissolved in
100 uL matrix solution (1:1:0.01 MeCN:H,O:TFA (v/v/v)). 1 pL of the matrix solution was
mixed with 1 pL of sample on the MALDI plate and allowed to dry at room temperature. Data

was shot on a Waters® Micromass® MALDI micro MX™ using 12,000 Volt laser energy and

10-12 scans per well.

The following quantities were added:

Assay Component Volume Final Assay Conditions

SAM 10 uL At approximated K, value: 10 uM
Peptide substrate 10 uL Close to K, value: 15 puM
Enzyme 20 pL Dependent on specific activity
Buffer 59 uL 20 mM Tris, 10 mM DTT

Inhibitor in DMSO 1 uL 1% DMSO

TOTAL volume 100 uL

6.4.4 - Small Scale MALDI-MS Assay
The small scale assay was set up identically to the large scale assay except using the following

reduced volumes and 384 well plates.

Assay Component Volume Final Assay Conditions

SAM 5uL At approximated K, value: 10 uM
Peptide substrate 5uL Close to K, value: 15 puM

Enzyme SuL Dependent on specific activity

Buffer 5uL 20 mM Tris, 10 mM DTT, 1% DMSO
TOTAL volume 20 uL
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For time-course assays used to monitor altering distributions of peptides, 1 uL samples were
removed from the wells at each time point for crystallisation with 1 pL matrix solution without

quenching.

Data was collected in an identical manner as for the large scale assay.

263



Appendix A — PRMT Literature Inhibitors

Summary of prominent inhibitors, mechanism of action and potency as reviewed in Section 1.5.

Compound Proposed mechanism ICs Structure
Sinefungin, 32 Cofactor competitive 1.63 uM vs
PRMTI 0
c0z o__J
.
N AN
NHp N
HO OH ~F
Sinefungin, 32
AMI-1, 33 Cofactor uncompetitive 8.81 uM vs
o
AMI-1, 33
Allantodapsone, Cofactor uncompetitive, 1.7 uM vs
36 substrate competitive PRMTI1 ” 0
L,
(0) NN
A"
O~ 'N” O
H
Allantodapsone, 36
Stilbamidine, Cofactor uncompetitive, 56.9 uM vs
37 substrate competitive PRMT]I NH
HoN
=
e,
NH
Stilbamidine, 37
AMI- Cofactor uncompetitive 4.15 uM vs O
composite, 39 PRMT1 \©\
2.65 uM vs N OH )C\I
CARMI N NZN
N
NaO3S N N Cl
H
39
AMI-5 44 Thought to bind to SAM 1.41 uM vs
pocket (in silico docking PRMTI1
HOOC

studies)
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46 Allosteric (proposed) 4.1 uM vs
PRMTI1
47 SAM and substrate pocket 1.8 uMvs H2N+
binding PRMTI Yo
NH
0]
)J\SG GKGGKGLGKGGAKRHRKV-OH
47
55 Cofactor uncompetitive 22 nM vs
PRMTS H (0]
T M YL )
55
56 Cofactor competitive, 3.38 uM vs “ O
substrate uncompetitive PRMT1 ind N
\LS =N
|
g _N
Ho!  on N~F
56
57 Allosteric (confirmed) 2.5 uM vs
H H
PRMT3 s N N
N, bl
N O
57
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Appendix B — LC/MS traces for Arg/Orn Methylations

These LC/MS traces accompany the data presented in Section 2.3.
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Arg-OH with 0.1 eq. Mel:

RT:9.53
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Orn-OH with 1 eq. Mel:

RT:9.40
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Orn-OH with 0.1 eq Mel:
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Appendix C — Peptide HPLC Traces

HPLC trace for H4R3 unmethylated peptide
C

mAU
250

100 [

...............

Peptide sequence: NH,-SGRGKGGKGLGKGGAK-OH
A: LRMS m/z 472 (H4R3 16-mer)

B: LRMS m/z 121 (Tris base)

C: Column flush

MALDI-TOF-MS trace of this sample

1414.80 612

D

1007

1415.81

1416.80

1437.87
1438.81
F 14729 172837 1817.08 Lo7285 201452 204378

1398.99)
1357.63 )

[
1300 1350 | 1400 1450 1500 1550 1600 1650 1700 1750 1800 = 1850 1900 1950 2000 2050

D: 16-mer desired product (1415, M+H)
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HPLC trace for MMA(d)-containing 16-mer fragment peptide of H4
i € AD

1000

|
200

Peptide sequence: NH2-SGR(0Me)GKGGKGLGKGGAK-OH
A: LRMS m/z (ESI)* 420 (15-mer deletion product)
B: Column flush

MALDI-TOF-MS trace of this sample

1258.47_
100 5 C
1259.48
23
=
1428.93
11
126052 143003
9 e
1280.52
8 142192
1240.51
e 7 1281.46 1333.191341.31 10010572 66 N 144892 146643 159353
s 6 6 1505.98 154419
124147 126335 7 122051326.44 5 1406.17 H 145803 152045, 5 6
5 158827_ | 15
q 1484.91
5 1557.40;5

0
1200 1220 1240 1260 1280 1300 1320 1340 1360 1380 1400 1420 1440 1460 1480 1500 1520 1540 1560 1580 16(

C: 15-mer deletion product (1258, M+H)
D: 16-mer desired product (1429, M+H)
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HPLC trace for SDMA-containing 16-mer fragment peptide of H4

mAU ]

16

1489,

150
100
50 2
8
2
| h
‘\ =
IR
| \
\ 1
|
o4+—| |

Peptide sequence: NH,-SGR(Sym-Me;) GKGGKGLGKGGAK-OH

A: LRMS m/z 481 (H4R3(SDMA) 16-mer)
B: Column flush

MALDI-TOF-MS trace of this sample

1444.77
100 e
144577
203
<
‘ 1446.76
143792 85 1se75
1467.76
1415.86 143989 7
0
1416.88
50
140217 143991 146876
3 1447.76 32
1403.02 ez 14850 27
3 1440.88
osss g 142355 * * 1448.71 146102 g
( W o 1000 T50% i 1 ( AL L ( wrogs 1839
1473064 4
e D g s L st M L L
1400 1405 1410 1415 1420 1425 1430 1435 1440 1445 1450 1455 1460 1465 1470 1475 1480 1485 1490 1495 1500

1488.80
9

1489.78
84

1490.77
40

1491.65
15
1497,
149282 3
ol [N

C: 16-mer of putative unmethylated peptide (1415, M+H)
D: 16-mer desired product (1444, M+H)

53

m/z
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HPLC trace for the 15-mer deletion product generated as part of the synthesis of the 16-

mer peptide containing MMA(J)

mAU-
A B
300+
250 i\‘)
2004
150
100
50
- S

Peptide sequence: NH,-SGGKGGKGLGKGGAK-OH
A: LRMS m/z 629 (15-mer deletion product)
B: Column flush

MALDI-TOF-MS trace of this sample

1004 1414.80 612
141581
417.79
777777
o0 [L1438.81
. T N R T T Ty a—r— jor20s 201450 DT oo
o Lo b o s P s A 50 o s s i e s 11/
1300 1350 1400 1450 1500 1550 1600 1650 1700 1750 1800 1850 1900 1950 2000 2050

C: 15-mer deletion product peptide (1258, M+H)
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Appendix D — Exemplar MALDI Assay Traces

Negative control using no inhibitor (expected full enzyme activity):

MALDI 07-Jul-2015 12:39:54
Assay 28 E1 1 (0.031) Cn (Cen,2, 80.00, Ht); Sm (SG, 5x5.00); Sb (5,10.00 ) TOF LD+
1004 1415.96_ 1.29e3
1294
A
1416.94
1013
1437.93
684
<
: M+
s A: M+1 (1415, unmethylated)
525
1417.91 C
423 1443.99 B: M+1 (1429, monomethylated)
382
1425;4 1444 .97
g, 288 .
204 C: M+1 (1443, dimethylated)
1451.92 1466.00
148 15
1466.99
1400.04 1453.90 118
1358.76 1381%81 138786 54 42 1467.97 1488.08 1501.07 1501%11 1572.35
17 14 ‘ ‘ ( ” 52 23 24 2
0t " ‘ - L \“H“H el \‘IMM‘ O L Y TP P OO AT et , it iz
1300 1320 1340 1360 1380 1400 1420 1440 1460 1480 1500 1520 1540 1560 1580 1600
Positive control using Sinefungin 32 as an inhibitor:
MALDI 07-Jul-2015 12:38:46
Assay 28 D4 1 (0.034) Cn (Cen,2, 80.00, Ht); Sm (SG, 5x5.00); Sb (5,10.00 ) TOF LD+
a 1415.69_ 749
100 749
A
1416.69
598  1437.74
589
1438.73
452
< A: M+1 (1415 hylated
S : ( , unmethylated)
1417.67
252
1439.72
188
1418.65
74 1440.70
133‘(3).86 1433.94 53
1317.58 1376.78 28 1473.81 1493.15 1550.31
2 153746 195848 23 1398.82 ‘ (1441_71 13 147969 Ty 150274 o 198871
1y e o s Mt 23 T“HH\HMIW\M thhwwh il AT Dt st AT 4 miz
1300 1320 1340 1360 1380 1400 1420 1440 1460 1480 1500 1520 1540 1560 1580 1600
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Control using no SAM 2:

MALDI 07-Jul-2015 12:39:11
Assay 28 D5 1 (0.031) Cn (Cen,2, 80.00, Ht); Sm (SG, 5x5.00); Sb (5,10.00 ) TOF LD+
1004 1415.77_ 2.30e3
2299
1416.72
1957
1437.69
o 1169
s A: M+1 (1415, unmethylated)
1417.63
M 13867
1439.65
386
1418.54
297
1440.62
1399.80 1419.56 116
1358.49 104 90 147282 148587 1494.85 1543.99
43 1398.71 ‘ 1441.63;35 72 51 27 38
[ , I, 53 7“\h.uw‘mm\ el e ‘HM‘H‘MMH\‘\K‘ — T T
1300 1320 1340 1360 1380 1400 1420 1440 1460 1480 1500 1520 1540 1560 1580 1600
Control using no enzyme:
MALDI 07-Jul-2015 12:39:34
Assay 28 D6 1(0.031) Cn (Cen,2, 80.00, Ht); Sm (SG, 5x5.00); Sb (5,10.00 ) TOF LD+
100+ 1415.80_ 202
292
A
1437.86
248
1416.79
228
1438.85
178
D\G,
A: M+1 (1415, unmethylated)
1417.75
92
1439.80
81
1418.75
1440.77
1317.64 1375.85 28 2% 1492.19 155034
23 23 1399.84
1307.75 || 131962 134285 1353.07 137782 1° 1441.70 1472.92 140021 "5132 453063 1552.34 190007 158201 150604
8 13 7 1358.58 13 ‘ : 7 W 12 p 5 ( 13 4
o I I s ?;Nx al \‘nhmmnm\mm\‘\lum m ‘\hmu\ﬂuh\“ ot g g |hmm\m‘ miz
1300 1320 1340 1360 1380 1400 1420 1440 1460 1480 1500 1520 1540 1560 1580 1600
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Example trace testing compound 206 as an inhibitor of PRMT:

MALDI 07-Jul-2015 12:22:20
Assay 28 A1 10 (0.331) Cn (Cen,2, 80.00, Ht); Sm (SG, 5x5.00); Sb (5,10.00 ); Sb (5,10.00 ) TOF LD+
100+ 1415.85_ 894
894
A
1416.81
700
] 1437.80
414
1438.77 A: M+1 (1415, unmethylated)
1417.75 337
318
C B: M+1 (1429, monomethylated)
1443.80
B 208
1429.78 . 1
29, waanr C: M+1 (1443, dimethylated)
161
1445.74  1465.82
1399.89 66 72
53 1486.97
1205.86 196850 137856 1398.01 ‘ ‘ ‘ ( H werso g 150994 ts1508
0 hnml”\l”‘ uy T \H‘m g Hu\u‘\MHMHH\M%?‘mﬂ"l\umuu“h\” U“M\\H“ Uy | , ‘m " m\uHﬁ\h\mmmm\\mu‘mum\hmm‘\m‘wm}u f ' " " " " i \ miz
1300 1320 1340 1360 1380 1400 1420 1440 1460 1480 1500 1520 1540 1560 1580 1600
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Appendix E — Total MALDI Ion Counts

Total ion counts for each experiment recorded in Figure 4.11, Figure 4.12 and Figure 4.13

t=0h

t=15h

t=3h

t=45h

t=6h

t=21h

t=0h

t=15h

t=45h

t=6h

t=21h

1:1Me0 1:1 MMA(w) 1:1SDMA  1:1 ADMA 1:1 MMAQ@)
Repeat 1 246 139 0 285 60
Repeat 2 144 81 75 169 24
Repeat 3 158 307 0 225 61
Repeat 1 276 85 216 373 120
Repeat 2 225 140 275 140 101
Repeat 3 310 55 104 115 91
Repeat 1 315 180 239 490 90
Repeat 2 759 467 29 131 58
Repeat 3 490 363 139 45 62
Repeat 1 228 66 81 46 39
Repeat 2 225 126 382 230 207
Repeat 3 683 357 278 144 42
Repeat 1 113 149 130 545 73
Repeat 2 115 592 260 1874 183
Repeat 3 774 419 585 247 122
Repeat 1 408 245 300 163 25
Repeat 2 213 194 378 487 61
Repeat 3 315 578 499 229 41
1:4Me0 1:4 MMA(w) 1:4SDMA 1:4 ADMA  1:4 MMAQ)
Repeat 1 61 30 80 152 38
Repeat 2 67 9 87 38 26
Repeat 3 72 47 31 35 38
Repeat 1 143 187 189 214 15
Repeat 2 61 120 56 99 14
Repeat 3 51 208 107 99 10
Repeat 1 125 331 230 201 0
Repeat 2 157 401 187 183 44
Repeat 3 102 328 101 312 34
Repeat 1 84 66 100 553 30
Repeat 2 41 209 106 854 33
Repeat 3 233 189 258 282 31
Repeat 1 134 224 77 719 44
Repeat 2 84 205 96 914 100
Repeat 3 68 371 536 760 22
Repeat 1 50 234 85 402 32
Repeat 2 43 1490 71 23 28
Repeat 3 78 448 92 361 38
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Appendix F — NMR Rearrangement Studies

Overlay of N-Me(0)-Arg(Cbz)-OH 189 and N-Me(w)-Arg(Cbz)-OH 116 in CD;OD at RT

1.04OVERLAY DELTA- AND OMEGA-MMA MEOD.ESP,
0.9+
0.8-

0.7

o o
13 o

|

o
w

Normalized Intensity
o
s

=4

A [

75 7.0 6.5 6.0 55 5.0 45 4.0 35 3.0 25 20 1.5 1.0 0.5 0
Chemical Shift (ppm)

12-hour time course NMR of N-Me(0)-Arg(Cbz)-OH 189 in CD;0D at RT

1A0—:MMA(D) ALL RT.ESP
0.54
i I JY T N N
2 g L M- e Aa) ..
5 I\ JU u A N
FRE A Iy R D
Tg g L )‘—JL NI FiY SO .
2 10 —L O o a N
A JU S A B |
e I Y 1 1
. | _
2.0
A ol . 1
75 7.0 6.5 6.0 55 5.0 4.5 4.0 3.5 3.0 25 20 15 1.0 0.5 0

Chemical Shift (ppm)
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12-hour time course NMR of N-Me(w)-Arg(Cbz)-OH 116 in CD;0D at RT

Normalized Intensity

1.0 NONAMEO4
0.54
0 A -

3 I\ ) N

] A I —
05—- ﬁ\ L/

E IR I ———
104 A . ~

DN s . S
159 A | J l J
209 h J ‘ ~

1 B L. .

75 70 65 60 55 50 45 40 35 30 25 20 15 10 05 0

Chemical Shift (ppm)

7-hour time course NMR of N-Me(8)-Arg(Cbz)-OH 189 in CD;0D at 60 °C

Normalized Intensity

1_0—:MMA(d) 60 C MeOD.esp

o- A g | A A

A N ) N

) Y I N Y R
” L ) X

1A v .

75 7.0 6.5

6.0

55

5.0

45 4.0

35 3.0 25 2.0 1.5 1.0 0.5

Chemical Shift (ppm)
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7-hour time course NMR of N-Me(w)-Arg(Cbz)-OH 116 in CD;0D at 60 °C

Normalized Intensity

ITIME COURSE OMEGA-MMA MEOD.ESP

1.0—_
0.5—5
0 L 14 N
L 1 J LA N
] N 1A | .
0.5—_
1 8 A .
1.0—5
1 L .
] L l J{ Ju\ PN\ P
75 7.0 6.5 6.0 55 5.0 45 4.0 35 3.0 25 20 1.5 1.0 0.5 0

Chemical Shift (ppm)

12-hour time course NMR of N-Me(0)-Arg(Cbz)-OH 189 in DMSO-d;; at RT

Normalized Intensity

Chemical Shift (ppm)

1.0-JNONAMEO3

o.5—f

0 BWE o Jk )\ B
3 /| I\ 1 — A
: J\ It B Gt A

Rt B Ul A Y U .k
. I A R _n

mf o \ ) | |
[N L N U S |

1.59 I \ J 1 I

_2_03 J A 1 A
] )1 N ), SN ¢

75 70 65 60 55 50 45 40 35 30 25 20 15 10 05 0
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12-hour time course NMR of N-Me(w)-Arg(Cbz)-OH 116 in DMSO-d; at RT

Normalized Intensity

Chemical Shift (ppm)

1.0JNONAMEO?
0.5
0 ] S PR A
A A A
1 N J
0.59
] P
E I A J — A
1.0 N
E e A i A
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N
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3 e J
75 70 65 60 55 50 45 40 35 30 25 20 15 10 05
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Appendix G — Crystallographic Information for 233

collect in F:\Data\av2203\impor At 15:90on 7/ 9
Crystal Data
a=82239(4) A a=100.730(2)°

b=82328(4)A B =101.721(2)°
c=102779(5) A y = 116.240(2)°

Volume 580.19(5) A

Space group P-1 Z=
Formula Ci4H;3N; 058, M,
Cell determined from 1934 reflections

Temperature 150K

Pressure 101 kPa Shape block
Colour colourless Size
Dy 148 Mg m™ F000
u 0271 mm’!

Absorption correction multi-scan

Twin 097 Tmax
Data Collection

Diffractometer multi-scan

Scan type ® scans

Reflections measured 4043
Independent reflections 2471

Rint 0.0337
Omax 275781
h= -10 — 10
k= -10 — 10
1= -13—>13
Refinement

Aomin = 042¢A3
AQmax = 037¢A3
Reflections used 2471

Cutoff: I> -10.000(I)
Parameters refined 166

S= 0.94
R-factor 0.064
weighted R-factor 0.107
A0y 0.0006

Refinement on 24

Crystal Class triclinic

2
259.33

Cell O range = 5 - 27°

0.10 X 0.10 x 0.20 mm
272.000

097

1/[0%(Fype?) + (0.025 x P)2 + 0.356 x P + 0.000 + 0.000 x sin0],

w= P = 0.333 x max(Fyp,20) + 0.667 x Feyc?
Parameters
ILabel x ¥y z Uisorequi

S1_[0.87587(7)[0.19442(8)[0.34938(5) [[0.0298 [[1.0000
02 ][0.92502) [[0.1090(2) ][0.23056(14)[0.0339 |[1.0000
€3 J0.7190(3) [[0.2696(3) [0.2777(2) J[0.0268 |[1.0000
C4 J05282(3) [0.1373(3) [0.19442) |[0.0254 ||1.0000
N5 |[0.4449(2) |[0.0538(2)][0.18828(17)[0.0272 |[1.0000
C6 |0.2694(3) [0.1953(3)[[0.0715(2) |[0.0286 |[1.0000
€7 [0.0806(3) [0.2210(3) [0.0887(2) |[0.0322 |[1.0000
08 |[0.0658(2)|[-0.3206(2)|[0.04431(16)[0.0385 |[1.0000
€9 |0.5144(3) [0.1087(3)[[0.29722) |[0.0273 |[1.0000
[C10 |[0.7047(3) [[0.0054(3) |[0.3886(2) |[0.0284 |[1.0000
[C11 |[0.7676(3) |[0.0388(3)|[0.50732) |[0.0321 |[1.0000
[C12 |[0.6464(3) |[0.1988(3)|[0.5341(2) |[0.0356 |[1.0000
[C13 0.4619(3) [[03177(3)|[0.44022) |[0.0349 |[1.0000
[C14 [03956(3) |0.2760(3) [032322) |[0.0312 ||1.0000
[C15 |[0.4242(3) [0.2067(3) [[0.1193(2) |[0.0302 |[1.0000
[C16 [05038(3) [0.3982(3) [0.1351(2) |[0.0333 ||1.0000
[C17 [0.6901(3) [0.5297(3) [0-2219(2) |[0.0333 |[1.0000
[C18 [[0.7977(3) [0.4639(3) [0-2912(2) |[0.0308 |[1.0000
[H61 [0.2661(3) [0.3183(3) [0.0564(2) [[0.0339 |[1.0000
[H62 [0.2806(3) |[-0.1503(3) -0.0097(2) [[0.0337 |[1.0000
[H71 [[0.0449(3) |[0.2983(3) [0.14902) [[0.0373 |[1.0000
[H72 [[0.0949(3) |[0.0959(3) [0.1289(2) |[0.0387 [1.0000
[H111][0.8945(3) |[0.0430(3) |[0.5683(2) |[0.0380 |[1.0000
[H121][0.6898(3) |[0.2265(3)][0.6149(2) |[0.0425 |[1.0000
[H131][0.3779(3) [-043103)|[0.4571(2) |[0.0421 |[1.0000
[H141][0.2698(3) |-03575(3)][0.2609(2) |[0.0363 |[1.0000
[H161][0.4291(3) [[0.4424(3) [0.0860(2) |[0.0407 |[1.0000
[H171][0.7399(3) [[0.6610(3) [0-2318(2) |[0.0408 |[1.0000

[H181]0.9272(3) [0.5483(3) /[0.3478(2) [[0.0360 |[1.0000
[H1510:2956(3) [0.1189(3) 0.0578(2) |(0.0355 |[1.0000

[H81 |[0.028(4) |-0.256(4) |-0.094(3) |[0.0581 |[1.0000

)

Thermal Parameters

[Lavel] Uy Uz Uss

Uzs

Uiz

Uz

[ST_]0.0249(3) |[0.0341(3) |[0.0278(3)

0.0089(2)

[0.00482)

[0.01452)

02 ][0.0320(8) [[0.0446(9) [[0.0323(8)

0.0130(7)

0.0129(6)

0.0235(7,

IC3  0.0269(10)|/0.0309(11)|[0.0233(9)

0.0083(9)

0.0073(8)

0.0154(9)

IC4  0.0260(10)|/0.0286(11)|(0.0250(9)

0.0093(9)

0.0111(8)

0.0149(9)

IN5 0.0231(8) ||0.0289(9) |(0.0274(8)

0.0108(7)

0.0059(7)

0.0113(7,

IC6  0.0244(10)(/0.0316(11)||0.0265(10),

0.0078(9)

0.0075(8)

0.0120(9)

IC7  0.0245(10)(/0.0377(12)||0.0323(11),

0.0132(10),

0.0087(9)

0.0132(9)

08 0.0237(8) ||0.0414(10)|(0.0400(9)

0.0152(7)

0.0039(7)

0.0095(7)

IC9  0.0297(10)(/0.0313(11)||0.0271(10),

0.0109(9)

0.0119(9)

0.0184(9)

IC10 0.0303(10)(/0.0317(11)||0.0270(10),

0.0094(9)

0.0091(9)

0.0185(9)

IC11 0.0364(11)(/0.0383(12)||0.0276(10),

0.0095(9)

0.0084(9)

0.0247(10).

IC12 |0.0468(13)(/0.0460(14)||0.0314(11),

0.0184(10)

0.0172(10)

0.0331(12),

IC13 /0.0449(13)(/0.0351(12)||0.0410(12),

0.0196(10)

0.0236(11)

0.0264(11).

IC14 0.0326(11)(/0.0324(12)||0.0348(11),

0.0115(9)

0.0137(9)

0.0198(10);

IC15 0.0244(10)(/0.0385(12)||0.0321(11),

0.0166(10)

0.0109(9)

0.0165(9)

IC16 |0.0344(11)(/0.0422(13)||0.0387(12),

10.0220(10),

0.0198(10)

0.0248(10).

IC17 0.0378(12)(/0.0319(12)||0.0382(11),

0.0144(10)

0.0194(10)

0.0195(10);

IC18 0.0302(11)(/0.0302(11)||0.0295(10),

0.0072(9)

0.0105(9)

0.0134(9)
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Distances

s1 fo2 J[15104(15A st Jic3 [1.7550(19A
s1 [c1o [[1.7592A [c3 ]lca [1.406(3)A
(€3 ][c18 [[1.4013)A [c4 N5 [[1.3932)A
[c4 J[c15 [[1.4093)A N5 Jice [[1.473@)A
N5 Jco 139324 [c6 Jlc7[[1.5243)A
[c6 |[H61 J0.983A [c6 |B62 [j0.9794
[c7 o8 J[14252)A [c7 |B71 Jj0.965&
€7 ][H72 Jo.980& 08 |H81 [0.81416)&
(€9 |c10 J14103)A [Co Jc14 |[1.406(3)A
[ciofcit |1402(3)A [ciijlci2 [[1.3753)A
[c11|H111]0.944A [c12]c13 13903
[c12]H121]0.9458 c13]ci4 [[1.3833)A
[c13]H131]0.9574 [c14][H141]j0.9424
c15][ci6 [1374(3)A [c15|H151]0.960&
ci6]c17 [[13913)A [c16][H161][0.950&
[c17][c18 |[1.376(3)A c17[H171]j0.947X
[C18[H181]0.948%

Angles

02 51 J[c3 |[107.209)7 02 [[s1 |10 [[107.7409°
(3 |s1_|[c10 |[95.8009)° S1|ic3 [ca 12120015
S1 [C3 |[C18 |[117.24(15)° [ca |[c3 |[c18 |[121.04(18)°
€3 |lca N5 |[r2135017)° (€3 J[c4 |[c15 |[i7.18(18y°
N5 |[ca |[c15 |[121.46(18)° [ca N5 [c6|[11883(15)°
ca |N5 [co |[120.85(16)° [C6 IN5 lco|[12004(16)°
N5 |[c6 [c7_|[116.5817)° N5 |[C6 |61 |[107.388°
(€7 |[ce |[me1 |[109.096° N5 |[C6 |62 |[106.128°
€7 |6 |me2 |[106.263° [H61]/C6 |[H62 [[111395°
(6 |[c7 o8 |[109.10(17)° (6 |c7 |71 |[109.303°
08 |[c7 |[m71 |[107.552° (6 |c7 |H72 |[109.530°
08 |[c7 [m72 |[111.050° H71][C7 |[H72 [[110265°
(€7 |08 |m81 |[105(2)° N5 J[co J[c10 [[i2L.1a17y
N5 |9 |[c1a |[121.29(18)° [c10]co |[c14 1175317y
S1 |Cl0co |[121.1414)° s1_||cio[ctt [117.7316)°
(o |cio]cit |[120.90(18)° c1ojciiciz 12040
co]cii]mi11][118.853° [c12][c11H111][120.700°
ciici2]c13 |[118.93(19)° c11ciz2]H121]119.738°
ci3|ci2[HI21[121.326° c1z]cr3fcia 12172
c12][c13|Hi31[119.262° [c14]c1a]H131][119.028°
(o |[c14c13 120327 (o |[C14]H141][118.974°
c13]C14|H141[120.725° [ca |[c15]C16 [[120.64(19)°
IC4 |[C15||H151([119.241° IC16|(C15|[H151|{120.108°
c13|[c16]c17 [121.88(19)° [c15]c1e]H161]119.148°
C17C16]Hi61[118.971° [c16]c17][c1s |[118.5¢2)°
c16]c17]H171][119.726° [c18C17]H171][121.800°
3 |[c18]c17 1206227 [C3 |[C18|H181][118.39%0°
IC17|(C18||H181|{120.962°
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