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Abstract

Histone lysyl demethylases (20G demethylases) daendy of nuclear proteins that catalyse
the demethyation df*-methylated lysines on histone tails. 20G demetggabelong to the 2-
oxoglutarate and Fe(ll) dependent dioxygenase farp#y, which utilise molecular oxygen to
oxidise a wide variety of cellular substrates. Thethylation states of histone lysines play
crucial roles in regulating gene transcription, ahsequently, the 20G demethylases have
been identified as important regulators of chromafiherefore, the understanding of the
mechanisms and cellular activities of the deme#wedds of considerable interest in the context
of chromatin biology, and also for medicinal chemyis

Work in this thesis has focused upon investigatimg mechanisms and reactivities of 20G
demethylasesn vitro. NMR spectroscopy techniques were used to momimnethylation
catalysed by the 20G demethylase JMJD2E, whichltegsun the acquisition of kinetic
parameters. Also, the use of-¥C-labelled substrate during NMR analysis enablem fifst
direct detection of enzymatically-produced formalglde. Studies with methylated lysine
analogues using mass spectrometry and NMR metleagsled that many 20G demethylases
are capable of oxidising multiple substrates. Qrehsubstratd\’-methylisopropyllysine, was
found to be hydroxylated by JMJD2E, providing sgjoavidence that 20G demethylase-
catalysed lysyl demethylation proceeds via hydratigh. Studies with the lysine analogues
prompted investigations with methylated arginineptjgkes; unexpectedly, three 20G
demethylases were observed to demethylate metbylatginines in both histone peptide
variants and at known methylarginine sites in mist@eptides. These findings indicate that
20G demethyases may have diversified functions dlls,cand are capable of accepting
substrates besides methylated lysines. Investigaiath point-substituted variants of the 20G
demethylase JMJD2A revealed new insights into thle of lysine-241 during catalysis.
Specifically, the proposed role of lysine-241 irygan binding was discredited, with evidence
suggesting that lysine-241 is likely to be invohiedbinding the substrate in the active site.
Mass spectrometry experiments with the 20G demaseyFBXL11 identified hydrolysis of
histone peptides during incubation with the praté&iarther analyses using mass spectrometry
revealed that a metalloprotease was the likelylstdor histone cleavage, indicating that
optimised expression and purification of FBXL11réguired for quantitative assays. Studies
with deuterated methyllysine substrates revealesinall kinetic isotope effect during 20G
demethylase-catalysed demethylation, indicating tite hydroxylation step during catalysis is
partially rate determining. Finally, work was contated on investigating the potential
metabolism of formaldehyde released during histoleenethylation. NMR studies were
conducted monitoring the non-enzymatic reactionghftathione and formaldehyde; these
revealed two novel adduct species that may be fdrimesellular environments. The function
and mechanism of a putative formaldehyde activaéingyme (GFA) was then investigated.
These studies showed a limited effect of GFA upmmfldehyde reactivity, suggesting that
GFA is not involved in formaldehyde metabolism.

In summary, this work has revealed many new insighto both the substrate specificities and
catalytic mechanisms of 20G demethylases and hasided extensive studies probing
potential formaldehyde metabolism. These invedtigat should form the basis of many new
research areas on 20G demethylases and relatechesizy
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Chapter 1. Introduction

Chapter 1

Introduction

1.1 2-Oxoglutarate and Iron(ll) Dependent Oxygegrase

The 2-oxoglutarate (20G) and ferrous iron dependdiokygenases (referred to
hereafter as 20G oxygenases) are a superfamilpmmiheme enzymes that catalyse a
wide variety of biologically important reactiohis.20G oxygenases are present in most
organisms, with over 60 members of the enzyme fahmving been identified in the
human proteom&Known reactions catalysed by human 20G oxygenasesurrently
restricted to hydroxylation and demethylation; hgere in plant and bacterial systems,
a number of other oxidative processes includingpdeatiorf’ * epimerisatiorf; °
desaturatiorf, *°ring expansioht and ring closur® have been identified. Consequently,
20G oxygenases possess one of the most diversevityaprofiles of any enzyme

family, a fact that alludes to their involvementinvide range of biochemical pathways.
1.1.1 Mechanism of Oxidation

Despite their functional variety, members of the @@xygenase family possess
remarkably conserved catalytic machinery. Oxidatbba substrate molecule invariably
occurs after oxidation of a redox active Fe(ll),ievhich is bound within the enzyme
active site by interactions with two or three pnoteesidues (usually two histidines and
one aspartic acid/glutamic acidf).*® The iron binding site is positioned within a
conserved double-strand@ehelix fold (commonly referred to aspabarrel or jellyroll

motif, Figure 1.1), which facilitates binding of | abubstrates and co-factors
simultaneously. In some cases, the oxidised ircgcisp has been identified as an
Fe(IV)-oxo complex using UV-Vis, Mossbauer, EPR aRedman spectroscopi&s.

Oxidation of the catalytic iron is coupled to thengersion of 20G to succinate, which
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proceeds with concomitant reduction of moleculaygen. Therefore, 20G oxygenase
activity in cells is dependent on the availabibifyboth oxygen and 20G, allowing 20G
oxygenases to play roles in both oxygen sensing mbs cycle regulatiofr’ *°
Interestingly, some members of the 20G oxygenasdyfaappear to be more active in
the presence of ascorbdté/?* However, the manner in which ascorbate stimulates

these enzymes is not conclusively understood.

Figure 1.1 Views from a crystal structure of human hypoxia-inducible factor prolyl hydroxylase
(PHD2) with bound substrate (Blue) (PDB ID 3HQU).?? The double-stranded B-barrel is
highlighted in yellow. The catalytic iron is bound in an octahedral geometry to two histidines
and one aspartic acid residue in the active site. Binding at two of the remaining coordination
sites by the 20G analogue N-oxalylglycine is also shown (Pink). The last remaining site is
proposed to accept molecular oxygen during catalysis.

A consensus mechanism for the 20G oxygenases lisazlin Scheme 1.% In this
Scheme, formation of the Fe(lV)-oxo intermediatéoltowed by oxidation (presumed
radical) of a C-H bond on the substrate, resulim¢he formation of a carbon radical
and a Fe(ll)-OH complex. A rebound mechanism betwine two high-energy species
then results in the formation of the hydroxylatesduct, with the catalytic iron
returning to its +2 oxidation state. As this medbhansuggests that formation of the
Fe(lV) intermediate is conserved throughout the 26x@genase family, it is proposed
that substrate binding is the predominant factodétermining reactivity. However,

observed fluctuations in both oxygen binding anel thtes of Fe(IV)-oxo intermediate
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formation for different oxygenases have recentlglleimged this hypothesis, implying

that the precise mechanisms of Fe(1V) formation wey from enzyme to enzynfe.

. e N

H Y H
HO HO HO 0
OH, o OH, o o o
/oﬁée” s + Substrate /Oﬁll’e" s +0, /Oﬁl[:e'"Hls
0”1 Y0 _— 0”7 | YO —_— 0”7 | Y0
His Glu His Glu -HO His Glu
O
+20G
- 2H,0
O H
OH HO
HoOn. I, His N
|, "
20" 1O ey Oﬁée.les
0" | YO
His Glu
(0]
+3H20
- Oxidised Product
- Formaldehyde
- Succinate
H
OH
co OH CO,
z His €O T his I His
O—Fe!. O—Fel! O—Fel
| YO | YO | YO
Q His Gu = Q His Glu Q His Glu
0 e} (e}
HO HO HO

Scheme 1.1 Consensus mechanism for 20G oxygenase catalysed oxidation, modified from
Hoffart et al.”

1.1.2 Functions of Human 20G Oxygenases
a) Madification of Collagen Structure

Collagen is the most abundant protein in humansisradmain component of
connective tissu& Functional analysis of collagen prolyl-4-hydroxsga(P4H),
the first reported human 20G oxygenase, revealedgiolyl hydroxylation at
the trans position catalysed by this enzyme resulted iniksalion of collagen
structure?” %8 Interestingly, it was also discovered that prdiybroxylation at

the 3-position by the 20G oxygenase prolyl-3-hygtage (P3H), which occurs
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after prolyl 4-hydroxylation on a neighbouring pne, destabilises the collagen
triple helix?® suggesting that interplay between different oxygencatalysed

pathways can affect the overall stability of codagstructure. Oxygenase
catalysed hydroxylation of collagen lysyl residaéshe 5-position has also been
identified as a regulator of collagen structuresgioly by facilitating subsequent

glycosylation of the collagen proteiti!
b) Oxygen Sensing

The hypoxia-inducible factor (HIF) prolyl hydroxges (PHD1-3) catalyse
trans-hydroxylation at the 4-position in an analogousnmex to that observed
for collagen prolyl-4-hydroxylase. However, PHDalgted prolyl
hydroxylation on the HIF: subunit (three isoforms of HI&- have been
identified, although the isoform HIFelis the most extensively studied) recruits
the von Hippel-Lindau tumour suppressor proteirsulttng in proteasomal
degradation of HIR: via the E3-ligase-mediated ubiquitylation pathway’
Under hypoxic conditions, the lack of available geg results in down-
regulation of prolyl hydroxylation, stabilising thélF-a subunit. HIFe is then
able to migrate to the cell nucleus and dimeris¢hwHIF-3, signalling
transcription of many target gen€sAnother mechanism of oxygen-dependent
transcriptional regulation involves asparaginyl topg/lation of HIFe by the
20G oxygenase factor inhibiting HIF (or FIEf)In this case, hydroxylation of
an asparagine residue blocks binding of the casatcti p300/CBP, inhibiting
transcriptional activatiof” *° In addition to HIFe, FIH has also been reported
to catalyse asparaginyl hydroxylation on ankyripea proteiné’ It has been
suggested that ankyrin hydroxylation may stabileséiary structuré? although
the precise effects this modification may have ootgin function has not been

conclusively resolved.
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c) L-Carnitine Biosynthesis

L-Carnitine, an important transport molecule faailitg fatty acid metabolism,
is acquired by humans as a dietary supplement odva biosynthesi&® The
first step in carnitine biosynthesis in humans lage thep-hydroxylation ofN‘-
trimethyllysine, which is catalysed by the 20G oagygse trimethyllysine
hydroxylase (TMLH)}* After subsequent fragmentation and oxidation ya&al
by an aldolase and a dehydrogenase respectivelyashstep in the biosynthesis
again involves 20G oxygenase catalysed hydroxylafidnis step is catalysed
by y-butyrobetaine hydroxylase (GBBH or BBOX),which is structurally
related to TMLH?®

d) Phytanoyl-CoA Metabolism

Metabolism of phytanoyl-CoA, a derivative of thelarophyll metabolite
phytanic acid, is facilitated in peroxisomes vidiah hydroxylation at theo-

carbon?’ This reaction, which is catalysed by the 20G oxygpe phytanoyl-
CoA 2-hydroxylase (PAHX) allows partial cleavage thie aliphatic chain,
enabling further metabolism via conventiofiabxidation. Mutations in PAHX
have been reported to ablate its hydroxylation vagti leading to an
accumulation of phytanic acid in cell tissue (a ditan referred to as adult

Refsum’s disease).
e) Lysyl Hydroxylation on RNA Splicing Proteins

In addition to the reportedlysyl hydroxylation in collagen proteins, the 20G
oxygenase JMJD6 has been observed to hydroxylateelyesidues in proteins
involved in RNA splicing'®*° Initial investigations on JMJD6 identified this
protein as an arginine demethylase, acting on téstubstrates; however, these
findings have been difficult to reproduce in otfesoratories* Recent studies

characterising the lysyl hydroxylase activity of JM6 have indicated that
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hydroxylation produces 5-hydroxylysine witl§){stereochemistry at thé-

position®? which is the opposite of the stereochemistry alein collagen.
f) DNA/RNA Modification

In E.coli, DNA is demethylated by the 20G oxygenase AlkBjolltatalyses
the removal of methyl groups froml-methylated bases in single-stranded
DNA.>% >* Demethylation is proposed to occur via hydroxgiaton the methyl
group, resulting in fragmentation of an unstableniaeninal intermediate to
form demethylated DNA and HCHO as produtfS.AlkB has also been found
to demethylate a variety of alkylated DNA and RNdbstrates, thus rescuing
these strands from their toxic alkylated staf&8.Despite its broad substrate
specificity, however, it appears that the modifimses 1-methyladenine and 3-

methylcytosine are the most readily dealkylated.

In humans, 8 AIkB homologues (ABH 1-8) have beepbntidied to date;
however, only two of these enzymes (ABH2 and ABH3ye been shown to
possess demethylase activitiésMore recently, ABH8 has been shown to
hydroxylate 5-methoxycarbonylmethyluridine on tRNstuggesting a diversified
reactivity profile for the ABH subfamil§’ In addition to the ABH enzymes,
another 20G oxygenase has also been reported tetloate DNA. Fat mass-
and obesity-associated enzyme (FTO) demethylatestBylthymine and 3-
methyluracil, and is linked to genetic regulatidhobesity®*®® Also, the TET
family of 20G oxygenases have recently been regotte hydroxylate the
methyl group of 5-methylcytosine, potentially ingfimg a regulatory role for

this novel DNA modificatior?*°®
g) Histone Demethylation

Finally, 20G oxygenases are well known as lysyl eitylases on histone
tails®”’® Histones are small basic globular proteins tharact with DNA in

cell nuclei and are thought to both package DNA eeglilate its transcription
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by means of the ‘histone code’ (see below). Naterminal tails of histones
contain a number of lysine residues, which are mtegoto be methylated on
their side chain amines by a number of methyltemasfe enzymes.

Demethylation of these methyl marks is facilitabgdlysyl demethylases, and is
proposed to form HCHO as a side prodicfurther details on histone

modifications and on the histone demethylases @seribed in the next section.
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1.2 Epigenetics

1.2.1 Definition

In 1942, the biologist Conrad Waddington first @arthe term ‘epigenetics’ to describe
‘the branch of biology which studies the causatkrnattions between genes and their
products®® Subsequent advances in our understanding of genetthanisms have
allowed this initial definition to be revised muylke times, and consequently, differing
interpretive meanings of ‘epigenetics’ are presenthe literaturé™ 8 Recently, the
definition of epigenetics has been narrowed antlisently generally accepted as ‘the
study of heritable phenotypes resulting from change a chromosome without
alterations in the DNA sequend®.Chromosomal changes (such as variations in
histone isoforms, DNA methylation and histone taibdifications) are therefore
proposed to play vital roles in regulating generegpion, implying that, contrary to the

central dogma of molecular biolo§$the reading of genetic material is moderated by

the activities of a number of chromatin modifyingieins.
1.2.2 Chromatin Structure

It has been proposed that epigenetic regulatiogenfe expression is facilitated by
dynamic changes in chromatin structure. In celll@iu®©NA is packaged with histone
proteins to form nucleosomes. Each nucleosome icenBahistones (4 pairs of histones
H2A, H2B, H3 and H4 in animals), around which oe@ge 146 base pairs of DNA is
wrapped (Figure 1.7 Multiple nucleosomes present on one gene resulthin
formation of higher order chromatin structures, efthiare proposed to be at least
partially regulated by the histone Bflin a simplified model, chromatin can exist in
two distinct forms. Heterochromatin is formed wheacleosomes are packed in a
condensed manner, impeding access to gene promatargersely, euchromatin exists
in @ more open geometry, facilitating gene trapgan by allowing activating proteins

to bind to DNA.
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iy
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Histone H2A Histone H2B

Histone H3 Histone H4

Figure 1.2 View from a crystal structure of the nucleosome (PDB ID 1KX3).%* The structures of
the four core histones (extracted from the nucleosome structure) are shown underneath.
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All of the nucleosomal histones posseskelical core regions, around which DNA
binds. However, th&l-terminal regions of the histones are disorderad,ae known to
interact with a variety of chromatin-associatinggynes. Also, these regions possess

multiple sites amenable to post-translational modiions (PTMs).

It is the presence of PTMs on histone tails thamBthe basis of the ‘histone code’
hypothesis of epigenetic regulation. In this modeddifications at particular residues
induce conversion between transcriptionally repvessnd active chromatin states,
either through affecting nucleosomal structure aiye(such as by destabilising the
DNA-histone interactions through charge neutralsgt or through recruiting proteins
capable of modifying chromatin structdfeAlso, the fact that certain histone PTMs can
recruit transcription factors and regulatory compkeindicates that gene expression can
be controlled by PTM induced recruitment of traigasn machinery® Experimental
evidence has suggested that PTMs at particulas sié@ be considered nominally
‘activating’ or ‘repressive’ with respect to theiffects on gene expression. However, it
should also be noted that cross-talk between éifitePTMs on the same gene likely

plays some role in regulating transcription.
1.2.3 Histone PTMs

Known histone PTMs are summarised in Figure 1.3.

11
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Figure 1.3 Schematic diagram displaying known post-translational modifications on the core
histones. The precise positions of histone SUMOylation are currently undefined.

N°-Acetylation on lysyl residues is regulated througterplay between histone
acetyltransferases (HATs) and histone deacetyl@3Bg\Cs). Acetylated lysines are
generally associated with euchromatin, which maydbe in part to their ability to
reduce the net charge of the histone il Also, binding of acetyllysines to protein
domains specific for this mark facilitates recrwgmh of enzymes associated with both

gene transcription and chromatin remodelfih§®

Phosphorylation of serine and threonine residues hEso been linked with
transcriptional activation. This modification h&e teffect of neutralising the positively

charged histone tails (akin to acetylation), pasdiyt weakening the interactions
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between the histones and DNA. Also, studies on 1838bsphorylation have indicated
that this mark antagonises the formation of hetexmwatin by repelling interactions
between chromatin remodelling proteins and trimietieyl H3K9%* This suggests that
transcriptional activation induced by other phospgtlation sites may also be due to

specific interactions with chromatin binding proti

Ubiquitylation occurs within the core regions o$tanes H2A and H2B and occurs via
the E1/E2/E3 ubiquitylation pathwd§.Ubiquitylation on H2A appears to be induced
during gene silencingand has been shown to be upregulated at DNA Igsiomplying

a role for this mark during DNA repait.Conversely, ubiquitylation on H2B promotes
gene transcription by inducing methylation at H3R4jowever, removal of ubiquitin
by deubiquitinases is required for transcriptiomdbngatiom® Interestingly, H2A
ubiquitylation appears to inhibit H3K4 timethylatioindicating that the two ubiquitin
marks have orthogonal functions during gene trapson’’ In addition to
ubiquitylation, SUMOylation has been identified bistone H4 in mammalians ceff%,
and on all core histones in yed$tAlthough investigations into the roles of histone
SUMOylation are ongoing, there is some evidenceuggest that this modification
induces transcriptional repression, particularlythe case of H4 SUMOylation, which

co-immunoprecipitates with HDAC*!: %

Histone biotinylation has been identified at siteshistones H2A, H3 and H4 and is
catalysed by both biotinidase and holocarboxylasehetase® % It is proposed that
removal of biotin from histones may be enzyme-ga&d (possibly by biotinidasé}*
195 although full characterisation of histone debigliéises has so far not been reported.
Analyses on global histone biotinylation levels e@pto suggest that this mark is
enriched in heterochromatin and also during cetiliferation®® % However, the
effects of biotinylation on transcriptional regudet are currently speculative due to the
lack of sufficient biochemical data for specifitesi. Finally, there is some evidence that
biotinylation at H4K12 may be downregulated afteV-ldduced DNA damage,

although it is currently unknown whether loss aftln at this position signals for DNA

repair or apoptosi&®® 1%
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Deimination of arginine andN”-monomethylarginine residues (forming citrulline) i
facilitated by the nuclear protein PADI® 1% This transformation blocks methylation
by the arginine methyltransferases, antagonising risgulatory roles of arginine
methylation. For example, methylation at H3R2 iswn to block binding of H3K4me3
binding domain proteins, negating transcriptionetivation'° Therefore, in this role,
PADI4-mediated deimination allows binding at megtgd H3K4, activating
transcription. Conversely, PADI4 is reported tooasste with the histone deacetylase
HDAC1, signalling for transcriptional repression psomoting removal of activating

histone acetyl marks?

cis-translsomerisation (at P30 and P38 on histone H3) sgorts the only non-covalent
histone modification reported to date. In yeasgmerisation is catalysed by the
isomerase Fpr4, a process which is targeted taHBerolines through interactions
between a nucleolin-like domain on the protein &mel H3 and H4 tails*? There is
some evidence fronm vitro andin vivo activity assays that isomerisation of P38 (from
the trans to the cis conformation) ablates methylation at H3K36 by tlysyl
methyltransferase Set2. Therefore, it is proposed isomerisation at P38 acts as a
repressive mark by antagonising the recruitmenaativator proteins associated with
H3K36 methylation. It is also reported that Fpratiaty is downregulated by
trimethylation at H3K36, which is presumed to ocatter a breakdown in nucleosome
structure during active transcription (thus remgvthe structural constraints imposed
upon Set2 binding by P38). These findings suggesisetalk between the activating

H3K36 methylation mark and P38 isomerisation.

Methylation has been reported on side chain nitiegef both histone arginines and
lysines. Arginine methylation, which occurs on thenitrogens, is catalysed by a
number of arginine specific methyltransferases (HFRMSome members of the PRMT
family (PRMT1-4, 6, 8) methylate on one of the twenitrogens of the guanidinium
group, producing asymmetric dimethylarginii&!*°The other PRMTs characterised to
date (PRMT5, 7) transfer one methyl group onto eaclitrogen, producing symmetric

dimethylarginine*® '?° To date, asymmetric dimethylarginine marks havenbe

14
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identified at three sites on histone H3 and at siteeon histone H4 (at H3R2, H3R17,
H3R26 and H4R3 respectively) and symmetric dimeittgghine marks have been
identified at one site on H3 and one site on H4HAR8 and H4R3 respectivel}A:
There is also some evidence that arginines on H2Arethylated?” The functions of
methylated arginine marks appear to depend on thetipositions of the modifications
and on whether the residues are symmetrically gmasetrically methylated. For
example, asymmetric dimethylarginine at H3R2 ioeaisted with heterochromatin and
is thought to antagonise trimethylated H3K4 indudemhscriptional activation by
blocking its interactions with effector proteins damalso by inhibiting Setl
methylation'?* *2* Conversely, asymmetric dimethylated H4R3 activatasscription
of B-globin by promoting H3 acetylatioi> However, PRMT5 mediated formation of
symmetric dimethylated H4R3 results in increasetlinig of DNMT3A to chromatin,
upregulating DNA methylation and transcriptional pression®® Although
monomethylated arginine marks on histone tails Hasen shown to be converted to
citrulline by PADI4!% ®+to date no arginine demethylase has been idahtifis
stated above, the 20G oxygenase JMJD6 was origitredlght to demethylate histone

arginines™ however, subsequent experimentation has questibiedssignment.

Methylation on theé\*-amine of histone lysines has been reported atipfeilsites (five
on H3 and one on H4) and is catalysed by histosgl Iynethyltransferases via a
proposed §2-type mechanism (usingS-adenosylmethioninéf’ The epigenetic
functions of lysine methylation depend upon theitpms of methylation and also upon
the methylation state. For example, trimethylataarH3K4 is located primarily in the
promoter regions of active genes and is thoughhdoce transcription by recruiting
chromatin modifying enzyméd®*** Conversely, trimethylation at H3K9 induces the
formation of heterochromatin by recruiting HP1 @rethromatin protein 1), thus
repressing gene transcription. Furthermore, dimation at H3K4 appears to be
involved in controlling centromere assembly duried) division*2 Lysine methylation
was long considered to be irreversible, until trsealvery of the first lysyl demethylase

in 200423 These enzymes fall into two classes, as deschibknv.
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1.3 Histone Lysyl Demethylases

1.3.1 Flavin Dependent Demethylases

The first demethylase to be discovered was LSD1'lysine specific demethylase
1').1% LSD1 catalyses the demethylation of H4K4me2/me EB&9me2/me (when

associated with the androgen recepfdryia a flavin adenine dinucleotide (FAD)
dependent oxidation mechanism (Scheme 1.3). Maently, the closely related LSD2
was identified, which catalyses the removal of HB#2/me methyl marks via a similar

flavin dependent pathway?®

& J
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- o)
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Scheme 1.3 Schematic diagram showing the mechanism of LSD1 catalysed lysyl demethylation.

LSD1, as part of the Co-REST complex, facilitateshay inactivation by removing
activating methyl marks on H3K4> |t is proposed that association within the Co-

REST complex protects LSD1 from proteosomal dedracdleand also improves its
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affinity for the K4 substrate. Additionally, LSDIssociates with the 20G dependent
demethylase JIMJD2C and with the androgen recemsulting in gene activation by
demethylating at H3K® In addition to histone substrates, LSD1 is knoven t
demethylate other proteins in cell nuclei. LysiB&® and 372 on the tumour suppressor
protein p53 are demethylated by LSD1, which resmltdiminished binding between
the protein and its binding partner p53BP1. Thes lo$ this interaction restricts
subsequent binding of the complex to DNA, negatpi induced transcriptional
regulation at specific genes. Also, LSD1 is repbri® demethylate the DNA
methyltransferase DNMT1, which is proposed to imprgrotein stability>’ LSD1
depletion results in decreased global DNA methgtatievels, implying that LSD1

plays a role in regulating DNMT1 function.
1.3.2 20G Dependent Demethylases

The 20G dependent demethylases (hereafter refameds 20G demethylases)
represent the second class of histone demethylastsare capable of demethylating
trimethylated, dimethylated and monomethylatedngsiesidues at multiple sites (Table

1.1).
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Table 1.1 Table showing known human 20G demethylases and their methylation specificities

in vivo.

Demethylase Substrate(s)

FBXL10 H3K36me2/me

FBXL11 H3K36me2/me

PHF2 H3K9me2/me

PHF8 H3K9me2/me, H4K20me
JMJID1A H3K9me2/me

JMJD1B H3K9me2/me

JMJID2A H3K9me3/me2, H3K36me3/me2
JMJD2B H3K9me3/me2, H3K36me3/me2
JMJD2C H3K9me3/me2, H3K36me3/me2
JMJID2D H3K9me3/me2

JMJD2E (pseudogene)
JARID1A

JARID1B

JARID1C

JARID1D

JMJD3

uUTx

KIAA1718

H3K9me3/me2
H3K4me3/me2
H3K4me3/me2
H3K4me3/me2
H3K4me3/me2
H3K27me3/me2

H3K27me3/me2
H3K27me2/me

The mechanism of demethylation is thought to prdcéa hydroxylation on thé\*-

methyl groups, resulting in demethylation after gfreentation of the produced

hemiaminal intermediate (Scheme 1.4). Therefores ipossible for 20G dependent

demethylases to demethylate trimethylated lysinedike the LSDs (which require

formation of an imine).

-\H 20G Dependent Demethylase

\H -HCHO \
®

HO.__NH HN__

R

Scheme 1.4 Proposed mechanism for 20G demethylase catalysed lysyl demethylation.
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All of the 20G dependent demethylases possess anju@ (JmjC) catalytic domain,
which contains the jelly-roll motif present withail 20G oxygenases. However, subtle
variations within the JmjC domains of different dehylases are thought to induce
specificities for particular methylation staté®.*°In addition to the JmjC domain,
many of the demethylases possess other domaingwtitair structures (Table 1.2).
Many of these domains are involved in binding DNA ather histone PTMs, thus

regulating enzyme function.

Table 1.2 Table showing known non-catalytic domains in human 20G demethylases and their
proposed functions.

Domain Demethylases in which the Function
Domain is Present
JmjN JMJID2A-F, JARID1A-D Unknown (required for ciytiac
activity)
PHD FBXL10-11, JMJD2A-C, Lysine/Methyllysine Binding
JARID1A-D, PHF2, PHFS,
KIAA1718
Tudor JMJID2A-C Methyllysine Binding
Fbox FBXL10-11 Protein-Protein Interactions
(with Skpl)
BRIGHT/ARID JARID1A-D DNA Binding
CXXC FBXL10-11 DNA Binding
Leucine-rich Repeat FBXL10-11 Protein-Protein lat#ions
C5HC2 Zinc Finger  JARID1A-D Unknown
Tetratricopeptide JMJD3, UTX Protein-Protein Interactions
Repeat

A number of crystal structures of the 20G dependetygenases (truncated catalytic
domains) have been resolved, including structufe3MiD2A and PHF8 complexed
with methylated histone peptides (PDB IDs 20Q6, POX0OS2, 20T7 and 3KV4
respectively)®® *°These structures reveal that the methylated Iyesitlue is able to
bind close to the catalytic iron centre by fillindarge cleft in the active site. Binding of
the lysine within this cleft appears to be stabiidy interactions between the protein
and the peptide backbone, as well by the presehadgdrophobic pocket close to the
iron (stabilising the lysyl methylammonium grouflubstrate selectivity may be due in
part to the flexibility of binding within the clefbinding of trimethyllysine ensures that

one methyl group is positioned close to the irailitating hydroxylation at this
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position. However, for the dimethylated and mondmeited lysines, some orientations
of the methylammonium group result in the methyugr pointing away from the iron,
impeding hydroxylation. The structure of PHF8 rdgethat this enzyme possesses a
slightly more compact active site than JMJD2A, isatarly around the iron centfé&®
Therefore, it is possible that the lack of obselwatimethyllysine demethylation may

be due to steric clashes between PHF8 and thisratéds

Figure 1.4 View of a crystal structure of IMJD2A with bound histone peptide, trimethylated at
lysine-9 (PDB ID 20Q6)."**

1.4 Formaldehyde in Biology

Formaldehyde (HCHO), the simplest aldehyde, isgresm the intercellular medium
and very likely in all cells. Although uptake of HIO may occur through exposure to

environmental sources (HCHO is widely used in itduand can be found in many
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household itemsy**** it is proposed that a significant proportion otramellular
HCHO is produced via metabolic processes, includiemethylation of histond§. *3*
145-148 Ahove threshold levels, HCHO is reported to bemyic'*® and has been linked
to both nasal and oesophageal cancers in work@esed to high HCHO levefg? ***
Such effects on cell viability are proposed to bduced by the formation of HCHO
derived cross-links between DNA and proteins; havewexperimental evidence

confirming the toxicity of such species is currgriéicking*> 5% +°

1.4.1 HCHO Metabolism/Detoxification

In humans, HCHO is thought to be metabolised bgadt two separate pathways. One
pathway utilises the ubiquitous tripeptide glutatié (GSH) as a co-factor (Scheme

1 5) .154, 155

SH S
O [0} (o} (6] (e} o}
H H
)‘J\/\/LL N\)J\ HCHO )J\/\)J\ N\)k
HO ! H OH —— HO ; H OH
NH, o] NH, o]
GSH HMG
NAD*
ADH5
NADH
O
(/
S
o o o o}
)k GSH S-Formylglutathione Hydrolase )J\/\)J\ H\)&
+
H” “OH H,0 HO™ N OH
NH, O

S-Formylglutathione

Scheme 1.5 Proposed GSH-mediated HCHO metabolic/detoxification pathway.

The first step in this pathway is the formation thie hemithioacetal adducs

hydroxymethylglutathione (HMG). This species isrtlexidised by the class Il alcohol
dehydrogenase ADH5, forming the thioesBfiormylglutathione. Further metabolism
by Sformylglutathione hydrolase produces formate, m@twg GSH in its reduced form.
The reaction of GSH and HCHO to form HMG was lohgught to be spontaneous in

cells. However, recent studies Baracoccus denitrificankave indicated that this step
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may be enzyme-catalysé¥. Glutathione-dependent formaldehyde-activating erey
(or GFA) was identified from cell extracts grownden methylotrophic conditions by
measuring the exchange rate between GSH and HM&yuatibrium, using proton
exchange NMR (EXSY) spectroscopy (exchanges rate wieserved to increase upon
addition of cell extracts containing GFA, and algmon addition of the recombinant
protein). Although the reported data imply a rade GFA in HCHO metabolism, it was
noted that the protein is not present in many asgas that contain homologues of
ADH5 and Sformylglutathione hydrolase. Therefore, the regmient for GFA to
catalyse HMG formation may be restricted to paléicispecies. Recently, a human
variant of GFA, named centromere protein-V (or CENWP has been identified and
157

shown to be essential for chromatin organisationndgumitosis:®" The biochemical

function of this protein, however, has not beertielated.

A crystal structure of GFA reveals a unique catalgomain, which binds a zinc ion in
a trigonal coordination (Figure 1.5%f.However, co-crystallisation of GFA with GSH
resulted in the ejection of zinc at this site amel formation of a disulfide bond between
the protein and GSH (Figure 1.5b). These obsemsitemabled a mechanism for GFA-

catalysed HMG formation to be formulated (Figurec)..
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Figure 1.5 (a) View from a crystal structure of GFA without GSH binding (PDB ID 1X6M)."® Zinc
(purple) is bound in a trigonal geometry by three cysteinyl residues on the protein. (b) View
from a crystal structure of GFA with GSH binding (PDB ID 1XA8)."*® GSH (pink) is observed to
bind covalently to C55. Zinc is not observed at this site. (c) Proposed mechanism of GFA-
catalysed HMG formation, based on the crystal structure data. Zinc ejection occurs after
formation of the disulfide bond between GSH and GFA. The zinc then migrates to an
undetermined site on the protein, where HMG formation is catalysed. HMG then leaves the
protein, and the zinc returns to its original site after reduction of the protein-GSH disulfide
bond. Scheme modified from Neculai et al."*®
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In addition to the GSH-mediated metabolic pathwd@HO has also been hypothesised
to be a methyl source in the formation of 5,10-ngkethetetrahydrofolic acié® **°This
intermediate is then able to transfer the methgligrto homocysteine, resulting in the
production ofS-adenosylmethionine (SAM) after further reactit6hTherefore, HCHO
can act as the methyl source for histone methytemases (which transfer t&anethyl
group of SAM to histone lysines and arginines),gating cross-talk between histone

methylation and demethylation.
1.5 Aims

The broad aims of the research described in tesigHocus on;

1. Evaluation of 20G demethylase-catalysed histongl Igemethylation using
NMR spectroscopy, focusing upon the detection ofHdCreleased during
catalysis.

2. Investigations of the mechanism of 20G demethytagalysed demethylation
using substrate lysine analogues.

3. Reviewing the propensity of 20G demethylases to edbytate methylated
arginine substrates.

4. Investigations of the role of lysine-241 in the 2@&nethylase JMJD2A.

5. Investigations of histone peptide fragmentationirdyin vitro demethylation
assays.

6. Investigations of demethylation kinetics using @éeated lysine substrates.

7. Analysis of the non-enzymatic reactions of GSH a&hw@HO using NMR
spectroscopy.

8. Investigations with the HCHO-activating enzyme GHRAm Paracoccus

denitrificans
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Chapter 2

Monitoring Histone Demethylation by NMR:

Detection of Enzymatically Produced Formaldehyde

2.1 Introduction

The mechanism of 20G dependent lysyl demethylatitiises/produces a variety of
substrates, co-factors and products. Previous esudising mass spectrometry,
radioactivity and fluorescence based techniqueg lemabled some kinetic analyses of
the demethylation reactiori; ****®**however, these experimental methods have been
unable to give substantial insights into aspectthefreaction mechanism due to their
inability to identify the multiple products of theaction simultaneously. The current
assay techniques have also not demonstratenh thi&ro release of HCHO as a direct
product of lysyl demethylation - this is proposedoe a crucial aspect of the oxidative
demethylation mechanism catalysed by the 20G degtasts (the formaldehyde
dehydrogenase (FDH) coupled assay mentioned abslies ron the production of
HCHO during the reaction; however, it has not beessible to prove that the HCHO is

produced from direct oxidation of the lysyi-methyl groups using this assay).

Work in this Chapter uses NMR spectroscopy to nooniiMJID2E-catalysed
demethylation. In contrast to previous assay methtiils technique has the potential to
allow evaluation of multiple substrates and produsimultaneously, and therefore,
should provide a more comprehensive analysis ofdémethylation reaction. Also,
NMR can facilitate monitoring of demethylation ditly, without the need for coupling
the formation of products to other enzymatic preessthus complicating the analysis.
Primarily, work focused upon confirming HCHO as eodquct of methyl group

oxidation, and also upon attempts to detect thpgeed hemiaminal intermediate.
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All NMR work was carried out in collaboration wibbr. Nathan R. Rose and Dr. Refaat

B. Hamed.

2.2 Results

2.2.1 Monitoring JMJD2E-catalysed Demethylation'ByNMR

Time course and kinetic experiments in this seatiere carried out by Dr Nathan R.

Rose and Dr. Refaat B. Hamed.

Initial experiments focused upon monitoring JMJD&Halysed demethylation of a
histone peptide fragmenh‘-trimethylated at lysine 9 (sequence ARKme3STGGK,
synthesised via solid phase peptide synthesis¥ Jéptide was selected for NMR work
due to its known activity in both MALDI mass speutretry and FDH assay3,'*°>and
also due to its relatively short length, which iasvproposed could help to minimise
overlap of signals in théH NMR spectrum. Prior screening of potential bugfer
identified ammonium formate (50 mM, 500 mM NaCl 3O, named hereafter as
dAFN) as a suitable buffer based on the relativegh activity of IMID2E in dAFN
buffered samples, and also on its downfiéitl resonance aby 8.42 ppm. Before
analysis of the demethylation reaction was undertak sample of the peptide in dAFN
(pD 7.5) was analysed by NMR in order to identifesific signals of interest. TH

NMR spectrum (together with assignments for €&tbignal) is shown in Figure 2.1.
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Figure 2.1 '"H NMR spectrum (700 MHz) of the histone peptide ARKme3STGGK in dAFN buffer.
'H Assignments are highlighted.

Analysis of the spectrum revealed a singlet resomaat 6y 3.04 ppm, which was
assigned to thdl*-methyl protons at lysine 9 (i.e. the protons dtéatto three carbons
at position 12, Figure 2.1). It was proposed, ttees that JMJIDZ2E-catalysed
demethylation may be analysed by monitoring thensity of this signal over time, and
also by observing the emergence of new singletnaesmes corresponding to the
dimethylated and monomethylated peptide produdpedively. In order to facilitate
identification of the monomethylated and dimethgthsignals in the reaction mixture,
and also to confirm that their chemical shifts aeitably removed from the
trimethylated substrate'H NMR spectra were attained for samples of both the

dimethylated and monomethylated peptide in dAFNFe 2.2).
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Figure 2.2 '"H NMR spectra (700 MHz) of the histone peptides ARKme2STGGK (Below) and
ARKmeSTGGK (Above) in dAFN buffer. *H Assignments are highlighted. Characterisation of the

dimethylated peptide was conducted by Philippa S. Barlow.

5

Comparison of the spectra indicated that tiemethyl group resonances for the
dimethylated and monomethylated peptides posse&s kchemical shifts relative to the
trimethylated peptide, suggesting that the extédniMJD2E-catalysed demethylation
may be evaluated by monitoring the relative intiesiof these signals over time.
Although most of the other signals in th¢ NMR spectra possessed similar chemical
shifts to the corresponding resonances in the thyheted sample, it was also noted
that the signals assigned to #iysyl methyl protons at lysine 9 (labelled 35 &#lin
Figure 2.2) shift depending upon the methylati@iesbf thes-amine. It was postulated,
however, that analysis of these signals during dieytetion might be hampered by
overlap with other resonances in the samples asala} their low relative intensities.
The degree of overlap of the peptide signals whibsé of 20G and ascorbate was

ascertained by acquirindd NMR spectra for both species in dAFN. No oveness
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observed between resonances from these specieshanpeptideN*-methyl group
signals, suggesting that analysis of the lattekkpeduring demethylation should be

viable (Figure 2.3).
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Figure 2.3 '"H NMR spectra (700 MHz) of 20G (Top) and ascorbate respectively (Bottom) in
dAFN buffer.

Time course data for IMID2E-catalysed demethylatvas acquired by preparing a
sample containing trimethylated peptide, enzymeG268odium ascorbate and ferrous
iron (as described in Table 2.1) and analysing shiesequent reaction 4 NMR

using a 700 MHz NMR spectrometer. In order to redine time delay between mixing
and NMR analysis, the sample was pipetted intonra®2 NMR tube and transferred to
the spectrometer immediately after preparation. Fhespectra over the first hour of

reaction are shown in Figure 2.4.

Table 2.1 Composition of the demethylation assay mixture.

Reagent Final Assay Concentration
JMJID2E 1uM

SodiumL-Ascorbate 1 mM

Ammonium Ferrous Sulphate 10M

ARKmMe3STGGK 1mM

20G Disodium Salt 5 mM
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Figure 2.4 'H NMR spectra (700 MHz) of a time course monitoring JMJD2E-catalysed
demethylation of the histone peptide ARKme3STGGK in dAFN buffer. Signals for the N*-methyl
groups, as well as for 20G and succinate, are highlighted.

Demethylation of the substratd®-methyl groups was detected in the sample by
observing the loss of intensity of the trimethythgggnal and also by the formation of a
signal atoy 2.78 ppm, corresponding to the dimethylated prodirace amounts of the
monomethylated peptide was present in the samplevidenced by the emergence of a
singlet resonance &t 2.61 ppm), indicating that some of the dimethylgpeptide had
been further demethylated to the monomethyl formodiction of unmethylated
peptide was not observed, although it is possté the’H-resonances corresponding
to this species overlap with other signals in‘tHeNMR spectra. Peptide demethylation
appeared to correlate with loss of the 20G sigaad the formation of a singlet
resonance aty 2.35 ppm, which was assigned to the aliphaticqm®tof succinate by
analogy to a reference sample. Integration of tleenathylated product peptide
resonances and the succinate resonance reveatetig¢haverall turnover of 20G was
greater than the total extent of peptide demetioylatsuggesting that 20G oxidation
does not always lead to demethylation of the peptidinetic parameters for the
demethylation of the substrate peptide were théarakened by plotting the initial rates
(v) of demethylation at varying peptide concentratigigure 2.5 left) and then
calculating Ky andVnax using the Michaelis-Menten equation (Equation .2Kipetic
data were also attained for the dimethylated pep(figure 2.4 right) in order to

compare the values with those of the trimethylaigustrate.
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Vmax [S]
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Equation 2.1 Michaelis-Menten equation. v = initial rate of reaction. V,,,, = maximal velocity.
Km = Michaelis-Menten Constant. [S] = substrate concentration.
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Figure 2.5 Dose-response curves for JMJD2E catalysed demethylation of ARKme3STGGK (Left)
and ARKme2STGGK (Right), as determined by *H NMR.

The Ky value for the trimethylated peptide (188 + @) was lower than that of the
dimethylated peptide (281 + 36M1). However, the respective values éfax (0.161 £
0.017uM s and 0.197 + 0.004M s™ for the trimethylated and dimethylated peptides
respectively) andt.s (0.016 + 0.002$and 0.019 + 0.001sfor the trimethylated and
dimethylated peptides respectively) were more similThese preliminary Kinetic
observations suggest that demethylation of bothigep might be subject to the same
rate determining step, implying that the greatectgity of the trimethylated peptide
may be due to a stronger interaction with the pnot€he kinetic data attained using
NMR corroborated the trends in reactivity obserusthg the FDH assayp(. Nathan

R. RoseTable 2.2). However, both\)Kandk.,: values were found to be smaller under
the NMR conditions. This loss of activity may beedto variations in sample
preparation, such as limited oxygen availabilitytiie NMR tube, and a less efficient

buffer system.
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Table 2.2 Kinetic parameters attained using NMR and FDH techniques. Values from the FDH
assay were acquired by Dr. Nathan R. Rose.

Substrate Kk by NMR Ky by FDH ket by NMR ke by FDH
(M) (M) (s (sh

ARKmMe3STGGK 188 + 69 21.6+1.3 0.016 £0.002 0.063 + 0.000

ARKmMe2STGGK 281 + 36 28.5+3.9 0.019 £0.001 0.065 * 0.002

The NMR assay was also used to investigate thendepee of the demethylation
reaction on ascorbate. Ascorbate is known to stteubr, in some cases, be near

essential for the activity of some 20G oxygendsés®

however, the exact role that
ascorbate plays in catalysis is unknown. Ascorbi@i@endence upon enzyme activity
appears to vary for 20G family members, suggestiagthe roles ascorbate may play
during catalysis might not be necessary for thection of some oxygenases. Assay
data acquired using MALDI has previously shown thatorbate is not required for
JMJID2E-catalysed demethylation; however, the ratdemethylation in the absence of
ascorbate has been shown to be moderately impaiteztefore, the dependence of
ascorbate on JMJD2E activity was analysed using\&® assay in order to test the
findings from the MALDI experiments, and also teéstigate whether ascorbate has an
effect on the degree of uncoupled 20G turnover. @asncontaining the trimethylated
or dimethylated peptides were prepared without rfaste, and the initial rates of both

demethylation and succinate formation were compaoethe corresponding values

from samples containing ascorbate (Figure 2.6).
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Figure 2.6 Initial rates of peptide demethylation (Red) and total succinate formation (Blue) in
the presence and absence of ascorbate. Error bars are displayed as standard deviations.

In the absence of ascorbate, the initial ratesath Ipeptide demethylation (for both
trimethylated and dimethylated peptide) and sudeirfarmation were observed to
decrease relative to samples containing ascorbdies observation suggests that
ascorbate is able to increase the overall actofitthe enzyme under the testedvitro
conditions. The data also suggest, at least insdraples containing trimethylated
peptide, that ascorbate is able to increase thes rat demethylation and succinate
formation to the same extent. Assuming that reledsthe demethylated peptide and
succinate products is not rate determining (ansl mfy not be a valid assumption), it
could therefore be envisaged that any improvemeenhpymatic activity by ascorbate
may be due to acceleration of a process or prosestdeer prior to or during formation
of the catalytic Fe(IV). One hypothesis that mayledst partially explain these
observations is that ascorbate may increase actiyit maintaining the presence of
Fe(ll) in the enzyme active site, either by redgcamy residual Fe(lll) in solution or by

reducing any Fe(lll) produced during catalysis. Wuaith the 20G oxygenase TauD
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has suggested that ascorbate may be involved ircepses leading to self

hydroxylation, thus indicating another potentiajutatory mechanisrt?
2.2.2 Indirect HCHO Detection by NMR

Having concluded that histone demethylation camaedysed using NMR, subsequent
experiments focused upon detecting the release GH® during the reaction.
Radioactivity studies in cell lysates, using tiii& methyllysine-containing histon&s,
and also the previously described FDH as8aave strongly suggested that HCHO is
produced during demethylation. However, the prodagssvhich HCHO is released
during the reaction (and more specifically whettier carbon atom of HCHO derives
from a lysyl methyl group) has not been conclugivelaluated. The presence of
HCHO was not detected in thi NMR spectra described in Section 2.2.1 presumably
due, at least partially, to overlap of the hydrat#eHO signal (aby 4.73 ppm based on
a reference sample in O, Section 8.2.1) with that of residual water. AIBtCHO in
solution is known to oligomerise and also to reath nucleophiles, prohibiting its
detection in*H NMR spectra (see Chapter 8). Consequently, ifitMR experiments
were carried out using the HCHO trapping agentsedone and glutathione in order to
sequester any HCHO produced and allow its deteatidinectly. These experiments are

described below.
a) Trapping with Dimedone

Dimedone, a cyclic 1,3 diketone, is able to reaith MCHO to form two stable
adduct species (boxed, Scheme 2.1). Dimedone reas Used extensively as a
trapping agent for HCHG it was therefore postulated that addition of
dimedone to the demethylation assay mixtures woesdlt in the formation of

the known adducts, which could then be detecteaydsi NMR spectroscopy.
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Scheme 2.1 Proposed scheme for the reaction of dimedone with HCHO. ‘Stable’
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Figure 2.7 "H NMR spectrum (700 MHz) of dimedone in D,0. The signal at &, 3.21 ppm
under-integrates due to partial proton-deuterium exchange with D,0.
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Initially, dimedone was reacted with a referencenga of HCHO in order to
identify resonances corresponding to the dimedoGél8 adducts. Analysis of
the spectra resulted in the detection of resonanoe®gsponding to all three
proton environments in the two adducts (Figure ,2sBggesting that adduct
production could be analysed by monitoring the loksny of the dimedone
resonances shown in Figure 2.7. However, it wageed that analysis of the
terminal methyl groups (labelled 80 in dimedoneulglobe the most revealing
in the demethylation samples, as this signal hasgtieatest intensity and is
likely to be far removed from other resonanceshi@' spectrum. The time
course data of the reaction with HCHO identifiedbtmew signals aéy 0.92
ppm anddy 0.89 ppm close to the dimedone resonandg &.94 ppm, which
were assigned to the methyl groups of the dimenmit monomeric dimedone-
HCHO adducts respectively (Figure 2.8). Therefareias proposed that adduct
formation in the enzymatic sample could be detebtedhonitoring the growth

of these signals.

0.94 0.93 0.92 0.91 0.90 0.89 ppm

Figure 2.8 'H NMR spectra (700 MHz) monitoring a time course of dimedone and
HCHO in dAFN buffer. Signals corresponding to the methyl groups of dimedone and the
adducts are highlighted.
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The JMJID2E demethylation assay was then preparddasided dimedone (1
mM final concentration) and monitored directly by NMR. Signals a6y 0.92

ppm andsy 0.89 ppm were detected in the fitisk spectrum after mixing (~ 300
s) and were both observed to increase in intermigr the reaction period
(Figure 2.9). It was therefore concluded that trevjpusly identified dimedone-
HCHO adducts had been formed in the sample, thonBreong the enzymatic

formation of HCHO during demethylation.

At=T75s

094 093 092 091 09 08 088 ppm

Figure 2.9 "H NMR spectra (700 MHz) monitoring JMJD2E-catalysed demethylation of
ARKmMe3STGGK with added dimedone in dAFN buffer. Signals corresponding to the
methyl groups of dimedone and the adducts are highlighted.

b) Trapping with Glutathione

HCHO detection was also attempted using the endmgethiol glutathione
(GSH). GSH is known to react with HCHO in cells via sulthydryl group,
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forming the hemithioacet& hydroxymethylglutathione (HMGY® This species
is then oxidised by aldehyde dehydrogenase 5 (mams), facilitating HCHO
detoxification (for detailed analysis of the GSH HQ reaction, see Chapter
8).1%* 15 As well as reacting with free HCHO in solutionpiais postulated that
GSH may also help to fragment the intermediate hemmal produced during
demethylation either in or near to the active sdad therefore may form
adducts with the oxidised peptide. GSH was addeshthoples containing either
the tri- or dimethylated peptides and the subsegueactions were then
monitored by'H NMR. In both samples, neither HMG nor any pept@®H
adducts could be detected. This may be due partalhe low levels of HCHO
in the samples and also to overlap of the addggrtass with other resonances.
Therefore, it was postulated that HCHO detectiomgusGSH may require
labelling, either on GSH itself or on the produ¢tdHO (see Section 2.2.5a).

2.2.3 Direct HCHO Detection by NMR

Although HCHO was shown to be produced during dagiation, experiments with
trapping agents dimedone and GSH did not give cena evidence that the HCHO
was produced directly via oxidation of thN*-methyl groups. Therefore, the
dimethylated peptide'*C-labelled on its methyl groups, was synthesisedrifer to
correlate the loss of the methyllysine signals witie production of HCHO
unambiguously. The synthesis of the labelled pep#idd subsequent experimentation

is described below.
a) Synthesis of Fmoc-Ly§CHs)»-OH

Before synthesis of th&C-labelled peptide via solid phase peptide synshesi
could be attempted, sufficient amounts of the moeren'C-labelled N*-
dimethyllysine were required. It was also neces#laay this methylated lysine
be protected on the-amine using an Fmoc group in order to allow peptid
synthesis via comparable methodology to that usethk previously described

non-labelled peptides (see below). 9-2-(9H-Fluoren-9-
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ylmethoxycarbonylamino)-6:{C-dimethylamino)hexanoic  acid  (hereafter
referred to as Fmoc-LySCHs),-OH) was prepared in two steps from the
commercially available §)-2-(9H-fluoren-9-ylmethoxycarbonylamino)-6-tert-

butoxycarbonylaminohexanoic acid (Fmoc-Lys(Boc)-G&dheme 2.2).

Lok ;
O O\[C])/ N \)J\OH . O. O\[(])/ H \)J\OH
i
HN\C])//O 9k, % B
<
b
o
IjNG\) @CI
H313C 13CH3

Scheme 2.2 Reaction scheme for the synthesis of Fmoc-Lys(*>*CHs),-OH. a) HCOOH, b) 6
eq. °C-HCHO, 2.1 eq. NaBH;CN, MeOH.

The first step in the synthesis required the rerhof/&l*-Boc group, which was
achieved by treatment of the starting material widat formic acid at room
temperature. Removal of the formic adrd vacuq followed by trituration in
diethyl ether, resulted in isolation of the depctéel material as the formate salt.
This product was then used directly in the secdeg, swhich was optimised
from a literature procuduré® After dissolving the lysine in methanol at 0°C, a
portion of 20 % wt.**C-HCHO solution (6 equivalents) in water was added,
followed by 2.1 equivalents of sodium cyanoborolgeldissolved in methanol.
The reaction was then left stirring at room tempeefor two hours. After

reaction completion (which was assessed by both @ah@ mass spectrometry
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analyses), the solution was neutralised with glaaiatic acid and the solvent
removedin vacuo The crude solid was then redissolved in dry awetand
filtered to remove the precipitate. Removal of #tetonan vacuoprovided the
methylated product as a white softti NMR analysis of the product suggested
that the Fmoc protected dimethylated lysine was &% pure, which was

deemed suitable for use in peptide synthesis.
b) Solid-Phase Peptide Synthesis — Description

Synthesis of thé°C-labelled peptide (and indeed all other peptidestioned in

this thesis unless otherwise stated) was achieledtandard Fmoc-mediated
solid phase peptide synthesis (SPPS) using a CSBapxde synthesiser (CS
Bio, USA). A schematic representation of SPPS maltes shown in Scheme

2.3.
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Scheme 2.3 Schematic representation of Fmoc-mediated solid phase peptide
synthesis. The amino acid side chain protecting groups and the resin are acid labile.
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The standard procedure for SPPS utilised in thiskwelies upon systematic
addition of amino acids to a polystyrene resin,clhis connected to the first
amino acid (i.e. th€-terminal amino acid) by an organic linker. Connegthe
peptide to an insoluble solid support facilitaté® tsynthesis by allowing
removal of the many soluble reagents required énitldividual synthetic steps
by filtration. After the last amino acid (tHé-terminal amino acid) is attached
and theN’-Fmoc group is removed, the completed peptide eadldaved from
the resin and linker by treatment with acid (usudiFA). Selectivity of the
coupling reaction is ensured by limiting the nugleitic centres able to react
with the activated amino acid. This is achievedhbytecting all the nucleophilic
side chains of the amino acids already incorporatedthe peptide, as well as
protecting the activated amino acid side chain asdN“-amino group. Side
chains are protected with acid labile protectingugs into ensure orthogonality
with N“-Fmoc protection and also to facilitate their cctiiee cleavage during
acid-catalysed removal of the resin. After an amawid is attached to the
growing peptide, the remaining reagents and sidelymts from the coupling
reaction are washed away, and the peptide is thantivated for the next
coupling by removal of thBl*-amino group. This cycle is repeated until the last
amino acid has been attached. For synthesis optidpevia this method to be
successful, it is important to ensure that the togpmf each amino acid is high
yielding. Therefore, it is common to use a largeess of activated amino acid

relative to the peptide during each coupling step.

Activation of the amino acid and its subsequentptiog to the peptide can be
achieved using various coupling agents. Care megiken when selecting a
coupling method, however, in order to ensure that reaction proceeds in a
high yielding manner whilst minimising peptide ragsation. Peptide synthesis
described in this thesis used diisopropylcarbodier(DIC) and the nucleophilic
catalyst hydroxybenzotriazole (HOBt) to facilitateupling, which resulted in
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overall good yields for peptide formation. The clingp mechanism using this

procedure is shown in Scheme 2.4.
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Scheme 2.4 Mechanism of peptide coupling using DIC and HOBt. Acylation of DIC
results in the formation of an O-acylurea intermediate. This species is then reacted
with HOBt to form the active ester and N,N’-diisopropylurea. Peptide bond formation
is facilitated by nucleophilic attack of the active ester by the peptidic amine, reforming
HOBt.

c) Synthesis and Characterisation of ARKH:),STGGK

After SPPS of théC-labelled peptide (using tHéC-labelled dimethyllysine),
the crude product was purified by preparative LC-MSorder to produce a
sample suitably purified for NMR analyses. MALDIaysis of the purified

sample indicated that the peptide was greater 8@r%o pure, which was
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deemed sufficiently pure for NMR experiments. Inder to confirm the
sequence of the synthesised peptide, and alsostareetthat the*C-labelled
methyl groups had been incorporated into the stracthe'H NMR spectrum
of the sample was collected in dAFN and comparedth® previously
characterisedH spectrum of the unlabelled dimethylated peptfigure 2.10).
The 'H spectrum matched closely to that of the unladepeptide with the
exception of thé\*-methyl group signal, which was observed to bet iy =

143 Hz), presumably due to a one boHe=C coupling.

ARK13Cme2STGGK

b

ARKmMe2STGGK

e
40 35 3.0 25 20 15 ppm

Figure 2.10 'H NMR spectra (700 MHz) of ARKme2STGGK (Bottom) and
ARKCme2STGGK (Top) in dAFN buffer.

Before NMR experiments using the labelled peptideenattempted, the peptide
was first tested as a substrate of IMID2E by MAhi2lss spectrometry. The
peptide, dissolved in 50 mM HEPES buffer pH 7.5 0(10M final
concentration), was incubated with IMJD2E (2 uM)QX2(50 M), ascorbate
100 pM) and ferrous iron (10 uM), and the subsegueaction was analysed
after one hour. Peaks corresponding to both theirgjamaterial and the

monomethylated peptide (i.e. a peak with a masBd%ower than that of the
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substrate peptide) were observed in the mass spectafter one hour,

confirming the labelled peptide as a substrateMafl32E (Figure 2.11).

TOF LD+

100+ 3.36e4

3
H. ZCH,

1004
Ha'%C PCH,
N

%

.......................................... miz
816 818 820 822 824 826 828 830 832 834 836 838 840 842 B44 846 848 B850 852 854 856

Figure 2.11 MALDI mass spectra of ARK*Cme2STGGK with JMIJD2E, 20G, ascorbate
and ferrous iron after one hour at 37 °C (Top), and a control experiment without
JMID2E (Bottom). The peak at 841 m/z corresponds to the sodium adduct of the
monomethylated product.

d) Detection of*C-labelled HCHO

Having prepared the'*C-labelled substrate peptide, NMR time course
experiments (as described in Section 2.2.1) weneedaout in order to probe
for the formation of**C-HCHO during demethylation. It was proposed that
analysis of the time course experiments may be wted using a 1D coupled
13C-heteronuclear single-quantum correlation spectqmg (HSQC) method,
which allows for sole observation of proton resarean attached to &C-
labelled carbon by limiting the number of transgeduring data acquisition.
This experiment was expected to accentuate sidrats the N-methyl groups
and **C-HCHO over all unlabelled resonances, enabling dhetection. It was

hoped thatH NMR may also allow detection 6fC-HCHO due to the presence
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of a large one bontH-*C J-coupling in its'"H spectrum, potentially shifting at
least one of the two peaks away from the residualtemw resonance.
Consequently, the demethylation reaction was moedtby both 1D HSQC and
'H NMR.

Reaction after 30 minutes

Reaction after 15 minutes

Reaction after 3 minutes

T
N

Substrate Peptide WG Gy

I— .

45 4.0 35 3.0 ppm

Figure 2.12 1D HSQC spectra (700 MHz) of a time course monitoring JMJD2E-catalysed
demethylation of ARK*Cme2STGGK at 25 °C in dAFN buffer.

The 1D HSQC analysis of JMJD2E-catalysed demetioylabver the first 30
minutes of reaction (at 25 °C) is shown in Figur&22 Demethylation of the
substrate peptide was implied by the emergence adudblet resonance at;
2.61 ppm tJcn = 143 Hz), which was assigned to tH€-labelledN*-methyl
groups of the monomethylated peptide. In additionthis signal, another
resonance was observed during the reaction downbélthe methyl group
signals aty 4.84 ppm. Analysis of the sample by 2D HSQC reaetdhat the
carbon atom attached to the protons at this resenpossessedaC chemical
shift atdc 81.7 ppm (Figure 2.13), which correlated to thpested carbon shift
of hydrated HCHO (as shown in Section 8.2.1). Tleeg this resonance was
postulated to represelfC-HCHO released during demethylation.

46



Chapter 2. Monitoring Histone Demethylation by NMI&tection of Enzymatically Produced
Formaldehyde

A WJJL

T
ppm

g HN_ —

. ¥*cH
ge 3 i

: Lo
& i 2 [~
b ;

& e

|

¥ N -
% Hy®C  13cH,
%

80

-— .
45 4.0 3.5 3.0 ppm

Figure 2.13 2D HSQC spectrum (700 MHz) of JMJD2E-catalysed demethylation of
ARK™®Cme2STGGK after 30 minutes in dAFN buffer.

The 2D HSQC spectrum also suggested that the ada$aignal aby 4.84 ppm
was part of a doublet resonance (as expected®@HCHO); however, the
other part of this signal was not detectable in 2BeHSQC spectrum due to
overlap with the signal arising from the residualvent. Therefore, the sample
was cooled to 4 °C in the hope that the solverdnasce would shift relative to
the other signals in the spectrum (Figure 2.14§ fi@sultant spectrum revealed

the other*C-HCHO signal aby 4.60 ppm.
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Figure 2.14 1D HSQC spectra (700 MHz) of JMIJD2E-catalysed demethylation of
ARK™®Cme2STGGK at 25 °C (Bottom) and 4 °C (Top) in dAFN buffer.

Finally, the presence dfC-HCHO was confirmed by the addition of authentic
13C-HCHO to the sample, which resulted in accentuaiothe'H resonance, as

observed by 1D HSQC (Figure 2.15).

48



Chapter 2. Monitoring Histone Demethylation by NMI&tection of Enzymatically Produced
Formaldehyde

Authentic '*C-HCHO

Reaction after 12 minutes with added '*C-HCHO
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Figure 2.15 1D HSQC spectra (700 MHz) of JMIJD2E-catalysed demethylation of
ARK**Cme2STGGK with added “*C-HCHO in dAFN buffer.

Having conclusively detectedC-HCHO during demethylation by 1D HSQC,
attempts were then made to analyse HCHO formatipn‘tb NMR. The
demethylation reaction was repeated at 25 °C #hdNMR spectra were
attained over initial time points of the reactiarich revealed formation dfC-
HCHO in the sample by the emergence ofHaresonance aby 4.84 ppm
(Figure 2.16, bottom). The corresponding peaéyad.60 ppm was observed in
the'H NMR at 4 °C (Figure 2.17, top), thus confirmifgetproduction ofC-
labelled HCHO.
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Figure 2.16 'H NMR spectra (700 MHz) of JMJD2E-catalysed demethylation of
ARK™®Cme2STGGK at 25 °C (Bottom) and 4 °C (Top) in dAFN buffer. Signals
corresponding to *C-HCHO are highlighted.

Overall, the NMR analyses of the JMJD2E-catalysethethylation of &3C-

labelled peptide enabled the detection of enzyralyiproduced HCHO. The
source of the carbon atom present in the releagadd®was confirmed as the
N°-methyl groups at lysine-9, thus confirming that T is formed via direct
oxidation of the methyl C-H bonds. This work hasyided conclusive evidence
that HCHO is produced during demethylation, andbeieved to be the first

documented example of using NMR to detect enzyralffiproduced HCHO.
2.2.4 Hemiaminal Detection

Having confirmed the formation of HCHO, attentionasw focused towards the
attempted detection of the proposed hemiaminatrimgédiate during catalysis (Scheme
1.4). Analysis of the 1D HSQC spectra describe&éction 2.2.4 did not reveal any
13C-labelled signals apart from those assigned t@émide methyl groups and HCHO,
suggesting that the hemiaminal may be too unstablee detectable by NMR directly.
However, detection of freEC-HCHO using the 1D HSQC methodology implied that
addition of GSH to the mixture may result in thenfiation of the*C-labelled
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hemithioaminal intermediate HMG, allowing detectidtdy NMR. Analysis with
unlabelled peptide did not allow detection of an$H5 adducts (Section 2.2.3b);
however, it was proposed that using the labellegtipe may amplify theN‘-methyl
group derived signals in the intermediate, fadilig their detection by 1D HSQC. GSH
was added to the demethylation assay sample andarexhdirectly by 1D HSQC. The
1D HSQC spectra acquired after a 45 minute rea¢tio85 °C and 4 °C) are shown in
Figure 2.17.

R k$ Reaction at 4°C

- e bttt A i e wor
N .

HO OH $ Reaction at 25°C

13C’ Hy'3C.

H™YH / OH

Kiiiid P G e

— e e e

5.0 45 40 35 3.0 ppm

Figure 2.17 1D HSQC spectra (700 MHz) of JMIJD2E-catalysed demethylation of
ARK™Cme2STGGK at 25 °C (Bottom) and 4 °C (Top) in dAFN buffer. Signals corresponding to
BC-HCHO and **C-HMG are highlighted.

Interestingly, using théC-labelled peptide in the reaction facilitated theection of
3C-labelled HMG as manifested by the observatioraadoublet of a doublet of a
doublet (ddd)'H resonance ay 4.67 ppm by 1D HSQC (Figure 2.17). Although this
species was not observed in the previous expersr(&action 2.2.3b), the results with
the labelled peptide suggest that the HMG was)lieesent in these earlier samples,
but was not detectable due to overlap of its charistic 'H-signals. However, the 1D

HSQC spectra did not indicate the presence of amakderived from the potential
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GSH-peptide adduct, implying that this speciesosfarmed during demethylation (the
small signals aéy 2.80 ppmpy 2.99 ppmoy 3.58 ppm andy 3.77 ppm in Figure 2.17
were assigned to theC satellite resonances of theglycinyl protons of GSH and the
a-keto CH of 20G respectively). Overall, this work did nadicate formation of the
hemiaminal intermediate, implying that this spede<ither not produced, remains

enzyme bound, or is too unstable to be detectedNd techniques.
2.3 Conclusions and Future Work

Work in this Chapter details the first reported o§&NMR to monitor the reactions of
20G dependent histone demethylases. In particlisiR experiments with IMID2E
allowed the determination of not only kinetic paeders for demethylation, but also of
initial demethylation and succinate formation raiesthe presence and absence of
ascorbate. The direct detection of enzymaticallgdpced HCHO was not possible
using a non-labelled substrate; however, additiothe HCHO ‘scavenger’ dimedone
to the reaction mixture enabled the detection ofH@Cindirectly. Analysis of the
reaction using a synthesiseétC-labelled histone peptide enabled detection 6t
HCHO, which was observed to react with the cellulaiol GSH, forming the
biologically relevant adduct HMG. Overall, thesedies have shown NMR to be a
useful tool for monitoring enzymatic reactions, esplly those which produce multiple
products. However, it should be noted that the riegle possesses a number of
limitations. Firstly, the fact that only one sampman be monitored in the NMR
spectrometer at a time, and the fact that eachriemeet requires a relatively large
sample volume suggests that, at least as presemtiygured, NMR is not a suitable
method for multiple analyses, e.g. potential infmibiscreening. Also, the NMR
experiments employed have been unable to confirenetkistence of any oxidised
intermediate species formed during the demethylatreaction. Assuming that
demethylation of the lysyl residue must proceed asi@ation on arN*-methyl C-H
bond, it seems likely that any intermediate spepresiuced during the reaction is too

unstable to be detected by NMR techniques. Thezefature experimentation probing
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the formation of intermediates during demethylatwould in all probability require

new methodologies, possibly using substrate anak{gee Chapter 3).
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Chapter 3

Probing the Reactions of 20G Demethylases with

Lysine Analogues

3.1 Introduction

The work described in Chapter 2 illustrated thameihylation of peptidicN‘*-
methylated lysine by JMJD2E (and by implication ather members of the 20G
demethylase family) results in the formation of HGHHowever, these experiments
could not conclusively determine the nature ofititermediate species produced during
demethylase-catalysed oxidation, and therefore,esaspects of the mechanism by
which HCHO is produced could not be determined.s€habservations imply that the
intermediate(s), such as the proposed hemiamitatnmediate (Scheme 3.1), may be
too short-lived to be detectable by the previouldgcribed methods. Therefore, it was
proposed that new approaches may be required ier aal further elucidate the
mechanism of oxidation, and in particular to dentiate that it proceeds via a

hydroxylation step.

(0] o} (0}
H H H
N N N
e o YA
B 20G Demethylase 2 Fast R . J\
N® _N® _oH N

Hemiaminal
Scheme 3.1 Scheme showing the proposed formation and fragmentation of the hemiaminal

intermediate during 20G demethylase catalysed lysyl demethylation. The hemiaminal
intermediate is too short-lived to be detected directly.
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This Chapter describes work using methylated lysinelogues as potential substrates
of histone demethylases. It was hoped that thdsstraties may enable the detection of
novel oxidative reactions with the demethylase eres;, and would therefore provide
new information on many aspects of the demethylati@chanism. In particular, it was
proposed that analysis of any novel products preduduring catalysis may give
evidence for the occurrence of hydroxylation durmegthyllysine demethylation. In
addition to revealing new insights into the redtfivf the lysyl demethylases, it was
also hoped that the lysine analogues may probeathige site space available for
substrate binding, and therefore, may help in teeebpment of novel substrate-

competitive inhibitors.

MALDI analyses with PHF8 were carried out in coldation with Louise Walport.

3.2 Results

3.2.1 Design of Lysine Analogues

In order for the lysine analogues to be useful fovestigations with histone
demethylases, a number of factors had to be caesid&irstly, it was important to
ensure that the analogues be suitably similar @ontlethylated lysine residues in order
to ensure a good chance of binding in the actitee $his would include leaving the
amido and carbonyl groups of the lysine residuacintot only to allow incorporation
into a peptide, but also to retain any hydrogendom interactions between the
peptidic backbone and the enzyme.*® °|t was also deemed necessary for the
analogues to possess oxidisable bonds (prefelgrdil/l C-H bonds) positioned close
to the ferrous iron during catalysis. In order tohe for evidence of the proposed
hemiaminal intermediate, it was also deemed prudenproduce analogues with a
potentially oxidisable bond in an analogous positio theN*-methylated lysine methyl
group (i.e. a bond attached to a side chain cagtom ~ 6 atoms away from the
carbon). This would hopefully facilitate oxidatiarf this bond in a similar fashion to
the natural substrate, allowing observation ofttemiaminal intermediate or analogous

product. It was also intended that the synthesih@fanalogues (a$’-Fmoc protected
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amino acids), as well as their incorporation inéptides, should be suitably efficient to

ensure that peptide screening is viable.

Taking these factors into consideration, the follayysine structures shown in Figure

3.1 were targeted.

Figure 3.1 Structures of the proposed lysine analogues. The structure of the natural
methylated lysine substrates are boxed.

All of the analogues selected for investigationhwite demethylases possessed alkyl
groups connected to a side-chain amino group. ¥ Weerefore hoped that these
analogues would be suitably similar to the metlegatysine substrates to allow their
binding in the enzyme active sites. Additionallyl, & the analogues except foi-
dimethylornithine possess C-H bonds in analogowsstipas to the\°-methyl group C-

H bonds of methylated lysines. It was thereforetydated that these bonds may be
oxidised by the demethylases, resulting in the &drom of new products and providing

evidence for the formation of a hemiaminal duriggyl demethylation. A number of
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the analogues were also targeted in order to albowparisons with the natural
methyllysine substrates. For example, comparingdégraethylation of dimethyllysine
with any reactions of methylethyllysine and dietygine analogues may give insights
into the relative binding affinities of each speciand may also reveal the enzyme
specificities for methyl versus ethyl groups on tiisine residué?® Comparing the
reactions of dimethyllysine, methylethyllysine antkthylisopropyllysine analogues
may also give information on the preference of stui®n around the oxidised C-H
bond. Analysing the reactions of the ornithine dedi analogues should reveal whether

thee-amine is required for oxidation.

It was anticipated that all of the analogues predosould be produced from the
correspondingN“-Fmoc protected lysine or ornithine in a maximumtab steps

(Scheme 3.2). This was expected to allow efficispithesis of sufficiently large
amounts of the amino acids, and therefore, it waset that peptide formation should
be enhanced by allowing more of the monomeric aneds to be used for each

synthesis.
3.2.2 Synthesis of Lysine Analogues

The synthetic procedures used for each lysine gonalare defined in Scheme 3.2.
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Scheme 3.2 Synthetic procedures for preparation of the N*-Fmoc protected lysine analogues.
a) TFA, triisopropylsilane; b) AcH (5 eq.), NaBH;CN (1.1 eq.), EtOH; c) AcH (5 eq.), NaBH;CN (2.1
eq.), EtOH; d) acetone (1.5 eq.), NaBH;CN (1.1 eq.), EtOH; e) HCHO (6 eq.), NaBHs;CN (2.1 eq.),
MeOQOH.
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The alkylation steps used in the syntheses involted reduction of imine
intermediates, producenh situ from the side-chain amine and an aldehyde/ketone.
These steps generally proceeded in good yieldsitires in the production of the
alkylated products in large amounts. The most ehgihg aspect of the syntheses,
however, was found to be purification of the pradudlthough in all cases, the
product in crude form was found to be suitably piaredirect use in peptide synthesis
(as assessed by NMR), purification was attempted on the analogire®rder to
facilitate their characterisation. Purificationtbe analogues was impeded by a number
of factors. Firstly, extraction of the analoguetirganic solvents was impeded by
their polarity (a number of the species were fotmte soluble in water). This polarity
also hampered purification by silica-gel liquid ehmatography, which resulted in the
products sticking to the polar column. Attempts matrification by HPLC were
unsuccessful, presumably due in part to the hydibjity of the Fmoc groups.
Purification was finally achieved by triturationtividiethyl ether. This allowed removal
of the organic impurities in the crude mixturesd @roduced the desired products in
over 80 % purity as white solids. Descriptionsia# synthetic procedures used, as well

as characterisation of the analogues, are desanb@bapter 10.
3.2.3 Incorporation of Lysine Analogues into SubstrPeptides

In order to give the lysine analogues a good chaoiceeacting with the 20G
demethylases, it was important to incorporate thalagues into suitable substrate
peptides, i.e. by substituting the methylated lgsfor the analogues in the histone

peptide fragments. The selected peptides are shrolable 3.1.
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Table 3.1 Peptides with incorporated lysine analogues.

Peptides Enzymes to be tested
ARTKmMe3QTARKmMeetSTGGKA JMJD2E, JMJID2A, PHF8
ARTKmMe3QTARKet2STGGKA JMJID2E, IMJD2A, PHF8
ARTKmMe3QTARKIiprSTGGKA JMJD2E, JMJID2A, PHF8
ARTKmMe3QTARKmMeiprSTGGKA JMJD2E, IMJD2A, PHF8
ARTKmMe3QTARKforSTGGKA JMJD2E, JMJID2A, PHF8
ARTKMe3QTAROMe2STGGKA JMJID2E, IMID2A, PHF8
ARTKmMe3QTAROet2STGGKA JMJD2E, JMJID2A, PHF8
PATGGVKmeetKPHRY JMJID2A, FBXL11
PATGGVKet2KPHRY JMJD2A, FBXL11
PATGGVKiprKPHRY JMJID2A, FBXL11
PATGGVKmeiprKPHRY JMJD2A, FBXL11
PATGGVKforKPHRY JMJID2A, FBXL11
PATGGVOmMe2KPHRY JMJD2A, FBXL11
PATGGVOet2KPHRY JMJID2A, FBXL11

For investigations with H3K9 substituted analoguEs;mer peptides trimethylated at
position 4 (corresponding to lysine-4 in histone) M@&re selected (the 15-mer peptides
of the sequence ARTKmMmexQTARKmMexSTGGKA are knowiédbetter substrates for
JMJID2E, JMJD2A and PHF8 than the previously desdri®-mer peptides, sequence
ARKmexSTGGK, Dr. Nathan Rose, personal communioatiDemethylation activity
of PHF8 (at H3K9) has been shown to be signifigamitreased in the presence of
trimethylated H3K4% Y™ and therefore, it was proposed that peptides purating
this modification would likely have a greater chanaf reacting with this enzyme.
Previous experiments with the analogous dimethyleyspeptides have shown that
trimethylation at position 4 does not affect demkttion at position 9 by JIMID2E and
JMJID2A, allowing these doubly modified peptidesh®tested as substrates for these
enzymes as well. For studies with K36 selective eteplases (JMIJD2A and FBXL11),

the analogues were incorporated into a standamdr2septide (in place of H3K36).
3.2.4 Analyses of the Reactions of Analogue Peptidén Demethylases

Having synthesised and purified the lysine analogu@aining peptides, each peptide
was incubated with the corresponding 20G demetbglasghlighted in Table 3.1 and
the samples were analysed for evidence of reachinal analyses were carried out

using MALDI mass spectrometry, which allowed théedgon of any oxidised products
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in the samples by displaying new peaks in the rspsstra. In some cases, identified
products from the reaction were then subjecteditinér analysis by MALDI and NMR
in order to give insights into their formation atedidentify any small molecule species

released. Analysis of each lysine analogue is destbelow.
a) N°-Methylethyllysine

The MALDI mass spectrum of the reaction of JMJD2Bhwthe peptide
ARTKmMe3QTARKmMeetSTGGKA is shown in Figure 3.2

- il -42 Da LD+
-28 Da
o + JMJD2E :
~No
MNJ /
0 = . /i\j\’\__ i ; /\/.\ ; i . .M . f\/\fxf
1004 _ w
Kh’l\
/
" - JMJD2E
0 m J iz
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Figure 3.2 MALDI mass spectrum of a sample containing JMID2E (2 uM),
ARTKme3QTARKmMeetSTGGKA (10 uM), 20G (50 uM), ascorbate (100 uM) and ferrous
iron (10 uM) after one hour at 37 °C. The control experiment without enzyme is shown
below.

After one hour, significant new peaks were detedatedhe MALDI mass
spectrum. The intensity of these new peaks (at 1802 and 1618 m/z
respectively) was significantly greater than thathe starting material, which
suggested that reaction had occurred on the méhlyllissine peptide. The

masses of the new peaks appeared to correspohd tubstrate peptide with a
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loss of the\N*-ethyl group (at 1618 m/z, loss of 28 Da) and a lafsboth theN‘-
ethyl group and\*-methyl group (at 1604 m/z, loss of 42 Da) respetyi
These observations imply that JMJD2E can catalygd demethylation and

‘deethylation’, presumably by oxidative mechanisms.

In order to investigate whether a monoethyllysieptpe intermediate could be
observed, the reaction was repeated and monitoredtbe first 30 minutes by
MALDI mass spectrometry (Figures 3.3 and 3.4). tidion to facilitating
detection of monoethyllysine peptide, this expenimgas intended to allow the
concentrations of each species in the mixture tquamntified over time, which,
it was hoped, would reveal whether some of theigeptpresent were substrates

for subsequent reactions.
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Figure 3.3 MALDI mass spectra of a sample containing JMID2E (2 uM),
ARTKme3QTARKmeetSTGGKA (10 uM), 20G (50 uM), ascorbate (100 uM) and ferrous
iron (10 uM) over time at 25 °C.
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Figure 3.4 Concentrations of peptidic species derived from
ARTKme3QTARKmeetSTGGKA, during the reaction with JMJD2E.

Firstly, it was noted that after 10 minutes reactinearly all of the substrate
methylethyllysine peptide had been reacted in thenpde, either to the
monomethyl peptide, unalkylated peptide or to acieidentified by its mass
peak at 1632 m/z. The latter indicates that mornyigdine peptide is formed,
presumably via demethylation of the substrate pepftihis species was most
prevalent in the sample after 3 minutes reaction u{2), however its
concentration was much lower than that of the magtbgilysine peptide over
all time points. The apparent preference for ddatiopn over demethylation
may indicate that the bulkier ethyl group is prefdially orientated close to
catalytic iron in the enzyme active site. After 3nates, the amount of
monoethyllysine peptide in the sample appearednondgh, which coupled to
the observed increase in the peak intensity at 1®@2L This observation
indicated that the monoethyllysine peptide can ur¢hér demethylated to the
free lysyl form. In addition to deethylation of naethyllysine, it is possible that
the free lysyl peptide may also be formed via déwylation of the
monomethyllysine peptide; however, the rate of damplation of this species
appeared to be lower than the deethylation of mihiytigsine peptide, despite
the higher monomethyllysine peptide concentratibmese observations imply

that the deethylation rates of both methylethytgsiand monoethyllysine
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peptides by JMJD2E are faster than the demethylatiates of the

corresponding methylethyllysine and monomethyllggpeptides respectively.

In order to compare the dealkylation rates of mlethyllysine and
dimethyllysine peptides, the MALDI experiment wapeated in the presence of
dimethyllysine peptide (1aM, sequence ARKmMme3QTARKmMe2STGGK). This
peptide was deliberately selected so that peakgh®rmonomethylated and
unmethylated peptides deriving from methylethyisiand dimethyllysine
peptide could be distinguished from one anotheralysis by MALDI over
initial time points revealed that loss of the dihgtpeptide was comparable to,
albeit slightly faster than, the loss of the megiyylpeptide, indicating that

reactions on the two modified lysines occur witigar rates (Figure 3.5).
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Figure 3.5 Concentrations of peptidic species derived from the incubation of JMJD2E
with ARTKme3QTARKmMeetSTGGKA and ARTKme3QTARKme2STGGK.

Having identified demethylation and deethylatiomwdthylethyllysine at H3K9,
experiments usingH NMR were then conducted in order to further irigegte

products formed during the reaction. In particuldrwas hoped that these
experiments would help to identify the side pro¢sictproduced during
deethylation in order to offer insight into the e¢gan mechanism of this

process. The methylethyllysine peptide was incubatgh JMID2E (10uM),
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20G (5 mM), ascorbate (1 mM) and ferrous iron (M) in dAFN buffer, as
described in Chapter 2. The reaction was then mi@dtby'H NMR over 30
minutes at 25 °C (Figure 3.6).

—— = Reaction after 30 minutes

—— = Reaction after 5 minutes

Succinate
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Figure 3.6 'H NMR spectra (700 MHz) of the reaction of ARTKme3QTARKmeetSTGGKA
with JMJD2E after 5 minutes (Blue) and 30 minutes (Red) respectively in dAFN buffer.

In addition to the formation of succinate, it wasdent that reaction of the
peptide had occurred by observation of new peakbélH NMR spectra. By
analysis of their respective chemical shifts, nplitities and relative intensities
over time, it was possible to assign each of th& signals to products of the
reaction. Firstly, it was noted that the singletamance aéy 2.79 ppm, which
was assigned to thé&-methyl group protons at lysine-9 on the substpaiatide,
decreased in intensity over the reaction periods Tdss in intensity appeared to

correlate with the emergence of a new singlet r@so@ atéy 2.67 ppm,
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suggesting that this new signal corresponds toopsoattached to one of the
proposed dealkylated peptide products. The fadt tiia signal possessed a
similar chemical shift to that observed for tH&-methyl groups of
ARKmMeSTGGK (Figure 2.2), and also thatooupling between these protons
and other protons in the structure was detectdowedl this resonance to be
assigned to theN*-methyl group protons at lysine-9 on the peptide
ARTKmMe3QTARKmMeSTGGKA. It was also possible to detbe formation of
the monoethyllysine containing peptide by the eraecg of a triplet resonance
at oy 1.26 ppm. The intensity of this signal over thacten period, however,
was much lower than that of the aforementioned masce atoy 2.67 ppm,
suggesting that the monoethyllysine species wasepteat much lower
concentration in the sample (consistent with the LA experiments). The
emergence of this signal appeared to correlate thighloss in intensity of the
substrate terminaN‘-ethyl group resonance (a4 1.28 ppm), supporting

assignment of this signal to the monoethyl product.

Having confirmed the formation of monomethyllysia@d monoethyllysine

containing peptides in the NMR sample, attentiors viarned towards the
detection of other potential products. It was psgzbthat demethylation of the
substrate peptide would likely result in the forroatof HCHO, which could be

detectedn situ by the addition of dimedone to the reaction miat(see Chapter
2). The likely product of deethylation was postethto be acetaldehyde (AcH),
although it was also noted that other mechanisitbyeays may be possible in

the sample, resulting in formation of other spe¢&sheme 3.3).
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Scheme 3.3 Possible reaction pathways for the deethylation of methylethyllsine.
Potential small molecule products are shown.

Firstly, the production of HCHO in the sample wawestigated by adding
dimedone (1 mM final concentration) to the NMR rapd. Analysis of the

spectra revealed formation of a signaléat 0.89 ppm, which appeared to
increase in intensity over time. This signal wassigieed to the

hydroxymethyldimedone adduct by analogy to the tspein Section 2.2.3a,

implying that HCHO is produced (Figure 3.7).
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Figure 3.7 'H NMR spectra (700 MHz) of the reaction of ARTKme3QTARKmeetSTGGKA
with JMJD2E with added dimedone in dAFN buffer. The signal at 6, 0.89 ppm increased
in intensity over time.

The formation of AcH as a product of deethylatioaswdemonstrated byH
NMR analysis. In addition to the new signals ddsamatiabove, the NMR spectra
revealed two new doublet resonancesdat1.28 ppm anddy 2.19 ppm
respectively. The intensities of the two signals@ased in a near linear fashion
over the 30 minute analysis period, which suggestat their production was
coupled to dealkylation. Although accurate quacdifion of the sample
concentrations was hampered by the low levels adyrts, it appeared that the
production of the new signals correlated to theeoled formation of the
monomethyllysine peptide. This observation suggedteat the new peaks
corresponded to protons attached to the small migqaroduct of deethylation.
Addition of authentic AcH to the reaction mixtuiéoaved the assignment of the
two signals to the methyl protons of AcH, in theeddyde and hydrate forms

respectively (Figure 3.8).
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Figure 3.8 'H NMR spectra (700 MHz) showing production of AcH during deethylation
of ARTKme3QTARKmMeetSTGGKA by JMID2E in dAFN buffer. The spectrum of authentic
AcH is shown above.

Having identified JMJD2E-catalysed demethylatiord ateethylation of the
methylethyllysine containing peptide at lysine{9e tsame peptide was reacted
with IMID2A and analysed by MALDI mass spectromatrgrder to determine
whether similar reactivity could be detected. lestingly, analysis of the
reaction after one hour at 37 °C did not reveal emction of the substrate
peptide. Although it is tempting to equate the latlobservable reaction in the
sample with a variation in substrate specificitytween the two JMJD2
enzymes, it was also noted that the batch of JMJD&&d in this study was
significantly less active than the correspondinmigle of JIMID2E. After one
hour at 37 °C, JIMJD2E was able to catalyse the tetenplemethylation of the
peptide ARTKQTARKmMe3STGGKA by MALDI analysis. Howew the batch
of JMIJD2A was only capable of demethylating then&thylated peptide to
predominantly the dimethyl form, indicating thae themethylation reaction was

significantly slower with this enzyme. Analysis afl the reaction mixtures
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containing JIMJD2A and the lysine analogue pepta=cribed in Table 3.1 did
not reveal any reaction products identifiable by MDA analysis. This implied
that the relatively low activity of the JMJID2A salmpvas responsible for the

lack of reaction, at least in some cases.

Therefore, the methylethyllysine peptide was rehegtéh the non-JMJD2 20G
demethylase PHF8 in order to identify any obsewakehction. The MALDI

spectrum after one hour at 37 °C is shown in Figu@e
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Figure 3.9 MALDI mass spectrum of a sample containing PHF8 (2 uM),
ARTKme3QTARKmeetSTGGKA (10 uM), 20G (50 uM), ascorbate (100 uM) and ferrous
iron (10 uM) after one hour at 37 °C. The control experiment without enzyme is shown
below.

Analysis of the MALDI spectra revealed the formatiof a species with a mass
of 1604 m/z, which was assigned to the unalkylggteptide at K9 by analogy
with the data with JMJD2E. Interestingly, there was evidence for the
monomethyllysine peptide in the sample, althougheldid appear to be a small
amount of the monethyllysine peptide present, d&cated by a peak at 1632

m/z. In order to investigate the time dependenceach peptides’ concentration,

70



Chapter 3. Probing the Reactions of 20G Demethglagth Lysine Analogues

and also to determine whether any other peptide® i@med during the
incubation period, MALDI experiments were carrieat ononitoring over a 30

minutes reaction (Figure 3.10).
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Figure 3.10 Concentrations of peptidic species derived from
ARTKme3QTARKmeetSTGGKA, during the reaction with PHF8.

The monomethyllysine peptide was not observed sig@ificant concentration
at any point during the 30 minute period, suggestimat this species was either
not produced as an intermediate during dealkylatovrthat its demethylation
rate in the sample was very fast relative to itsnfation. Monomethyllysine is
known to be a good substrate for PHF8; howevere tourse analysis on the
reaction of dimethyllysine peptide (sequence ARTRQEARKmMe2STGGK)
with PHF8 by MALDI has indicated that monomethyihyes can be observed at
low levels’® Although these findings may therefore suggest that
methylethyllysine cannot bind in an orientationilitating deethylation, it was
also noted that the lack of observable monometbiylyy in the
methylethyllysine sample may be due to a slowee @t methylethyllysine
deethylation relative to the rate of monomethyhgsidemethylation. Time
course experiments in the presence of a 14-mer thyihgsine peptide
(sequence ARTKmMe3QTARKmMe2STGGK) did not reveal isiggnt

concentrations of monomethyllysine peptide deriyemn methylethyllysine
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peptide (Figure 3.11), although monomethyllysinetigle derived frm the 14-
mer dimethyllysine peptide is observed. As the @mldiof the extra alanine on
the C-terminal is not expected to significantly affelcé trate of demethylation of
monomethyllysine peptides, it was therefore conetudhat deethylation of
methylethyllysine is not catalysed by PHF8. Howewralysis of the MALDI
spectra did indicate that deethylation of the meediate monoethyllysine
(produced via demethylation of the methylethyllgsipeptide) is catalysed by
PHF8, resulting in formation of 15-mer unalkylatgsine peptide.
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Figure 3.11 Concentrations of peptidic species derived from
ARTKme3QTARKmeetSTGGKA and ARTKme3QTARKme2STGGK, during the reaction
with PHF8.

The methylethyllysine peptide PATGGVKmeetKPHRY widmen tested for
reaction with FBXL11. The peptide was incubatechwdBXL11 (1uM), 20G

(50 uM), ascorbate (1 mM) and ferrous iron (M), and the reaction was
monitored after one hour at 37 °C using MALDI mapsctrometry. Analysis of
the sample revealed formation of both the monobisile and unalkylated
lysine products, suggesting that both demethylatemd deethylation had
occurred in the sample (Figure 3.12). Reaction ba substrate peptide,
however, appeared to be significantly less pradficienvith respect to

demethylation of the corresponding dimethyllysieptde.
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Figure 3.12 MALDI mass spectrum of a sample containing FBXL11 (1 uM),
PATGGVKmeetKPHRY (10 uM), 20G (50 uM), ascorbate (100 uM) and ferrous iron (10
K1M) after one hour at 37 °C. The control experiment without enzyme is shown below.

Analysis of the FBXL11 reaction over a 30 minuteiqe revealed only very
small concentrations of monomethyllysine peptidégfe 3.13). Over the
reaction period, it appeared that the predominaatction on the substrate
peptide was demethylation, forming the monoethinkgeptide. These results
suggest that, unlike in the reactions with JMJD2#&gethylation of

methylethyllysine is not the fastest reaction ffifact the reaction occurs at all),
indicating a potential difference in the preferratethylethyllysine binding

modes within the two enzymes.
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Figure 3.13 Concentrations of peptidic species derived from PATGGVKmeetKPHRY,
during the reaction with FBXL11.

Despite the relatively poor reactivity observed time MALDI sample for
FBXL11 compared to the experiments with IMID2E BhtF8, analysis of the
reaction using’H NMR was attempted in the hope of confirming the
demethylation reaction and also to test for pradacof HCHO. The'H NMR
spectrum of the reaction (prepared in an analodasision to that described
with JMJD2E) did indicate demethylation of the dudite peptide by revealing
losses in intensity of both the triplet resonantéyal.24 ppm and the singlet
resonance aby 2.77 ppm (corresponding to thié¢-methyl protons and the
terminalN°-ethyl protons of methylethyllysine respectivelygure 3.14). It was
also possible to detect the emergence of a nelettrig@sonance aty 1.22 ppm,
which was assigned to the terminldi-ethyl protons of the monoethylated
product. However, the low turnover observed in tkample inhibited

observation of the produced HCHO using added dimedo
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Figure 3.14 'H NMR spectra (700 MHz) of the reaction of PATGGVKmeetKPHRY with
FBXL11 after three minutes (Blue) and 60 minutes (Red) respectively in dAFN buffer.

Overall, the experiments with methylethyllysine @ning peptides revealed
that the demethylases JMJD2E, PHF8 and FBXL11l dle # catalyse
dealkylation of the modified lysine. It was alsopapent that, in addition to
demethylation, these enzymes can catalyse deathylaeither from the
methylethyllysine peptide (by JMJD2E and possibiyFB8 and FBXL11) or
from the monoethyllysine intermediate. The sidedpat produced during
deethylation by JMJD2E was identified as AcH usiHgNMR, suggesting that

the mechanism of deethylation resembles that ofedeytation.
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b) N°-Diethyllysine

Having identified deethylation as a reaction caeaty by the demethylases,
experiments were carried out on the diethyllysimptjgles. Interestingly, no
reactions on the two diethyllysine containing pegsi were observed in the
MALDI mass spectra, suggesting that this substratéd not bind productively
in the enzyme active sites to allow oxidation. Gitleat reaction on thid*-ethyl
group was detected in the methylethyllysine samiglethe tested demethylases
(except JMID2A), it would appear that the extraistbulk of the diethyl
moiety results in a loss of reactivity. Althoughesie findings appear to
corroborate the lack of clearly observed deethytatbof methylethyllysine by
FBXL11 (and also the possible lack of deethylatignPHF8), it is somewhat
surprising that the diethyllysine peptide is nosubstrate of JMJD2E. Both
deethylation and demethylation of methylethyllysipeptide are catalysed by
JMJDZ2E, indicating that the ethyl group can be atoodated both close to the
iron (for deethylation) and away from the iron (ftemethylation) in the active
site. However, it would appear that thh@amine of the modified lysine must be
orientated in different positions when adoptingsthévo conformations in order

to explain the apparent lack of reactivity with thethyllysine peptide.

c) N*-Isopropyllysine

The experiments with methylethyllysine peptidesidate that deethylation is
possible on the intermediate monoethyllysine peptidherefore, it was
proposed that an analogous reaction may occur ensthucturally related
isopropyllysine residue. Firstly, a sample contagnihe isopropyllysine peptide
ARTKmMe3QTARKiprSTGGKA (10uM), JMID2E (2uM), 20G (50 pM),
ascorbate (10QM) and ferrous iron (1QM) was prepared, and the mixture was
analysed after one hour at 37 °C using MALDI mgsscgometry. The mass

spectrum is shown in Figure 3.15.
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Figure 3.15 MALDI mass spectrum of a sample containing JMID2E (2 uM),
ARTKmMe3QTARKiprSTGGKA (10 uM), 20G (50 puM), ascorbate (100 uM) and ferrous
iron (10 uM) after one hour at 37 °C. A control experiment without enzyme is shown
below.

Analysis of the spectrum revealed the formatioraapecies with a mass of
1604 m/z, which is 42 Da lower than the substratssn This species was
assigned to the unalkylated lysine peptide at K&abglogy with the data with
the methylethyllysine peptide, and therefore, it swaroposed that
‘deisopropylation’ had occurred in the sample. THhigpothesis was

corroborated by MALDI time-course experiments (Fegu3.16), in which

formation of the species at 1604 m/z coincided whih dissipation of the peak
at 1646 m/z. However, a species with a mass 16 igfzehthan the substrate
was also present in the sample at low levels, siggethat IMID2E catalyses

partial hydroxylation of the isopropyllysine pef#id
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Figure 3.16 Concentrations of ARTKme3QTARKiprSTGGKA and
ARTKme3QTARKSTGGKA, during the reaction with JMJD2E.

Analysis of a sample containing a 1:1 mixture obpi®pyllysine and
monomethyllysine peptide (sequences ARTKme3QTARKIEBGKA and
ARTKmMe3QTARKmMeSTGGK respectively) using MALDI indited that
deisopropylation was significantly more efficienitlwrespect to demethylation
(Figure 3.17). This observation implies that replgadhe methyl group on the
amine for a bulkier isopropyl group results in moefficient reaction,

presumably due to improved binding of the substrate
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Figure 3.17 Concentrations of peptidic species derived from
ARTKme3QTARKiprSTGGKA and ARTKme3QTARKmeSTGGK, during the reaction with
JMID2E.
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Having identified deisopropylatiofitH NMR experiments were used to identify
any small molecule(s) formed during the reactiohe Bubstrate peptide was
incubated with JMJD2E under the conditions optimhiser NMR (see above)
and the sample was monitored By NMR in order to identify peaks

corresponding to the small molecule product(s) {Feg.18).
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Figure 3.18 'H NMR spectra (700 MHz) of the reaction of ARTKme3QTARKiprSTGGKA
with JMJD2E after 60 minutes (Top) in dAFN buffer. The control experiments without
enzyme and without peptide are shown below.

— T
15 ppm

Deisopropylation of isopropyllysine peptide was igaded by the loss of
intensity of the doubletH-resonance aty 1.24 ppm, which corresponds to the
terminal isopropyl protons of the substrate peptitleas also possible to detect
a new singlet resonance in the NMR spectrund&.17 ppm), which was not
present in the control experiments without enzymé without peptide. This
peak was assigned to the protons of acetone by icakemhift analysis,
suggesting that acetone is a product of deisopatipyl. This assignment was
corroborated by the addition of authentic acetanthé reaction mixture, which

increased the intensity of the signal in the NMRRapum (Figure 3.19).
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Figure 3.19 'H NMR spectra (700 MHz) identifying acetone as a product of
deisopropylation. Below = reaction after 60 minutes in dAFN buffer, Middle = reaction
after 60 minutes in dAFN buffer with added acetone, Top = authentic acetone in dAFN
buffer.

Although the NMR experiments indicated the formatiof acetone during

JMJID2E-catalysed deisopropylation, it was noted tih@ concentration of

acetone in the sample appeared to be smaller thartliserved decrease in
concentration of the substrate peptide. This oladienv implied that either some
of the acetone formed during the reaction was s#qrel by other species in
the reaction mixture, or that deisopropylation hacturred in the sample
without the concomitant formation of acetone. Asntraned above, it is

possible that oxidation on the isopropyl group asifions other than at the
carbon adjacent to theamine may result in species other than acetonegbei
released during dealkylation. However, analysithefH NMR spectra did not

indicate significant concentrations of other pradu@lthough this may be due
in part to signal overlap).

The observation of reaction on the isopropyllyscwntaining peptide when

incubated with IMJD2E, and also the observatioh ti@noethyllysine can be
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deethylated by PHF8, suggested that isopropyllysias be a substrate for
PHF8. Therefore, the peptide was incubated with HFOG, ascorbate and
iron (as described above) and the reaction was toredi using MALDI mass

spectrometry after one hour at 37 °C (Figure 3.20).
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Figure 3.20 MALDI mass spectrum of a sample containing PHF8 (2 uM),
ARTKmMe3QTARKiprSTGGKA (10 uM), 20G (50 uM), ascorbate (100 uM) and ferrous
iron (10 uM) after one hour at 37 °C. The control experiment without enzyme is shown
below.

The MALDI mass spectrum of the reaction after onarlrevealed formation of
the non-alkylated peptide, implying that deisopilapgn of the substrate is
catalysed by PHF8, presumably via an analogous amesim to that of
JMJD2E. No other peptidic products were detectethexsample by MALDI
analysis, indicating that the deisopropylation tiesc was predominant.
Monitoring the reaction over the first 30 minutek reaction did not allow
identification of any intermediate species durihg teisopropylation reaction

(Figure 3.21).
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Figure 3.21 Concentrations of peptidic species derived from
ARTKme3QTARKiprSTGGKA, during the reaction with PHF8.

In contrast to the reactions of the isopropyllysipeptide with JMJD2E,
competition with the monomethyllysine peptide (sm=ee
ARTKmMe3QTARKmMeSTGGK) revealed that demethylation ofhe
corresponding methylated lysine (at position 9nsferred to deisopropylation
(in fact no deisopropylation of the peptide wasedt&td in the experiment,
Figure 3.23). This observation implies that bindaighe isopropyl group close

to the catalytic iron is disfavoured relative tmdiing of a methyl group in the

same orientation.
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Figure 3.22 Concentrations of peptidic species derived from
ARTKme3QTARKiprSTGGKA and ARTKme3QTARKmeSTGGK, during the reaction with
PHF8.
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Finally, the reaction of isopropyllysine peptidethvFBXL11 was investigated.
The mutated K36 peptide (sequence PATGGVKiprKPHR &} incubated with
FBXL11, 20G, ascorbate and ferrous iron and theti@awas monitored after

one hour at 37 °C. No reaction was observed irsdneple by MALDI analysis.

Overall, the experiments with isopropyllysine pdps reveal that IMID2E and
PHF8 are capable of removing the isopropyl grouppdpcing the
deisopropylated peptide product. Acetone was alsatified as a side product
using™H NMR, at least in the case of JMID2E catalysigoeigh it is possible
that deisopropylation may occur without concomitartease of acetone.
Finally, no reaction was observed with FBXL11l, igipj that the
isopropyllysine residue is not accepted as a satiestor this enzyme, at least

with the tested batches.
d) N°-Methylisopropyllysine

The observed deisopropylation of isopropyllysingtue by JMJID2E and
PHF8 suggested that an isopropyl group can be avcaated in their active
sites. However, it was proposed that upon bindifigthe isopropyllysine
peptide, the preferred position of thkamine may be different to that adopted
during methyllysine demethylation. This shift innding geometry may be
necessary to allow binding of the bulky isopropybup, and could result in a
loss of available space for other alkyl groupschita to the amine to bind.
Therefore, it was hoped that the reactions of niesthyropyllysine peptides
with the demethylases may indicate whether binadihoth the methyl group
and the isopropyl group can be facilitated to all@a&ction on the isopropyl
group, and therefore, may give insight into thefgored binding modes of each
species. Firstly, MALDI analysis was conducted raftee hour on a sample

containing the K9meipr peptide (sequence ARTKme3QKAeiprSTGGKA),
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JMJIDZ2E, 20G, ascorbate and ferrous iron. The @stuMALDI spectrum is

shown in Figure 3.23.

+16 Da s
1004 + JMJD2E 2
g -56 Da
-42 Da
e
-25 Da
F +14 Da
. Mo, M/\m WL J AN A
et - JMJD2E .
\I/N\
" /
1600 1610 1620 1630 1640 1650 1660 1670 1680 1690

Figure 3.23 MALDI mass spectrum of a sample containing JMID2E (2 uM),
ARTKmMe3QTARKmeiprSTGGKA (10 uM), 20G (50 uM), ascorbate (100 uM) and ferrous
iron (10 uM) after one hour at 37 °C. The control experiment without enzyme is shown

below.

Analysis of the mass spectrum indicated that a rurnob peptidic species had
been formed during the reaction period. Unexpeygieatie peak, at mass 1676
m/z, appeared to be predominant over all othethensample. This peak was
assigned to the hydroxylated substrate peptidelyingp that oxidation of the

substrate peptide had not resulted in dealkyladiarng the reaction. This is an
important result because it provides strong evidetiat 20G demethylase

catalysis proceeds via hydroxylation.

Hydroxylation of the substrate peptide was also psued by MALDI
experiments usin{’O-labelled molecular oxygen. It was proposed (bgla@gy
with the hydroxylation mechanisms of 20G depengeatyl and asparanginyl
hydroxylases) that JMJD2E-catalysed hydroxylatiomuld result in the
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incorporation of one oxygen atom from molecular gy into the peptide C-H
bond. Therefore, performing the reaction under *#@, atmosphere was
expected to result in a shift in the product peaknf 1676 m/z to 1678 m/z,
allowing observation using MALDI mass spectrometryhe MALDI

experiment was prepared in deoxygenated bufferseatéd under vacuurtfO,

was then injected into the sample and the reactias left concealed for one
hour at 37 °C. Analysis by MALDI mass spectrometyealed a peak at 1678

m/z (molecular ion) indicating a +18 Da mass dffifgure 3.24).
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Figure 3.24 MALDI mass spectrum of a sample containing JMID2E (2 uM),
ARTKmMe3QTARKmeiprSTGGKA (10 uM), 20G (50 uM), ascorbate (100 uM) and ferrous
iron (10 pM) under an atmosphere of *20,, after one hour at 37 °C.

The other new species in the MALDI mass spectruntewebserved at
significantly lower concentrations than the hydratgd product. It was
proposed that these were unlikely to be intermedia the formation of the
hydroxylated product due to their low intensitiesl anasses. The two peaks at
1604 m/z and 1618 m/z likely correspond to the kylated and
monomethylated lysine-9 peptides respectively. €hessignments suggest that
the substrate peptide may undergo both demethyladicd deisopropylation
reactions as well as hydroxylation. It was alsoedothat these dealkylation
processes may occur on the hydroxylated productmétieylation of
monomethyllysine product of deisopropylation wasesed during reactions

with methylethyllysine). The mass of the fourth qwot in the sample (1674
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m/z) appeared to be 14 Da higher than that of theirsy material. Although
this mass shift could indicate methylation of thbsrate peptide, it is difficult
to envisage an oxidative reaction catalysed by JAEIWhich could facilitate
such a modification. Therefore, it was hypothesited the mass increase may
be due to double hydroxylation at the same posiiothe peptide, which could
subsequently form a carbonyl group with concomitas$ of water. Analysis of
the sample reacted under &0, atmosphere did reveal the presence of a
species at 1676 m/z, which may correlate to'ffielabelled carbonyl product.
However, it is probable that any incorporation'® as a carbonyl would be
removed via exchange with the unlabelled water esdlvand therefore it is
more likely that this peak represents unlabelledrbiyylated product (which

could be formed from trac80, in the sample).

The species with a mass of 1635 m/z appears toatedihat the substrate had
suffered a mass loss of 25 Da during oxidationMyD2E. This mass shift does
not appear to correspond to loss of any alkyl, amon hydroxyl group, and
therefore, it was proposed that this species iséor via hydroxylation of the

impurity at mass 1619 m/z (Figure 3.24).

In order to identify any previously unobserved prod, and also to detect
variation in product concentrations, the MALDI expsent was repeated and
monitored over the first 30 minutes of reaction. alttime points, the major
species in the mixture was the hydroxylated praodimtlicating that the
hydroxylation reaction was predominant in the react(Figure 3.25). The
monomethylated and unalkylated peptides, as wehagroduct with a +14 Da

mass shift, were only present in trace amountsutiirout the analysis period.
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Figure 3.25 Concentrations of peptidic species derived from
ARTKme3QTARKmeiprSTGGKA, during the reaction with JMJD2E.

Although hydroxylation of the methylisopropyllysirgeptide appeared to be
relatively proficient in the reaction mixture, coatpion experiments with
dimethyllysine peptide (sequence ARTKme3QTARKmMe2&K revealed that
demethylation (of dimethyllysine) was favoured. &f8 minutes reaction, the
dimethyllysine peptide had been fully demethylatddwever, only roughly 10

% of the methylisopropyllysine peptide had beenrbyglated over the same

period (Figure 3.26).
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Figure 3.26 Concentrations of peptidic species derived from
ARTKmMe3QTARKmeiprSTGGKA and ARTKme3QTARKmMe2STGGK, during the reaction
with JMJD2E.
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Having confirmed hydroxylation on the substrate tjgkyy attention was then
focused toward identifying the position of hydroatypn on the
methylisopropyllysine residue. These experimentsevearried out using NMR
spectroscopy, which, it was proposed, would allbes hydroxylated product to
be characterised by revealing correlations betwibenprotons attached the
hydroxylated carbon with those attached to neighbgucarbons. A reaction
sample was prepared containing the substrate pe@iMdID2E, 20G, ascorbate
and iron (in dAFN buffer, as described above) aral reaction was monitored
until reaction completion. Th&H NMR spectra after 5 minutes and 3 hours

reaction are shown in Figure 3.27.
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Figure 3.27 'H NMR spectra (700 MHz) of the reaction of
ARTKme3QTARKmeiprSTGGKA with JMID2E after five minutes (Blue) and three hours
(Red) respectively in dAFN buffer.

Reaction on the substrate peptide was implied yethergence of new peaks in
the'H NMR spectra. These signals appeared to increasgdnsity during the
reaction period, which correlated with the obserdedrease in intensity of the
signals atby 1.22 ppm andy 2.66 ppm (which were assigned to the terminal
isopropyl protons and the methyl protons on thehylestopropyllysine residue
respectively). In particular, it was observed ttia¢ emergence of the new
singlet resonance & 2.73 ppm appeared to correlate with the decrease i

intensity of the singlet resonancesat2.66 ppm. This observation, coupled with
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chemical shift and multiplicity analyses, impliedhat this new signal
corresponded to the N-methyl group on the hydroxylated
methylisopropyllysine. In addition to this assigmedonance, it was possible to
identify a new signal partially underneath the ¢éadpublet resonance &t 1.14
ppm (atéy 1.15 ppm). This signal could not be conclusiveliegrated due to
signal overlap; however, the fact that the correspty chemical shift was
observed to be close to that of the substrate teinsopropyl protons, enabled
the resonance to be tentatively assigned to thairiat alkyl methyl group

protons on the hydroxylated product.

Having provisionally assigned the resonancebatl.15 ppm to the terminal
methyl protons on the product isopropyl group, iaswhoped that any
hydroxylation on this group could be inferred frothrough-bond NMR
correlations between the protons at this resonandeprotons on neighbouring
carbons. Firstly, a 2D COSY experiment was conaliotethe reaction mixture
in order to identify correlations between the siguatady 1.15 ppm and adjacent
protons. One correlation was observed, which wasigionally assigned to the
3-bond correlation between the terminal methyl gmetof the isopropyl group
and the proton attached to the tertiary isopromybeon (atoy 3.50 ppm, see
Figure 3.28). The shift of this proton appearedbéocoincident with that of the
analogous proton on the substrate peptide, which abserved to correlate to
the substrate resonancedat1.22 ppm. However, a TOCSY spectrum of the
reaction mixture (which indicates correlations betw protons separated by
multiple carbons) revealed that the protons dgt 1.15 ppm possessed
correlations to protons aiy 3.62 ppm anddy 3.74 ppm respectively. No
TOCSY correlations were observed for the equivalesbnance of the substrate
(at o4 1.22 ppm), and therefore, it was proposed that stnecture of the
isopropyl group had been altered during reactioth WMJD2E. Assuming no
rearrangement of the isopropyl group, it was pdssitp deduce that

hydroxylation had occurred on one of the termirsapropyl methyl groups,
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based on the observed TOCSY correlations (Figu@8)3.Unfortunately,
analysis by 2D HSQC did not reveal thH€ chemical shifts for the carbons
attached to the protons at; 1.15 ppm,doy 3.62 ppm anddy 3.74 ppm
(presumably due to the small sample size), inmgitonclusive assignment of
the hydroxylated product. Nevertheless, the comiit® and NMR analyses,
coupled to the observed stability of the produdk, sapport the proposed

assignment.
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Figure 3.28 2D COSY (Red) and 2D TOCSY (Blue) NMR spectra (700 MHz) of the
reaction of ARTKme3QTARKmeiprSTGGKA with JMJD2E.

Although the predominant reaction in the samplesapgd to be hydroxylation,
the emergence of a small singlet resonanég &t14 ppm (which was assigned
as acetone by analogy with the experiments comiguiisiopropyllysine) implied

that deisopropylation had also occurred. The amotiatetone released during
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the reaction appeared to be very small, which bomated the difference in
reactivity observed by MALDI analysis. Although was postulated that
removal of the isopropyl-derived group may occuteafhydroxylation, no

evidence was accrued for the productionadiydroxyacetone (however, the

possibility ofa-hydroxyacetone formation cannot be entirely eliabéul).

Having identified JMJD2E-catalysed hydroxylation orethylisopropyllysine,
experiments were then carried out in order to noonieactions with PHF8.
Interestingly, MALDI analysis revealed no reactiam the peptide after
incubation with PHF8, implying that methylisoprolygine is not a substrate for
PHF8. This finding is intriguing beacause the isgyilysine peptide was
observed to be deisopropylated by PHF8. Therefoi®apparent that the active
conformation adopted by isopropyllysine in the \&tsite is not adopted by
methylisopropyllysine, presumably due to the inseshsteric bulk induced by
thee-amino methyl group. It would also appear thatpgheferred conformation
adopted by the methylisopropyllysine residue in #wtive site of JIMID2E
(which likely results in hydroxylation) cannot belagpted by this species in
PHF8. This may indicate that either IMJD2E canvalbulky groups to bind
closer to the catalytic iron than in PHF8, or tR&tF8 cannot accept the larger

lysine analogues in any conformation.

Finally, the K36 methylisopropyllysine peptide wagubated with FBXL11,
20G, ascorbate and ferrous iron in order to dedegt reaction. The MALDI

mass spectrum of the sample after one hour at 33 SGown in Figure 3.29.
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Figure 3.29 MALDI mass spectrum of a sample containing FBXL11 (1 uM),
PATGGVKmeiprKPHRY (10 uM), 20G (50 uM), ascorbate (100 uM) and ferrous iron (10
M) after one hour at 37 °C. The control experiment without enzyme is shown below.

Analysis of the spectrum did not reveal any of thactions observed with
JMJID2E. However, a peak 14 Da lower than that ef shbstrate peptide
indicated that demethylation, presumably onNheénethyl group, had occurred.
However, the rate of demethylation was found tosigmificantly slower than
demethylation of the corresponding dimethyllysineeptide (sequence
PATGGVKmMe2KPHRY, Figure 3.30). Although the demédditipn reaction can
be expected to follow the standard demethylatiosharism facilitated by the
lysyl demethylases, the relatively low rate of teat with FBXL11 inhibited
the detection of HCHO b¥H NMR analysis.
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Figure 3.30 Concentrations of peptidic species derived from PATGGVKmeiprKPHRY and
PATGGVKme2KPHRY, during the reaction with FBXL11.

Overall, the experiments with methylisopropyllysimeve revealed that multiple
reactions can be catalysed by the demethylaseki®substrate, including not
only oxidation adjacent to theamine, but also hydroxylation on the terminal
isopropyl group. These findings represent the firgported evidence of
demethylase-catalysed hydroxylation, and therefsteongly imply that
demethylation of natural substrates occurs via drdyylation mechanism.
Also, in the case of JMJDZE, it appears that the
ARTKmMe3QTARKmMeiprSTGGKA peptide can be oxidised different
positions on the isopropyl group, indicating thatltiple binding modes may be

adopted.
e) N*-Formyllysine

No reactions were observed in the MALDI assays withformyllysine
containing peptides, indicating that this analogueaot accepted as a substrate
by the demethylases tested. For this residue, utldvappear unlikely that the
lack of observable reaction is due to steric cladtetween the proteins and the
modified lysyl side chain, as the structure of thiecies resembles that of the
proposed hemiaminal intermediate produced duringhedleylase-catalysed

oxidation of methyllysines. Therefore, any loseptide binding would likely
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be due to charge or stereoelectronic factors. Asroplotential explanation for
the lack of reactivity is that the formyl C-H bo(wr indeed any other oxidisable
bond) may not be positioned sufficiently closehe tatalytic iron. In this case,
oxidation would likely be impaired, although itpsobable that uncoupled 20G

turnover may be enriched as a consequence.
f) N°-Dimethylornithine

No reaction was observed in the MALDI sample camte N*-
dimethylornithine and JMJD2E, suggesting that #iscies is not accepted as a
substrate for this enzyme. However, analysis ofsdwmples containing PHF8
and FBXL11 respectively did reveal evidence of ddaylation (Figure 3.31 and
Figure 3.32). In both cases, however, demethylatibthe dimethylornithine
substrate peptides was less efficient than denadtbygl of the corresponding

dimethyllysine peptides.

-14 Da ' LD+

o) + PHF8 N\M
" [\,/\/\ , /\/\/\/\‘/\f\ . Maa_.all A /\/\/\A /’\/\/\ﬁ

100+
% - PHF8 M
0 4 PRy 4" /\/\’\,\ s

T T T T T T T
1585 1590 1595 1600 1605 1610 1615

Figure 3.31 MALDI mass spectrum of a sample containing PHF8 (2 uM),
ARTKme3QTAROmMe2STGGKA (10 uM), 20G (50 uM), ascorbate (100 uM) and ferrous
iron (10 uM) after one hour at 37 °C. The control experiment without enzyme is shown
below.
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Figure 3.32 MALDI mass spectrum of a sample containing FBXL11 (1 uM),
PATGGVOme2KPHRY (10 uM), 20G (50 uM), ascorbate (100 uM) and ferrous iron (10
M) after one hour at 37 °C. The control experiment without enzyme is shown below.

g) N’-Diethylornithine

A sample containing the peptide ARTKme3QTAROet2SKAGNd JIMID2E

(with 20G, ferrous iron and ascorbate) revealedfdhmation of a species with
a mass of 1662 m/z, which was tentatively assigoeal hydroxylated product
from JMJD2E catalysis (Figure 3.33). Based uponotheervations for the other
lysine analogue peptides, it seems likely that bydation by IMID2E is likely

to occur on the terminal GHgroup of theN’-ethyl groups of the modified
ornithine. However, characterisation of the positid hydroxylation is impeded

by the low turnover observed in the MALDI experirntgen
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Figure 3.33 MALDI mass spectrum of a sample containing JMID2E (2 uM),
ARTKme3QTAROet2STGGKA (10 uM), 20G (50 uM), ascorbate (100 uM) and ferrous
iron (10 uM) after one hour at 37 °C. The control experiment without enzyme is shown
below.

3.3 Conclusions and Future Work

Overall, the experiments with lysine analogues hesaealed many new reactions
catalysed by the 20G oxygenases JMJD2E, PHF8 amLEB and have provided
new insights into the substrate selectivities agdctivities of these enzymes. In
particular, strong evidence for hydroxylation wasj@red from experiments with*-
mehylisopropyllysine containing peptides, suggestimt 20G demethylase-catalysed

demethylation occurs via hydroxylation.

Although rationalisation of substrate selectivity somewhat speculative without
structural data, the apparent variation in reativbserved for the different enzymes
tested allows for many interesting points to besedi Firstly, the broad scope of
oxidative reactions observed, from hydroxylationdemethylation, deethylation and
deisopropylation, suggests that the histone dertastby are capable of catalysing

multiple reactions, presumably by accepting a langenber of substrates into their
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active sites. This implies that lysyl demethylatiomay not be the only reaction
catalysed by these enzymasvivo. Also, the fact that oxidation can occur at ldasi
carbon atoms away from the side chain amine (aserobd with N*-
methylisopropyllysine and\’-diethylornithine) implies that the substrate sfieity of
these enzymes may not be due solely to a prefefensabstrates containing an amino
methyl group adjacent to the oxidised centre. tiudth be noted at this stage that the
structure ofN*-methylisopropyllysine bears some resemblance &b ofi asymmetric
N“-dimethylarginine, suggesting that lysyl demethgtasmay catalyse arginine

demethylation in cells (see Chapter 4).

Regarding the differences in substrate specifioiigerved between 20G demethylases,
it is possible to propose potential contributingtéss by analysing their available
crystal structure$® 4% %Stryctures of all four enzymes in complex wittheit 20G

or the 20G analogul-oxalylglycine (NOG) are available within this lafatory (the
structures of JMJD2A, PHF8 and FBXL11 are availaiole downloading from the
RCSB protein data bank, PDB codes 20Q7, 3K30 and12hespectively). It is also
possible to analyse structures of JMJD2A and PHiF8mplex with their respective
H3K9 substrate peptides (PDB codes 20Q6 and 3K¥gewively), which allow the
position of methylated lysines in the active sitesbe visualised. By assessing the
molecular space available for the lysine analogaoefdl, it is possible to make some
general hypotheses explaining the observed sellycpixofiles. Firstly, analyses of the
structures of JMJD2A and JMJDZ2E reveal a large espmound the catalytic iron
(Figure 3.34). This implies that these enzymes maailitate binding of a number of
larger lysine analogues, potentially resulting reit oxidation. This hypothesis is
endorsed by the observed hydroxylations MEmethylisopropyllysine andN’-
diethylornithine, and also by the observed deispgadion of N°-isopropyllysine. The
structure of IMJD2A with substrate peptide indisdteat the methyllysine ammonium
group is positioned slightly above the ferrous irBased on this geometry, it is difficult
to envisage oxidation of a lysine analogue shdhan the natural substrate (assuming

that binding of the substrate is relatively simfiar all lysine analogues), as this species
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would in all probability be too far away from them centre to allow reaction to occur.
This may explain the lack of demethylation obsenwitti N°-dimethylornithine peptide

with JMJD2E (which is postulated to be structuralgry similar to JMIJD2A when

substrate is bound). Conversely, the structureHfF8with substrate peptide indicates
that the methylated lysine penetrates much deeperthe active site relative to the
substrate with JMJD2A (Figure 3.34), implying tlg@methylation of shorter lysine
analogues may be possible. DemethylatiorN&Himethylornithine is observed with
PHF8, and also with FBXL11, which may imply thaethinding of lysyl substrates
within FBXL11 is similar to the binding geometryssyved within PHF8.

PHF8
Substrate

SBlue = JMJD2A Magenta = PHF8

Figure 3.34 Views from crystal structures of JMJD2A (blue) and PHF8 (magenta) with bound
substrates. The methylated lysine of the substrate penetrates further towards the catalytic
iron in PHF8 (shown in pink).

In the case of IMJIDZ2E, it is apparent that a langmber of lysine analogues can be
accommodated within the enzyme active site. Intergly, oxidation occurs at different
positions on the lysyl analogues depending upoir gteucture, suggesting that the
proximity of a particular C-H bond to the catalyfion is the defining factor for
determining the position of oxidation. For exampl®&JDZ2E is capable of removing
both the methyl group and the ethyl groupNdfmethylethyllysine peptide, implying

not only that the longer ethyl group can be acconeted both near to and away from
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the iron centre, but also that oxidation prefewhti occurs next to the-amine.
However, changing the ethyl group to an isopropylug (\N°-methylisopropyllysine)
results in a loss of demethylation activity and rfes the preferred position of
oxidation on the isopropyl group to a terminal £Hhis observation implies that the
increased steric bulk of the isopropyl group rgkato the ethyl group causes significant
changes to the binding of the analogue, resultimghe isopropyl Ckl group being
positioned in the preferred orientation for oxidatiWhen JMJD2E is reacted witli-
isopropyllysine, however, it appears that the prefe binding mode for this analogue
orientates the isopropyl CH group in the prefermeddation position, resulting in
deisopropylation. Presumably, this binding modénegitcannot be adopted HY-
methylisopropyllysine or is less favoured relatite that resulting in CK group
hydroxylation. Overall, these findings suggest thabtle changes to analogue binding
around the iron centre can result in different picid being formed during oxidation.
There is limited evidence, based on these analodhasthe position of oxidation is
dependent upon the strength of the C-H bond (oxidaof the terminal Chl is
preferred to oxidation of the CH iMN°-methylisopropyllysine). However, more

experimentation is required to confirm this.

Although broad substrate selectivity is observedI/MdJD2E, this does not appear to be
the case for both PHF8 and FBXL11. In the caseHF& both deethylation (dfl*-
ethyllysine) and deisopropylation (dbf-isopropyllysine) are observed, indicating that
large alkyl groups can be accommodated close tadkadytic iron, at least when the
side chain is monoalkylated. However, no reactih abserved with N°*-
methylisopropyllysine, nor is there observable dgeation of N°*-methylethyllysine,
indicating that double substitution on the sideirct@amine blocks binding of the peptide
in an active conformation. These observations sstghat the substrate binding pocket
is smaller than that of IMID2A and JMJDZ2E, resgltmfewer lysine analogues being
accepted as substrates. The active site of FBXlppears to be very similar to that of
PHF8 by analysis of their crystal structures, sstigg that the restrictions on substrate

binding observed for PHF8 may also apply for FBXLHbwever, FBXL11 is able to
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demethylateN*-methylisopropyllysine, suggesting not only thag¢ thelectivity profile
varies significantly to that of PHF8 (and thereforplying that binding of substrates in
their active sites is very different), but alsottR@XL11 is able to accommodate large
bulky alkyl groups away from the catalytic iron \ghiorientating a methyl group in a
catalytically active conformation. The fact that XBL1 appears to preferentially
catalyse demethylation ®&¥°-methylethyllysine over deethylation suggests tratips

larger than a methyl group are disfavoured clogbearon.

Although the investigations described in this Ckagio some way to revealing the
reactivities and substrate specificites of thee@s2OG demethylases, it is noted that
further studies may continue on these proteinsgusirsecond generation of lysine
analogues. One analogue that would likely be afrest isN*-isopropylornithine; this
species has a similar structure to dimethyllysiaed therefore, would likely be
accepted as a substrate by the tested 20G densahyl@cheme 3.4). Also, the lack of
ane-amine inN’-isopropylornithine would likely allow any hydroxated product to be
stable. Initial attempts to incorpordt&-isopropylornithine into histone peptides during
the course of this work were unsuccessful, possig to cyclisation or Fmoc
deprotection during SPPS. However, optimisatiothefsynthetic conditions may allow
production of the appropriate peptides. In additimn investigations with novel
analogues, further studies may concentrate upoestigating the reactions of other
20G demethylases, such as JMJD3 (for the reactibnJMJID3 with N°-
methylisopropyllysine peptide, see Chapter 4), UK{AA1718, JARID1A-D and
JMJD1A-B. However, such studies may be impeded Hey dvailability of active

protein.
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W\ 20G Demethylase \ -HCHO
_— _—

N?-Dimethyllysine

H 0 H o
MY WY
H 20G Demethylase E
.. v o

NH NH
OH

Scheme 3.4 Proposed reaction of N‘s-isopropylornithine with 20G oxygenases. The
demethylation scheme is shown above.
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Chapter 4

Investigating Demethylation of Methylated Arginine
by Histone Lysyl Demethylases

4.1 Introduction

N“-methylation of arginine residues is an importaostgranslational modification in
histone proteins and has been linked to both Hrestriptional activation and repression
of target gene&® 124 126, 17217\g in the case of histone lysine methylation &t been
proposed that methylation of arginine may be rdagdldy interplay between arginine
methyltransferases and demethylases. However,atiennthat arginine methylation is
dynamic is currently ambiguous due to the lack d&ntified arginine demethylases.
Although a number of histone arginine methyltrarases have been identifi&tf;**®
177181 the only confirmed arginine demethylase identifieddate is the deiminase
PADI4, which has been shown to convert monometbyiare to citrulline on
histones®? This transformation, however, cannot be considergde demethylation as
the reaction does not reproduce the unmethylatgthine. Work by Changet al.
identified JMJD6 as a 20G-dependent arginine deyteth acting on the histone
arginines H3R2 and H4R3.Subsequent investigations on this enzyme, howénare
been unable to reproduce these results and moeathecIMJID6 has been revised as a

lysine hydroxylase, suggesting that the functiortro$ enzyme had been previously

misassigned®

As described in Chapter 3, studies on histone geptincorporating lysine analogues
have revealed that 20G demethylases are capalaecepting many substrates other
than the known methylated lysines. This observatigpiies that the 20G demethylases

may have other substrates in cells and may betalbiegulate epigenetic mechanisms
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by processes not involving lysine demethylatione Dibservation that JIMID2E is able
to hydroxylate anN°*-methylisopropyllysine containing peptide (Sectié2.4d)
suggests that this enzyme may be able to demethgtatmmetridN“-dimethylarginine

due to their relatively similar structures (Schefrb).

: JMJD2E : f\ f\NH

Hydroxylation
PN PN (L
N N N
X -i’; MJD2E?_ X i’j ......... . X i’f
NH NH NH
\N/gNH HO NANH HN/gNH

Demethylation

Scheme 4.1 Scheme showing comparison between hydroxylation of N*-methylisopropyllysine
and demethylation of asymmetric N“-dimethylarginine.

Work in this Chapter investigates the potential 200G demethylases to demethylate
methylated arginines. It was hoped that any dentegtiby activity observed with these
enzymes may indicate that 20G demethylases fun@®iooth lysine and arginine
demethylases in cells, and consequently, that thmilogical roles may be more
complex than previously envisaged. Also, any olaaes demethylation would
represent the first evidence foona fideenzyme-catalysed arginine demethylation, and
could therefore be considered a breakthrough irsthdy of histone marks in cellular

contexts.
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Much of the histone peptide library screening, asllvas all MALDI and FDH
experiments with IMJD3, were carried out by LoMé¢alport. Other FDH assays were
done in collaboration with Louise Walport. Peptidesed in the screening studies were

synthesised by Dr. Wei Ge.

4.2 Results

4.2.1 Initial Detection

Initial experiments focused upon analysing the tieac of an asymmetric
dimethylarginine peptide with IMJD2E, which was sidered the most likely enzyme
to react with dimethylarginine due to its hydroxida of the isostericN‘-
methylisopropyllysine (see Chapter 3). In order gove the best chance of
demethylation, it was proposed that asymmetric thglarginine should be
incorporated into a histone peptide in place ofing® (the known substrate for
JMJIDZ2E). It was hoped that substitution at thisitpms would at least result in some
binding of the peptide in the JMJD2E active sitel amay induce demethylation by
forcing the arginine towards the catalytic iron.isThypothesis was endorsed by the
previously described hydroxylation df*-methylisopropyllysine, which was also
substituted for lysine-9 in a histone peptide. Am&r peptide containing the desired
mutation had already been prepared in the labogrgmequence ARRmMe2aSTGGK,
provided by Dr. Wei Ge and therefore, this peptide was first testeddiemethylation
by incubating (at 1QuM final concentration) with JMJD2E (M), 20G (50 uM),
ascorbate (10QM) and ferrous iron (1QM) and left for one hour at 37 °C. The sample

was then analysed for demethylation using MALDI snggectrometry (Figure 4.1).
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LD+
1004

H 0,
A4 B Reaction after 1 hour at 37°C

No Enzyme

Figure 4.1 MALDI spectra showing the reaction of JIMJD2E with the peptide ARRme2aSTGGK,
20G, ascorbate and iron after one hour at 37 °C.

The MALDI mass spectrum after one hour revealedpttesence of a peak at 845 m/z,
which did not appear in the control experiment withenzyme. This peak correlated to
the mass of the starting material minus 14 Da, ymgl that demethylation of the
peptide had occurred in the sample. Despite thidirig, less than 10 % of the starting
material appeared to have been demethylated dtivengeaction period, suggesting that
demethylation of the peptide was inefficient relatito demethylation of the
corresponding lysyl peptide. Consequently, ovedaphe peak with those of sample
impurities impeded its conclusive assignment to tmenomethylated arginine
containing peptide. Therefore, the peptide washated with a higher concentration of
JMJID2E (8 uM) in the hope that the demethylated peptide wdodtome more
prevalent in the sample, facilitating detectiortlod corresponding peak in the MALDI
spectrum. Analysis of the sample by MALDI revealibat the demethylated peak
represented nearly 30 % of the total peptide after hour, allowing its unambiguous

detection above the background noise (Figure 4.2).
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Figure 4.2 MALDI spectra showing the reaction of 2 uM (Bottom) and 8 uM (Top) JMJD2E with
the peptide ARRme2aSTGGK, 20G, ascorbate and iron after one hour at 37 °C.

4.2.2 Characterisation of Demethylation

Having detected potential arginine demethylationJMJD2E, characterisation of the
reaction was carried out in order to confirm therfation of demethylated peptide.
These experiments were performed on the histone tideep
ARTKQTARRmMe2aSTGGKA, which was selected in the hty its increased length
may facilitate more efficient demethylation. A MALBpectrum of the peptide after
synthesislfy Dr. Wei Ge using a Multipep synthes)sewvealed the product to be rather
impure; however, incubation of the sample with JiBDesulted in clearly observable
demethylation of the target peptide (Figure 4.3d). It was also evident by MALDI
analysis that JMJD2E was able to catalyse furth@mathylation of the
monomethylarginine peptide, indicating that this nmmethyl peptide was also a
substrate for demethylation. FDH and NMR experirmemtre carried out using a pure
sample of peptide, which was synthesised separasahg a CS Bio peptide synthesiser

(for description of solid phase peptide syntheseg, Chapter 2).
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a) 20G, Ascorbate and Iron Dependence

Although increasing the amount of JMJD2E in the MALlanalysed reactions
appeared to increase the degree of peptide deragtmylit was noted that the
improved activity observed may not be due to therease in JMJD2E
concentration. Although no arginine demethylasegshzeen identified to date
(implying that the presence of any demethylasevacitmpurities would be
unlikely), it could not be ruled out that impurgién the protein sample may be
the actual catalysts of the reaction, and thereifoproved demethylation may
be the result of an increase in the concentraticheimpurities in the enzyme
sample rather than of an increase in JIMID2E (sespt€h 6). Consequently,
experiments omitting the catalytically essentia®ere conducted in order to
confirm that demethylation is the result of 20Gatyged oxidation, and
therefore likely to result from JMJD2E catalysiheTMALDI spectrum after
one hour at 37 °C showed no peak at 1603 m/z Eooreling to the
demethylated peptide), suggesting that the readsodependent upon 20G
(Figure 4.3). The demethylation reaction was alsoas to be impaired upon
the removal of iron from the sample, which furtkeadorsed the hypothesis that
demethylation is catalysed by JMJD2E (Figure 48 demethylation rate also
appeared to be moderately dependent on the coatientrof ascorbate, as
evidence by the slightly diminished demethylatioctivaty in the sample

omitting ascorbate.
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Figure 4.3 MALDI spectra showing JMJD2E-catalysed demethylation of
ARTKQTARRmMe2aSTGGKA in the absence of iron, ascorbate and 20G respectively.

b) HCHO Detection

Detection of HCHO produced during the demethylatieaction was attempted
using the NMR and FDH assay techniques. Howevelysais by both methods
did not allow observation of demethylation, preshiyadue to the relatively
low enzyme activity under the sample conditions ¢aserved for the lysine
peptides by NMR relative to the MALDI analyses, @tea 2). This observation
suggests that demethylation of arginine in thistidepsequence is significantly

less efficient relative to demethylation of the lagaus lysyl peptide.

4.2.3 Comparison with Lysyl Demethylation

Both MALDI and NMR experiments characterising thengkthylation reaction have
suggested that arginine demethylation by IMJDZfgisificantly less efficient than the
equivalent lysyl demethylation. In order to corrodte these observations, a peptide
mixture containing 1:1 equivalents of asymmetrimelihylarginine containing peptide

and monomethyllysine containing peptide (sequenRd KQTARKmMeSTGGKA) was
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incubated with JIMJD2E (M) and the rates of demethylation for each pepivweee

analysed and compared using MALDI mass spectromAgyexpected, the experiment
revealed that demethylation of the monomethyllygiaptide is more efficient than the
equivalent reaction on the asymmetric dimethylangirpeptide (Figure 4.4). It can also
be assumed, therefore, that demethylation of thmeetliylarginine peptide is less
efficient than demethylation of the equivalent &ihmylated and dimethylated lysyl
peptide, given that these species are known to ékerb substrates than the

monomethyllysine peptide (Chapter 2, Dr. NathaRBse, personal communication).
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Figure 4.4 Concentrations of peptidic species derived from ARTK3QTARKmeSTGGKA and
ARTKQTARRmMe2aSTGGKA, during the reaction with JMJD2E.

4.2.4 Demethylation State Selectivity

Having confirmed that demethylation of asymmetrienethylarginine peptide is
catalysed by JMJD2E, further experiments were edrout in order to investigate
whether this enzyme was capable of demethylatinginsstric dimethylarginine.

Symmetric dimethylarginine possesses one methylgom each of thBl“-nitrogens of

the guanidino group, and therefore the structuthisfresidue differs significantly from
that of its asymmetric homologue (Figure 4.5). laswtherefore postulated that
demethylation of the two dimethylarginine tautomeray not necessarily be facilitated
by the same enzyme; as such an enzyme would have &ble to bind both species.

However, as JMJD2E has been shown to catalyse taxidan a variety of lysine
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analogues (although diethyllysine, the analoguetrswacturally similar to symmetric
dimethylarginine, does not react), it was propost#tht binding of both

dimethylarginines may be possible.

bl 3 L

N /&N H N \N - ~_N._~
| H
Asymmetric Dimethylarginine ~ Symmetric Dimethylarginine Diethyllysine

Figure 4.5 Structures of asymmetric dimethylarginine, symmetric dimethylarginine and
diethyllysine.

In order to test for demethylation activity, tharsyetric dimethylarginine containing
peptide ARTKQTARRmMe2sSTGGKA was prepared using ptige synthesiser and
was incubated (10 uM) with IMID2E (2 uM), 20G (9@)pascorbate (100 uM) and
ferrous iron (10 uM) at 37 °C. Interestingly, MAL@halysis of the sample revealed

evidence of demethylation (Figure 4.6, bottom).
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Figure 4.6 MALDI spectra showing  JMJD2E-catalysed demethylation of
ARTKQTARRmMe2sSTGGKA in the absence of iron, ascorbate and 20G respectively, after one
hour at 37 °C.

In addition to the emergence of a peak at 1603 netaresponding to the
monomethylarginine peptide, a peak at 1589 m/z ajpgmeared to increase in intensity
during the incubation period (one hour). It waspm®ed that this peak corresponds to
the unmethylated arginine, suggesting that dematioyl of the monomethylarginine
product had occurred in the sample (as observeslioples containing the asymmetric
dimethylarginine peptide). Although direct compans of the asymmetric and
symmetric dimethylarginine peptide demethylatiotesaby MALDI was impeded by
their identical masses, competition experimentsevearried out using the asymmetric
dimethylarginine peptide and a symmetric dimethyitaine peptide trimethylated at K4
(sequence ARTKmMe3QTARRmMe2sSTGGKgynthesised by Dr. Wei Gsee Section
4.2.7). An approximately 1:1 mixture of the symnwetrand asymmetric
dimethylarginine peptides (the relative impurity thle symmetric dimethylarginine

peptide sample hindered accurate determinatiomiéentration) was prepared and the
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mixture was reacted (as above) and monitored ovepeaod of 30 minutes.
Interestingly, analysis of the spectra revealed tha symmetric dimethylarginine
peptide was marginally more active in the samptedemethylation of the asymmetric
dimethylarginine peptide could be observed, altloug is possible that the
demethylated products of the reaction may be oksicby sample impurities, Figure
4.7). This finding suggests that symmetric dimethyihine may be an intrinsically
better substrate for JIMJD2E than the asymmetridogna (at least for the sample

tested); however, more experimentation is requivecbnfirm this.
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Figure 4.7 MALDI spectra showing  JMJD2E-catalysed demethylation of
ARTKQTARRmMe2aSTGGKA and ARTKme3QTARRmMe2sSTGGKA over time at 25 °C.

4.2.5 Screening of Histone Peptides

MALDI experiments were then undertaken in ordemigestigate whether JIMJD2E is
able to catalyse demethylation on known histonenarg marks. A histone peptide
library containing methylated argininescquired from Dr. Wei Gewas prepared, and

each of the peptides was incubated with IMJD2E, ,243Gorbate and ferrous iron and
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the reactions were monitored after one hour at@7A summary of the reactions is

shown in Table 4.1.

Table 4.1 Table showing histone peptides tested for arginine demethylation with JMJD2E.

Observed demethylation is indicated.

Peptide Sequence Histone Mark -14 Da? -28 Da?
ARRmMe2aSTGGK H3K9 mutant Yes No
ARTKQTARRmMe2aSTGGKA H3K9 mutant Yes Yes
ARTKQTARRMe2sSTGGKA H3K9 mutant Yes Yes
ARTKQTARRmMeSTGGKA H3K9 mutant Yes N/A
ARTKmMe3QTARRmMe2aSTGGKA H3K4 H3K9 mutantYes Yes
ARTKMe3QTARRMe2sSTGGKA H3K4 H3K9 mutantYes Yes
ARTKmMe3QTARRmMeSTGGKA H3K4 H3K9 mutant Yes N/A
ARmMe2aTKQTARKSTGGKAPRK H3R2 Yes Yes
ARMe2sTKQTARKSTGGKAPRK H3R2 Yes Yes
ARmMe2aTKme3QTARKSTG H3R2 K4me3 Yes Yes
ARmMe2sTKme3QTARKSTG H3R2 K4me3 Yes Yes
ARTKQTARMe2aKSTGGKAPRK H3R8 Yes Yes
ARTKQTARMe2sKSTGGKAPRK H3R8 Yes No
ARTKQTARMeKSTGGKAPRK H3R8 Yes N/A
TKQTARmMe2aKacSTGGK H3R8 H3K9 No No
STGGKAPRmMe2aKQLATKAARK H3R17 No No
STGGKAPRmMe2sKQLATKAARK H3R17 No No
STGGKAPRmMeKQLATKAARK H3R17 No No
TGGKAPRmMe2aKacQLATK H3R17 No No
TGGKacAPRmMe2aKQLATK H3K14 H3R17 No No
TGGKAPRmMe2aKacQLATK H3R17 H3K18 No No
TGGKAPRmMe2sKacQLATK H3R17 H3K18 No No
QLATKAARMe2aKSAPATGGV H3R26 No No
QLATKAARMe2sKSAPATGGVK H3R26 No No
QLATKAARMe2aKSAPATGGV H3R26 No No
SGRmMe2aGKGGKGLGKGGAK H4R3 Yes No
SGRmMe2sGKGGKGLGKGGAK H4R3 No No
SGRmMe2aGKQGGKARAKTR H2AR3 No No

In addition to the observed demethylation of theKBIR mutant peptides, it was
apparent that demethylation on peptides with mategl H3R2, H3R8 and H4R3
histone marks is catalysed by JMJD2E. These firdisgiggest thatin vivo
demethylation of known histone arginines could bhtakysed by JMJD2E, indicating
not only that this enzyme may possess other celtulbstrates (assuming that IMIJD2E

is expressed in cells), but also that epigeneticlegion may be facilitated by arginine
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demethylation catalysed by histone ’lysyl’ deme#is@s. This is the first evidence that
20G demethylases may act on non-lysyl cellular sates and also indicate that
biologically relevant arginine demethylation maydagalysed by members of the 20G
oxygenase family. Although comparison of the peggiddemethylation activities was

difficult due to the relative impurity of many ohd samples, it was possible to
provisionally rank the substrates according to rthelactivity. These experiments
indicated that the H3R2 peptide containing asymimelimethylarginine (H3R2me2a)

was the best substrate for IMID2E.

In order to investigate whether the H3R2me2a pepsid better substrate than the K9R
mutant peptide, direct competition experiments weagied out. A pure sample of
H3R2me2a peptide was synthesised (sequence ARMEPXBARKSTGGKA) and a
1:1 mixture of this peptide with the equivalent KO9IReptide (sequence
ARTKQTARRmMe2aSTGGKA) was prepared. This mixture whasn incubated with
JMJD2E, 20G, ascorbate and iron (as described alaovkthe reaction was monitored
over 30 minutes using MALDI mass spectrometry. Témmple revealed that
demethylation of the modified R2 peptide was mdfieient than the corresponding R9
peptide (Figure 4.8). However, after 30 minutedy eaughly 50 % of the R2 peptide
had been demethylated, indicating that demethylatib R2 is still significantly less
efficient with respect to lysyl demethylation oitethylated K9 peptide (which is fully

demethylated after 30 minutes under the same gonsljt
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Figure 4.8 Concentrations of ARmMe2aTKQTARKSTGGKA, ARmeTKQTARKSTGGKA,
ARTKQTARRmMe2aSTGGKA, and ARTKQTARRmMeSTGGKA over time, when incubated with
JMID2E, 20G, ascorbate, and iron.

Analysis of a sample containing the trimethylateKRmutant peptide (sequence
AKmMe3TKQTARKSTGGKA) did not result in observed ddimdation after one hour
at 37 °C ¢arried out by Louise WalpgrtThese observations imply that demethylation
of methylated lysines and arginines may be lesgiefit when either substrate is
substituted for the other in a peptide. This magidate that the preferred binding
orientations of methylated lysines and methylategingnes are facilitated by
interactions between the protein and specific sumdong peptide residues, and
therefore, different amino acid sequences may hwmoitant in determining whether
demethylation of arginine or lysine is preferredthdugh arginine demethylation of the
histone peptides appears to be less efficient mgipect to lysyl demethylation at K9
(at least with respect to the trimethylated peptideappears that IMID2E is able to
accept more methylated arginine substrates thanelyaibstrates (JMJD2E is known
only to demethylate methylated K9 peptides). Thiaynsuggest that JMJD2E is
amenable to accepting methylated arginine substraitéy varying amino acid residues
close to the methylated arginine, implying thatstheesidues may not be important for
determining substrate specificity in a cellular konment (i.e. with full length protein
and substrate). It is also possible that demetioyladf either methylated lysines or

arginines is promoted by the presence of other passlational modifications in the
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peptides, as observed during PHF8-catalysed dehagthy at K9 in the presence of

trimethylated K4.%% 71

Given that the H3R2 peptide is a better substhate the corresponding H3KOR mutant
peptide,"H NMR experiments with the R2 peptide were carged in the hope that
demethylation might be observed. The NMR sample p@&pared as described in
Chapter 2, except that in this case, IMID2E waeddtl20uM final concentration in
the hope that increased enzyme would increase ¢ilgeed of demethylation in the
sample. After 30 minutes reaction, a singlet resoaaty 2.35 ppm, corresponding to
succinate, was observed, indicating 20G turnovegu(eé 4.9). However, detection of
demethylation (as evidenced by a decrease in ityeosthe singlet resonance &j
2.98 ppm) was hampered by signal overlap. Deshise it was possible to detect the
emergence of a small singlet resonancéya2.78 ppm, which may correspond to the
methyl protons of monomethylarginine in the produeptide. The low concentration of
this species, however, impeded characterisatiahflarefore, doping experiments with
an authentic sample of monomethylated peptide wikadl be required to confirm the

assignment.
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Figure 4.9 'H NMR spectra (700 MHz) of a sample containing ARme2aTKQTARKSTGGKA (1
mM), JIMIJD2E (20 uM), 20G (5 mM), ascorbate (1 mM) and ferrous iron (100 puM) after 5
minutes and 30 minutes respectively in dAFN buffer.

Finally, the increased demethylation observed WithR2 peptide allowed for analysis
of the reaction using the FDH assay. A sample @ointa the R2 peptide, 20G,
ascorbate, iron, FDH and NADH (for concentratisee Chapter 10) was prepared, and
the degree of demethylation over time was monitdsgdrecording an increase in
fluorescence intensity at 460 nm. Analysis of tlempgle facilitated the indirect
observation of arginine demethylation and alsodattid that HCHO was produced as a
product of demethylation (as observed for lysyl ddwlation, Chapter 2). Monitoring
the reaction at variable peptide concentrationwadh for the initial rates of peptide
demethylation to be attained, resulting in the wheieation of kinetic parameters

(Figure 4.10).
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Figure 4.10 Dose-response curves for JMID2E catalysed demethylation of
ARmMe2aTKQTARKSTGGKA.

The Ky value attained for the R2 peptide (43.3 £ 1@M) was higher than the
calculated ky values for the analogous trimethylated K9 peptiding the FDH assay
(17.4 = 2.5uM). However, the Iy values for the R2 peptide and the analogous
dimethylated K9 peptide (32.2 + 7.4M) were the same within experimental error. The
similarity in the K, values attained for the asymmetric dimethylatecpB@tide and the
dimethylated K9 peptide suggest that these peptides a similar binding affinity for
the enzyme. Despite this apparent similarity indbig affinity, analysis of thek.a
values for the two peptides (0.03 + 0.002and 0.07 + 0.004 sfor the dimethylated
R2 and dimethylated K9 peptides respectively) ssiggethat demethylation of the
dimethylated R2 peptide is slower than the dimeitegd K9 peptide. These findings
may indicate that the demethylation pathways fer ttho substrates possess different
rate determining steps (or at least some stepseioverall rate equation are slowed in

the case of the dimethylated R2 peptide).
4.2.6 Screening of other IMJD2 Demethylases

Although demethylation of methylated arginines wasserved with JMJD2E, this
enzyme is proposed not to be expressed in cellstefdre, screening of the histone

peptide library was carried out with the JIMJD2E lbbygues JMJD2A and JMJD2D,
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which are known to be expressed in cell nuclei rway therefore indicate biologically
relevant arginine demethylation. JIMJD2D is expettedisplay a very similar substrate
specificity profile to IMID2E (at least with thenstructs available), as the residues that
formulate the substrate binding pocket are higldgserved. The catalytic domain of
JMJID2A is also very similar to that of JMID2E, hewee it is possible that the
variations in the substrate methyllysine bindinghmt (S288 and T289 in JMJD2A,
which are substituted for A288 and 1289 in JMJD2&gy induce different arginine
binding propensities. Also, it was hoped that tlaadattained with JMJD2A (as the
truncated catalytic domain) would allow the argeidemethylation activities of
JMJD2B and JMJD2C to be predicted, as the catatidimains of these enzymes are

highly conserved.

Analysis of the reactions of the histone peptided d@MJD2D did not reveal any
demethylation after one hour at 37 °C. Althougrséhéndings are somewhat surprising
given the structural similarity between JMJD2D amdJDZ2E, it was noted that the
batch of JMJD2D available in the laboratory wasngigantly less active than the
corresponding samples of JMJD2E. A sample contgidiklJD2D (at 10uM final
concentration) and the standard trimethylated K@&ige (sequence ARKme3STGGK)
only revealed roughly 30 % demethylation to the etimylated peptide after one hour at
37 °C. However, samples containing this peptide lkmewn to be completely
demethylated to the monomethylated peptide aftermli@utes with JIMIDZ2E. It is
acknowledged, therefore, that the lack of obserarginine demethylation with the
peptide library may be due to the inherently lovzyene activity rather than to any

specificity of IMID2D for lysine substrates.

The JMJD2A construct used in this study was alsmdoto be less active than IMID2E
with respect to lysyl demethylation. However, inatibn of JIMJD2A with the arginine
peptides did indicate that the enzyme was capdltatalysing arginine demethylation,

albeit at very low levels (Table 4.2).

120



Chapter 4. Investigating Demethylation of Methytbfaginine by 20G Demethylases

Table 4.2 Table showing histone peptides tested for arginine demethylation with JMJD2A.
Observed demethylation is indicated.

Peptide Sequence -14 Da? -28 Da?
ARTKQTARRmMe2aSTGGKA No No
ARTKQTARRMe2sSTGGKA No No
ARTKmMe3QTARRmMe2aSTGGKA Yes No
ARTKMe3QTARRMe2sSTGGKA Yes No
ARmMe2aTKQTARKSTGGKAPRK Yes No
ARmMe2sTKQTARKSTGGKAPRK No No
ARmMe2aTKme3QTARKSTG Yes No
ARmMe2sTKmMe3QTARKSTG No No
ARTKQTARmMe2aKSTGGKAPRK No No
ARTKQTARMe2sKSTGGKAPRK No No
ARTKQTARMeKSTGGKAPRK No N/A
TKQTARmMe2aKacSTGGK No No
STGGKAPRmMe2aKQLATKAARK No No
STGGKAPRmMe2skKQLATKAARK No No
STGGKAPRmMeKQLATKAARK No No
TGGKAPRmMe2aKacQLATK No No
TGGKacAPRmMe2aKQLATK No No
TGGKAPRmMe2aKacQLATK No No
TGGKAPRmMe2sKacQLATK No No
QLATKAARMe2aKSAPATGGV No No
QLATKAARMEe2sKSAPATGGVK No No
QLATKAARMe2aKSAPATGGV No No
SGRmMe2aGKGGKGLGKGGAK Yes No
SGRmMe2sGKGGKGLGKGGAK No No
SGRmMe2aGKQGGKARAKTR No No

4.2.7 Screening of other 20G Dependent Oxygenases

The peptide library was then used to investigatetindr other 20G demethylases can
catalyse arginine demethylation. A number of awddalysyl demethylases were
selected for screening with the histone libraryhi@ hope that these enzymes may allow
reaction with the methylated argninines. Also, snieg was carried out on the 20G
oxygenase ABH5, which to date has no known sulesttataddition to screening the
enzymes against the histone library, the knownl lgsigstrate peptides for each enzyme
(excluding ABH5) were synthesised with methylatedirdne residues substituted for
the reactive lysine. It was hoped that these pegtithay give a high probability of
arginine demethylation due to their known bindirffinéies; however analysis of the

reactions with JIMJD2E suggest that lysine to angirsubstitution may not necessarily
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produce efficient demethylation. The enzymes setkdbr screening, as well as the

sequences of their mutated substrate peptide avensim Table 4.3.

Table 4.3 Table showing the screened 20G oxygenases and the synthesised mutated substrate

peptides.

Enzyme Mutated Substrate Peptides

PHF8 ARTKmMe3QTARRmMe2aSTGGKA
ARTKmMe3QTARRmMe2sSTGGKA
ARTKMe3QTARRmMeSTGGKA

FBXL11 PATGGVRmMe2aKPHRY
PATGGVRmMe2sKPHRY
PATGGVRmMeKPHRY

KIAA1718 KQLATKAARRmMe2aSAPAT
KQLATKAARRMEe2sSAPAT
KQLATKAARRMEeSAPAT

JMJID1A ARTKQTARRmMe2aSTGGKA
ARTKQTARRmMe2sSTGGKA
ARTKQTARRmMeSTGGKA

JMJD3 Same as for KIAA1718

UTX Same as for KIAA1718

ABH5 N/A

Analysis of the MALDI spectra for each of the 20@ygenases with the histone
peptide library indicated that the majority of tkezymes did not catalyse arginine
demethylation on the peptides. The only observededeylation during the screen was
the demethylation of the asymmetric dimethylarginoontaining K27R peptide and the
monomethylarginine containing K27R peptide with IMJTable 4.4 and Figure 4.11).
No demethylation of known histone arginine marks waserved, nor was there any
apparent hydroxylation (it was postulated that FBRXImay facilitate hydroxylation of
asymmetric  dimethylarginine by analogy to its ddmkition of N
methylisopropyllysine, Scheme 4.2) or formationcgfulline. These results implied
that the enzymes tested (with the exception of JBJJRere most likely not reacting

with the methylated arginine peptides.
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Table 4.4 Table showing the demethylation by the screened 20G.

Enzyme Reported Substrate(s) Evidence of Arginiam&thylation
PHF8 H3K9me2/mel No
FBXL11 H3K36me2/mel No
KIAA1718 H3K27me2/mel No
JMJID1A H3K9me2/mel No
JMJID3 H3K27me3/me2/mel Yes
uUTXx H3K27me3/me2/mel No
ABH5 Unknown No
. - -14Da o -14Da Lo
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Figure 4.11 MALDI mass spectra of a sample containing JMIJD3 (2 uM),
KQLATKAARRmMe2aSAPAT (10 uM), 20G (50 uM), ascorbate (100 uM) and ferrous iron (10 uM)
after one hour at 37 °C. A control experiment without enzyme is shown below.
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Scheme 4.2 Scheme showing the demethylation of asymmetric dimethylarginine and

monomethyarginine by JMJD3. Hydroxylation or citrulline formation does not appear to occur.

Based on the MALDI experiments, it appeared thaietbylation of H3K27R
asymmetric dimethylarginine peptide by JMJD3 wagerefficient than the observed
demethylation of H3R2 asymmetric dimethylarginineptide by JMJD2E (at least
under the MALDI reaction conditions). Thereforewis proposed that both NMR and
FDH analyses on the reaction may allow the dematioyl product to be characterised
and kinetic parameters to be attained. Firstly dismethylation reaction was monitored
using'H NMR as described in Section 4.2.5. JMJD3 (M final concentration) was
incubated with a purified batch of the K27R pepfitienM), 20G (5 mM), ascorbate (1
mM) and ferrous iron (1QM), and the reaction was monitored over the fiGsh3nutes

of reaction. In addition to the formation of suat® analysis of the sample revealed

the time dependent formation of a singlet resonaaic®; 2.78 ppm (Figure 4.12),
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coupled to a decrease in intensity of the singésobmance afy 2.98 ppm. It was
therefore proposed that the new resonance corrdsgorthe methyl group protons on

the monomethylated arginine peptide. However, &rritharacterisation is required to

confirm the NMR assignment.

2.80 2.78 2.76 ppm

Figure 4.12 '"H NMR spectra (700 MHz) of the reaction of KQLATKAARRme2aSAPAT, JMID3,
20G, ascorbate and ferrous iron in dAFN buffer. The singlet resonance at &, 2.78 ppm is
observed to increase in intensity over time (At = 89 s).

As the demethylation reaction with JMJD3 appeared produce substantial
demethylated peptide by NMR, it was proposed thatdetection of HCHO produced
may be possible using this technique. Therefomaedobne (1 mM final concentration)
was added to the reaction mixture after 30 minutethe hope that the characteristic
dimedone-HCHO adduct(s) may be detected inth&MR spectrum. Analysis b{H
NMR revealed the emergence of a signadp0.895 ppm, which was assigned to the
hydroxymethyldimedone adduct by analogy to the erpents described in Section
2.2.3 (Figure 4.13).
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At=300s
t,= 900 s

0.900 0.895 0.890 0.885 ppm

Figure 4.13 'H NMR spectra (700 MHz) of the reaction of KQLATKAARRme2aSAPAT, JMJD3,
20G, ascorbate and ferrous iron in dAFN buffer, after addition of dimedone. The singlet
resonance at 6, 0.895 ppm is observed to increase in intensity over time.

The production of HCHO during the demethylationctean was further implied by the
observation of increased fluorescence intensity4@@ nm) during analysis of the
reaction by FDH. As with the experiments detailihg reaction of the asymmetric
diemethylated R2 peptide with IMID2E, it was pdesib calculate kinetic parameters
by monitoring the reaction of IMJD3 with the asynmgedimethylated K27R peptide
(at variable concentration) over initial time pairfKy = 68.36 + 9.35 pMYnax= 0.160
+0.006 pM & andk., = 0.080 + 0.003 Srespectively, Figure 4.14).
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Figure 4.14 Dose-response curve for the reaction of KQLATKAARRme2aSAPAT with JMJD3.

As JMJD3 has been shown to demethylate asymmetnethylarginine, it was

proposed that this enzyme may facilitate the hydadion of N°*-methylisopropyllysine
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in an analogous manner to that observed for JMJI32EEh hydroxylation would give
further credence to the hypothesis that these pegiss bind in similar conformations
in the active site, and should also imply that déylation occurs via initial

hydroxylation. The mutated K27 peptide containirige tmodified lysine residue
(sequence KQLATKAARKmMeiprSAPAT) was synthesised andfied as described in
Chapter 3, and the peptide was subsequently inedhaith JMJD3 (2uM), 20G (50

uM), ascorbate (10QM) and ferrous iron (1QM). The reaction mixture was then

analysed after one hour at 37 °C using MALDI mamscgometry (Figure 4.15).
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Figure 4.15 MALDI mass spectrum of a sample containing JMIJD3 (2 uM),
KQLATKAARKmMeiprSAPAT (10 uM), 20G (50 uM), ascorbate (100 uM) and ferrous iron (10 uM)
after one hour at 37 °C. Hydroxylation of the substrate peptide can be clearly observed.

The MALDI mass spectrum indicated that a new spgeatemass 1615 m/z had been
formed in the sample, which was assigned to thedxythted peptide. Therefore, it
was apparent that JIMJD3 is able to hydroxyhtenethylisopropyllysine, presumably
at the same position as that observed with IMJDBES. observation therefore indicates

that both JMJD2E and JMJD3 can accept methylatedinine and N*-
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methylisopropyllysine in their active sites and daailitate oxidation at the analogous

positions on the substrates.
4.3 Conclusions and Future Work

Work in this Chapter describes the detection oinamg demethylation by three histone
lysine demethylases (JMJD2A, JMJD2E and JMJD3)s@&Hendings provide the first
conclusive evidence that demethylation of argingaa be achieved enzymatically
(arginine demethylation by JMJD6 has been provedédonon-reproducible in this
laboratory and elsewher®,>* and also imply that lysine and arginine demetliyhat
may be performed by the same enzymes. MALDI expamis) with JMID2A and
JMJID2E have suggested that these enzymes are abldemethylate known
methylarginine marks on histone H3 and H4, indigatihat, under certain conditions,
the JMJD2 subfamily may facilitate histone arginidemethylation in cells. Time
course and NMR experiments have also implied tlehethylation of asymmetric
dimethylarginine at H3R2 is more efficient than @thylation of the mutated K9R
analogue. This finding, as well as the observed tfcdemethylation of the R2Kme3
mutant peptide (sequence AKmMe3TKQTARKSTGGKA), mayggest that subtle
differences in the preferred binding modes of miettgynine and methyllysine marks
invoke variable demethylation propensities. Althowtemethylation of known histone
marks was only observed for the JMJD2 enzymespntbst active demethylase with
respect to arginine demethylation was JMJD3. Thé&y nmdicate that JIMJD3 (and
potentially the JMJD2s) may facilitate arginine dghylation on non-histone
substrates. More generally, this work suggests dhginine methylation (at least on
histones) is likely to be dynamic and may rely dw treactivity of some lysyl

demethylases.

The preliminary detection of 20G demethylase-catdyarginine demethylation has
the potential to illuminate many new areas of epgje research. Of the many
questions that this work raises, one of the mostmprent must be whether 20G

demethylases are able to catalyse both lysyl agidiayl demethylation on histones in
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cells. It should be noted at this stage that thgnasetric dimethylarginine mark at
H3R2 is proposed to signal for transcriptional esgsiom:2* It is therefore intriguing
that the JIMJD2 enzymes, which remove the transonally repressive H3K9 methyl
mark, may also facilitate removal of H3R2 methylati® ®* "°It is also possible that
targeting of specific lysine or arginine marks nisg facilitated by interactions other
histone binding domains. For example, the strustwfeJMJID2A-C possess multiple
methylated lysine binding domains (two PHD domasrsd two tudor domains
respectively), which may recognise specific marks tbe histone tail®® These
interactions may then orientate the catalytic domai the demethylase toward a
specific methylated arginine or lysine residue. sThype of targeting pathway has
already been proposed for the demethylase PHF&hwitémethylates dimethylated
H3K9 upon binding of trimethylated H3K4 by a PHDnalain 4% 1"

Future areas of investigation in this field rely the conclusive characterisation of
cellular arginine substrates for the lysyl demedhgk. This work would require
utilisation of cellular assays (such as fluorimetnd immunoprecipitation techniques)
to identify biologically relevant substrates. Fethexperiments may then focus on
determining the scope of arginine demethylatiomraits, in the hope that this process
may be essential for cellular homeostasis. iRovitro characterisation, it would be

necessary to increase the intrinsic activity of dnginine demethylases’ in order to
acquire binding information and kinetic parameteffis may be facilitated by

identifying better substrates for these enzymes.
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Chapter 5

Probing the Role of Lysine-241 during JMJD2A-

Catalysed Demethylation

5.1 Introduction

X-ray crystallographic studies on the JMJD2 subfaraf histone demethylases have
revealed the presence of a structurally consery®yd tesidue’ This residue (labelled
as K241 in IMJD2A, and named as such hereaftéor#ed in a potentially important
position in the active site, close to not only tten centre, but also to the methylated
lysine substrate and molecular oxygen binding sitdsas therefore been hypothesised
that K241 may play a role in one or more catalytycenportant processes during the
demethylation reaction. Although present in all rbens of the JMJD2 subfamily,
K241 does not appear to be conserved in other 2€e+ient histone demethylases,
suggesting that any catalytically important prodasslving this residue may be unique

to the IMJID2 enzymes.
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\

Figure 5.1 (Left) View from the crystal structure of JIMJID2A complexed to N-oxalylglycine (NOG)
and histone substrate. (Right) View from the crystal structure of JMJD2A complexed to 2,4-
pyridine dicarboxylic acid (2,4-PDCA). K241 is highlighted pink in both structures.

5.1.1 Background

One potential role of K241 during demethylation Hasen inferred from X-ray
crystallography data on JMJD2A. Work by Chetnal identified a v-shaped region of
electron density in the crystal structure of JIMJD@Anplexed with a histone peptide
close to the iron centre in the active §ft&his region was hypothesised to represent
two discrete binding modes of oxygen, and thereitoweas suggested that oxygen may
be actively transported into the active site dudiegnethylation. It was also noted that
K241, which is positioned close to this region t#cron density, has the potential to
form hydrogen bonds to oxygen in both proposedibmdnodes, and therefore it was
hypothesised that this residue may facilitate thegport of oxygen towards the iron
centre. In order to investigate this hypothesi® KR41A and K241L variants of
JMJID2A were produced and tested for demethylatiotivity. MALDI analyses
revealed that both variants were inactive with eespo demethylation, consistent with
a potential role of K241 in oxygen binding. Althduthese findings suggest that K241
is important for demethylation activity, a number questions remain unanswered
regarding its role during catalysis. Firstly, aliigh a potential role in oxygen transport

is supported by the observation of electron derdige to theN*-group of K241, the
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assignment of this density region to molecular @ygnay be considered somewhat
ambiguous given the relatively low atomic resolatiof the protein crystal structure
(1.99 A). Therefore, it is difficult to correlatle loss of activity in the K241 mutants
solely to a loss in oxygen transport based onlythen structural evidence. It can be
envisaged that such a loss of activity may be dug mnumber of other factors besides
oxygen transport as K241 is located in close prayirto the catalytic centre. For
example, thé\°-group of K241 is suitably close to the histonedinig pocket to possess
a hydrogen bond with the substrate, and theret§?d,l may be involved in either
allowing suitably strong substrate binding, or irientating the substrate into the
catalytically active conformation. It should alse boted that K241 is positioned close
to the structural zinc binding site, implying a @atial role in stabilising protein

structure.
5.1.2 Objectives

Work in this Chapter describes efforts to furthavestigate the role of K241 in
JMJD2A-catalysed demethylation by analysing thecstires and activities of wild-type
JMJID2A and also of two novel K241-depleted mutatits hoped that these analyses
will give new insights into the role of this reselduring demethylation and also help to

either confirm or disprove the hypothesised oxyansport mechanism.

Cloning of the JMJD2A mutants was carried out by Nathan R. Rose. Expression
and purification of the mutant proteins was donecatlaboration with David Ivison.

Protein mass spectra were acquired by Dr. Adam Mard

5.2 Results

5.2.1 Design of K241 Mutants

As K241 has been shown to be positioned closedatituctural zinc and active site, it
is proposed that mutation of K241 has the abiltyatfect both the structure and the
catalytic mechanism of the protein. Therefore, #swmportant to select mutations at

this position which would allow concise investigatiof each of the potential effects of
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K241 removal. Although previous work had utilised44 A and K241L substitutions, it
was felt that substituting the lysine to more dinually similar residues would allow a
more informative evaluation of the roles of K241ridg catalysis. Therefore, two

variants were chosen as shown in Figure 5.2.

N _N
K241R I’E" H ’f K241M Hﬁ : ”f

R 1

A NH,

Figure 5.2 Mutations of K241 to arginine (left) and methionine (right).

Firstly, the residues chosen for substitution at4K2(arginine and methionine
respectively) have similar side chain lengths ®ng. It was hoped, therefore, that any
potential deviations in protein tertiary structug@n removal of such a long alkyl chain
would be minimised. The substitution of lysine wisinginine, in contrast to the
mutations previously investigated, has the propgndbd maintain hydrogen
bonding/electrostatic interactions, and thereforay hbe still possess the ability to
orientate the substrate and oxygen when bounceimdtive site. It should also be noted
that the arginine side chain is slightly longerntHgsine, which may result in steric
clashes with the bound substrate. It is also ptesshmt this increased length may
facilitate an interaction with D191, blocking bindi of the substrate. In contrast to
arginine, the substitution of lysine with methiomiremoves the potential of hydrogen
bonding, either to the histone substrate or to ouwbée oxygen. Therefore, this variant
might give insight into the importance of both pudtal interactions during
demethylation. Also, the methionine side chainlightly smaller than that of lysine,

implying that any steric clashes with the substraight be avoided.

133



Chapter 5. Probing the Role of Lysine-241 during)lIMA-Catalysed Demethylation

Figure 5.3 Views from a crystal
structure of JMJD2A catalytic domain
showing K241 mutations (Modelled in
place of K241). (Top) Wild-type
JMIJD2A, (Bottom Left) IMJD2A K241R,
(Bottom Right) JMIJD2A K241M).
Interactions can be envisaged between
K241R and both the substrate peptide

5.2.2 Mutagenesis, Expression and Purification afdvits

Point substitutions at K241 were achieved using @bck-Chang® (Stratagene)
protocol Or. Nathan R. RogeThe mutated plasmid DNA was then transformed knt
coli BL21 (DE3) competent cells by heat-shock treatnaent expressed in 2TY media
in a manner analogous to that used for wild-typdDRA. Starter cultures were grown
at 37 °C overnight and were then used to inocuatger flasks of 2TY media. After
reaching an OR)o of 0.6, protein expression was induced in thedartasks by the
addition of isopropyB-D-thiogalactopyranoside (IPTG, 0.5 mM). The flaskerevthen
incubated overnight at 15°C before the cells weaevdsted by centrifugation. After
storage overnight at -80°C, the cells were lysedsbyication and the expressed
proteins were purified via affinity chromatographyhich resulted in the acquisition of

the proteins in high purity (greater than 90 % IDSSPAGE analysis, Figure 5.4).
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Figure 5.4 SDS-PAGE gel indicating purification of JMJD2A K241R via affinity chromatography.

In order to assess the purity of the acquired wésjaand also to confirm that the
mutations had been incorporated into the proteiress spectra of the variant proteins
were obtained under denaturing conditions usingCGI¥ Lmass spectrometer. Each
spectrum appeared to contain one protein in lapggess affirming the purity of
samples. The masses of these major proteins cdela the expected masses of the

variants (Figure 5.5).
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Figure 5.5 Denaturing MS spectra of JMID2A K241M (above) and JMJD2A K241R (below).

5.2.3 Probing Structural Integrity

It was envisaged that changes in protein struaipen substitution of K241 may be a
cause of inactivation, and therefore studies amajythe structure of the two variants
were undertaken in order to evaluate any structigalation. Analysis was carried out

using circular dichroism and zinc ejection techeisjuas described below.
a) Circular Dichroism

Circular dichroism (CD) analysis allows evaluatwinboth secondary (the far-
UV region, 200-220 nm) and tertiary (the near-U\gioa, 250-300 nm)
structure elements, and consequently, it was egeisshat comparing the CD
spectra of the variant proteins with wild-type JN2FDwould give valuable
information regarding the structural integrity upgamoving K241. Spectra of

the substituted and wild-type proteins were obthineder identical conditions
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using a CD spectrophotometer and were then supeseapin order to identify

any differences in the structures of the protekigure 5.6).
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Figure 5.6 CD spectra of JMIJD2A K241M (blue), JMJD2A K241R (red) and wild-type
JMID2A (black).

Firstly, it was apparent that both variants likplyssess folded structures due to
the presence of non-zero ellipticity in their CDesfra. Non-folded protein
would be expected to show a constant ellipticitg@fo in the CD spectrum due
to the loss of regular secondary and tertiary stinec However, the spectra over
the far-UV region suggest that the variants posskgitly different secondary
structure relative to each other, although in thsecof the K241M mutant, the
spectrum matched closely to the corresponding regid the wild-type
spectrum. In this preliminary study, the far-UV spem of the K241R mutant
differed from both the mutant and wild-type spectiawever, this variation
may be at least partially due to the relativelyhhimpise in this region of the
spectrum. As K241 is not thought to possess bonitegactions with other

residues within the JMJD2A catalytic domain, it d@envisaged that altering
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this residue to methionine, which is smaller thggine and unable to facilitate
hydrogen bonding, does not significantly affectosetary structure. Conversely,
substituting lysine with the larger arginine magerithe structure by inducing
new bonding interactions with active site residush as D191 (Figure 5.3).
The near-UV regions of the CD spectra, which care ghformation on the
tertiary structure of proteins, were identical Ire ttwo variants and the wild-
type. This may suggest that any deviations in #eisdary structure of the
K241R mutant do not significantly affect the overfdld of the protein,

although, given that the signals in this region aezy low, the data are

inconclusive in this regard.
b) Zinc Ejection

The integrity of zinc binding in the JMJD2A mutantgas also investigated by
evaluating the degree of zinc ejection by the knaimc ejector compound
Ebselen. This compound has been shown to remoedim the active site of
JMJID2A, thus rendering the enzyme inactive to Imstdemethylation (Scheme
5.1)13* Therefore, the enzymes were treated with Ebsetehtlae subsequent
reactions were monitored using a fluorimetry bazged ejection assay in order
to ascertain whether the mutants are able to bind and also whether any
bound zinc is susceptible to Ebselen-induced ejectl* Removal of zinc from

the enzyme was monitored by measuring the fluorescef the zinc chelator
Fluozin-3™ (Fz-3) after addition of Ebselen. The relativebgitey of zinc

binding was then evaluated by comparing the datia thie wild-type control.
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Scheme 5.1 Potential mechanism of zinc ejection by Ebselen.

The ejection reactions revealed a significant iaseein emmitance intensity for
the K241R and K241M variants, indicating that bptssess zinc ions in their
structures (Figure 5.7). After one hour, the largasitance intensities were
observed for the K241 variants. Given that largaitance signals correlate to
the efficient release of zinc (therefore resultimghe increased formation of the
Fluozin-3™ zinc complex), it can thus be suggested that #r@nts, although

being able to bind zinc, may possess somewhat aomiped zinc binding sites
relative to the wild-type protein. However, furttetudies are required to verify
this proposal. Although it is apparent that remasaihe lysine at position 241
has a detrimental effect on zinc site integrityléaist when mutated to arginine

and methionine), the mechanisms by which the bmdinzinc is compromised
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are difficult to establish. It is possible thatdrdactions of the substituted side
chains result in small conformational changes & #inc site ligands, thus
resulting in weaker binding. Also, K241 may be ilwaa in inhibiting zinc
removal by providing a hydrophilic environment @dot zinc site, repelling
potential zinc ejectors. Although both explanati@ms plausible at this stage,

more experimentation is needed to confirm the K2d1 plays in maintaining

the zinc site.
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Figure 5.7 Emmitance intensities at 520 nm of samples of wild-type JMID2A, JMJD2A
K241R and JMJD2A K241M with ebselen and FluoZin-3™ after one hour. The intensities
from the control sample (ie. Enzyme and FluoZin-3™) are subtracted.

5.2.4 Activity Studies
a) Succinate Formation

Although previous work on K241A and K241L variameported a loss of
demethylation activity, no experiments probing aaticatalysed succinate
formation were described. Assuming K241 is involwedecruiting molecular
oxygen into the active site, formation of succineie oxygen dependent 20G
oxidation would likely be inhibited upon removal &241, as it could be

assumed (at least in the case of the K241A, K241d 241M mutants) that
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oxygen would not be able to reach the iron certherefore, investigating this
reaction was expected to offer valuable insights ithe role of K241 in a
potential oxygen transport mechanism. Succinat@dtion was analysed in two
samples containing the variant proteins (one pepsa), 20G, ferrous iron and
sodium ascorbate in deuterated ammonium formatéehuhfter mixing, the
samples were transferred to 2 mm NMR tubes and toredi using'H NMR.
The 'H NMR spectra of the mutant samples over the fisur of reaction
exhibited a singlet resonanced&t 2.37 ppm, which was assigned to the,CH
protons of succinate. It was therefore concluded both K241 mutants were
able to catalyse the oxidation of 20G to succinatesumably via an analogous

mechanism to the wild-type protein.

In order to ascertain the relative activities o€ tproteins with respect to
succinate formation, the intensities of the sudeirgignals were plotted as a
function of time for each variant and compared gfaanalogous time-course
data with the wild-type protein (Figure 5.8). Thesulting data appeared to
suggest that the variant proteins were slightly enactive than the wild-type,

perhaps indicating that K241 has a role in regudptiatalytic activity.
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1000 1500 2000
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Figure 5.8 Variation in succinate concentrations over time in samples containing wild-
type JMIJD2A (black), IMJD2A K241R (red) and JMID2A K241M (blue).
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b) Histone Peptide Demethylation

The observation that the two variants are ableatalgse the oxidation of 2-
oxoglutarate to succinate indicated that the v#sianay be able to catalyse
demethylation of histone peptides. Experiments aioimg histone peptides
trimethylated at H3K9 (sequence ARKme3STGGK) weralgsed using both

MALDI-TOF mass spectrometry and NMR in order to othe extent of

demethylation (Figure 5.9).
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Figure 5.9 MALDI-TOF spectra probing the demethylation of the histone peptide
ARKmMe3STGGK by wild-type JMID2A and K241 mutants after one hour at 37 °C. The
peak at 841 m/z corresponds to the sodium adduct of the monomethylated peptide.

MALDI Analysis of the samples containing wild-tyg&JD2A revealed that the
substrate peptide had been almost completely dgfa&td after one hour at 37
°C. Both the dimethylated and monomethylated prtelweere observed at

equivalent concentrations in the samples, suggestimt some of the

142



Chapter 5. Probing the Role of Lysine-241 duringlIdA-Catalysed Demethylation

dimethylated species had been subsequently deratgtlyto the monomethyl
form. Interestingly, demethylation of the trimethtdd peptide was observed for
both variants by MALDI analysis, although in botises, demethylation activity
appeared to be significantly lower than in the vijijde samples. The major
demethylation product in the variant containing pla®s was the dimethylated
peptide (the monomethylated peptide was observédde amounts), indicating
that the variants possessed low affinities for diraethylated peptide. Also,
only roughly 50 % of the trimethylated peptide aqueel to have reacted in the
variant containing samples, with the K241M variapipearing to be slightly

more active.

The fact that the demethylation activity of theiaats was lower than that of the
wild-type protein appeared to contradict the cqroesling data on succinate
formation. ThereforeH NMR experiments were carried out in order to
compare the propensities of both succinate formaditd peptide demethylation
in order to confirm the findings from the previoesperiments. NMR samples
were prepared in an analogous manner to the sanmpf&sction 5.2.1.a, except
that in the new samples, the 8-mer trimethylateptige substrate (sequence
ARKmMe3STGGK) was added to the mixture. The sampla® then monitored
by 'H NMR, which allowed simultaneous observation ofthbsuccinate
formation (by observing the singlet resonancesat2.35 ppm) and peptide
demethylation (by observing a singlet resonanai; &.81 ppm, corresponding
to the N°-dimethyllysine residue). The intensities of thebaracteristic signals
were then normalised and compared. The spectra3fteninutes are shown in

Figure 5.10.
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Figure 5.10 '"H NMR spectra (700 MHz) monitoring succinate formation and peptide
demethylation by wild-type JMID2A (bottom), JMID2A K241R (middle) and JMID2A
K241M (top) in dAFN buffer. Signals corresponding to 20G, succinate and N*-
dimethyllysine are highlighted.

Demethylation of the peptide substrate was obsemeal samples after 30
minutes, reaffirming the demethylation activity ebsed by MALDI analyses.
Also, demethylation appeared to be more efficianthe sample with wild-type
protein, which correlated with the MALDI data. Hoveg, the coupling ratio
(i.e. the degree of peptide demethylation versusrall succinate formation)

varied greatly in the samples (Figure 5.11).
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Figure 5.11 Succinate concentrations in samples of wild-type JMJD2A (right), JIMJD2A
K241R (middle) and JIMJD2A K241M (left) with and without peptide substrate after 30
minutes.

All three IMID2A variants tested (K241R, K241M ahd wild-type) catalysed
peptide demethylation and 20G oxidation in the Nk¥periments. Although
the overall 20G turnover in the samples with adpegtide was greatest in the
sample containing the wild-type protein, it was awbtthat the succinate
concentrations in the samples containing the K2ddawmts after 30 minutes
were significantly higher than the concentratiofisdimethylated peptide (no
subsequent demethylation of the dimethylated peptids observed). These
observations imply that the majority of catalytigckes facilitated by the
variants do not result in peptide demethylationweeer, the concentrations of
‘uncoupled’ succinate formed in the samples commgithe peptide (calculated
by subtracting the concentrations of the demethglggeptide from the overall
succinate concentrations) was greater than theatb\arccinate concentrations
in the corresponding samples omitting peptide. @toee, it appears that

uncoupled 20G turnover is accelerated in the peseh peptide, suggesting
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that the peptide may be able to bind to the prdthins stimulating formation of
the iron (IV) intermediate), but is not efficientyemethylated. This suggests
that K241 is involved in orientating the peptiddsinate within the active site,
without effectively increasing the peptide bindipgppensity; however, further
experimentation is required before the role K24ygplin peptide binding can be

verified.

Overall, the NMR and MALDI data have shown that KR4 and K241M
variants of JMJD2A are capable of catalysing bdid ¢onversion of 20G to
succinate and also the demethylation of histondigeeso The rates of variant-
catalysed succinate formation were found to be @vaige to the wild-type
protein; however, the variants appeared to be fagnily less active with
respect to peptide demethylation. These findinggest that K241 is unlikely
to be involved in an oxygen transport process dumatalysis as such a
mechanism would be expected to be impeded upon va@mof K241
(particularly in the case of a K241M mutation),uléisg in a loss of activity.
Also, the low demethylation activity relative to csinate formation may
indicate that catalytically active binding of thebstrate peptide is prohibited in
the K241 variants, presumably due to either subtlanges in active site

geometry, or the loss of hydrogen bonding withdhlestrate.

5.3 Conclusions and Future Work

Work in this Chapter has concentrated upon invastig two JMJD2A K241 variants,
which has offered new insights into the roles Kpdys during histone demethylation.
Structural and activity studies showed (at leasthwhe two variants tested) that
substitution of K241 resulted in folded protein, igbh was able to catalyse both
succinate formation and, surprisingly, histone pkpdemethylation. These findings
argue against a role for K241 in oxygen transpastfreviously proposed) and suggest
that this residue may be involved in binding thetdme substrate, thus mediating

demethylation.
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Regarding future experiments, it should first beéedothat the demethylation activity
data presented using the K241R and K241M variaoteprs conflict with analogous
data with the previously described K241A and K24Hriants. Therefore, any future
experimentation could initially focus on cloningdaexpressing these proteins and
ascertaining whether any enzymatic activity canobserved. Also, detailed kinetic
analyses of variant catalysed demethylation and 2@fBover would assist in
confirming the observations from the time-cours@eziments, and therefore give a
concise appraisal of K241 function. Also, more ekpentation is required to
conclusively ascertain the affinity of the varigmobteins for histone substrates and also
to probe the nature of any interactions that exéstveen the substrate and the mutated
active sites. Quantitative analysis of bindingraffi may be achieved using isothermal
titration calorimetry (ITC); however, experimentati using this method may be
impeded by the requirement for large amounts ofgimcand peptide substrate. Crystal
structures of the mutants bound to the substrag@tngive good indication of the nature
of substrate binding in the active site, and thaeefconfirm whether an alteration in
binding mode occurs upon removal of K241. Howeube requirement for large
protein and peptide quantities during crystallsatscreening may also hamper this

approach.

In addition to regulating substrate binding, it aso possible that K241 may be
important for maintaining enzymatic activity by ethmechanisms. For example,
increased stability of the zinc site was observedhe wild-type relative to the two
mutant proteins, suggesting that K241 may be imlwn maintaining the integrity of
zinc binding. Crystal structures of the two vareamtould be useful for investigating
this hypothesis, as changes in the zinc site cbealdentified easily by comparing the
structures with that of the wild-type protein. laynalso be useful to investigate whether
the previously observed ‘v-shaped’ region of el@ttdensity is present in the variant
structures in order to assist in the assignmentthid region of the structure.
Additionally, it was noted that the K241M mutantpapred to have a stronger affinity
for ferrous iron than both the K241R mutant andwiid-type, indicating that mutating
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K241 to a smaller, non-polar residue may lead abised iron binding. This finding
should be confirmed by binding studies (possibly BYC) before any further
experimentation; however, it may be interestingnigestigate the role of K241 in iron

binding by measuring the affinity of iron in a vety of K241 variants.
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Chapter 6

Investigating Cleavage of Histone Peptidesitro

6.1 Introduction

The experiments in Chapters 3 and 4 identified mber of novel oxidative reactions
catalysed by histone demethylases. In additioh¢ed reactions, the work with FBXI11
using MALDI mass spectrometry also detected anditasformation in the samples,
l.e. apparent cleavage of the histone peptideshodlih it was proposed that this
cleavage was most likely facilitated by proteaspunties in the enzyme sample, it was
considered that demethylases may possess theyatalihydrolyse peptide bonds,
possibly by metal dependent oxidative or non-oxapathways. There is precedent
for oxidative cleavage from work with aminocyclopemecarboxylate oxidase, which
is closely related to the 20G oxygenases and caslyragmentation in an Fe(ll),
oxygen and ascorbate dependent mafffigklso, the cysteine protease Cathepsin L has
been implicated in site specific cleavage of histdi3, which is postulated to play
some role in chromatin structure regulattdh. '*" Therefore, if the observed
transformation were confirmed as evidence for fragtation, the biological
implication would be very interesting. Further sasdwere carried out in order to
characterise the nature of the transformation aisd & identify the enzyme(s)

responsible, as described below.

Experiments with PHF8 were performed by Louise \WalpMALDI-MS/MS was

carried out by Dr. Holger Kramer.
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6.2 Results

6.2.1 Initial Detection of Cleavage

Peptide cleavage was first observed onN&adiethyllysine containing peptide
synthesised for work described in Chapter 3 (secpieRATGGVKet2KPHRY).
Incubation of this peptide with the demethylase EBX (a K36 demethylase) was
expected to potentially result in oxidative cat@ysn theN*-ethyl groups, producing
either deethylated or hydroxylated products. AltgfotMALDI analysis of the sample
containing both the crude peptide and FBXL11 (ab as&20G, ascorbate and ferrous
iron, see Chapter 3) did not indicate either oéhtransformations, a new peak in the
spectrum at 698 m/z was observed (Figure 6.1).mMass of this peak corresponded to
the expected molecular ion of the peptide KPHRYjg&sting that either the substrate
peptide or an impurity had been hydrolysed. AltHotige peptide was too impure to
allow conclusive assignment of the hydrolysed sgcihe relative intensities of the
substrate peak and that of the most abundant itgp(the point deletion peptide
PATGGVKPHRY) suggested that the substrate was tlost rikely species being

cleaved.
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Figure 6.1 MALDI mass spectra of a sample containing FBXL11 (1 uM), PATGGVKet2KPHRY (10

puM), 20G (50 uM), ascorbate (100 uM) and ferrous iron (10 uM) after 30 minutes at 37 °C. The
control experiment without enzyme is shown below.

Experiments using another batch of FBXL11 protéire (same construct, prepared at
the Structural Genomics Consortium in Oxford, UKoaindicated formation of the
species at 698 m/z. In this sample, however, therablvcleavage appeared to be
significantly less (< 10 % overall peptide cleavaftler 30 minutes), implying that

cleavage activity may be strongly batch dependent.
6.2.2 MS/MS Analysis

In order to confirm that peptide cleavage had aecliin the sample, MS/MS analysis
of the species at mass 698 m/z was undertakenadt hoped that analysing the
fragmentation pattern of this species would endbée assignment of its amino acid
sequence, and therefore allow its identificationsanple containing the new species
was fragmented using a Bruker MALDI-TOF-TOF masscsgppmeter, which allowed

detection of new peaks corresponding to the peftadgnents (Figure 6.2).
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Figure 6.2 MALDI MS/MS spectrum of the species at 697 m/z. Identified fragment ions are
highlighted.

Although the MS/MS spectrum revealed many peaksag possible to identify all the
expected B ions, and also three of the expectedn¥ {corresponding to [PHRY]
[HRY]" and [RY]) of the peptide KPHRY. These findings strongly gest that the
peptide is derived from th&-terminal portion of the substrate peptide, cleaved
immediately after the modified lysine (between K&6d K37). Although the mass
spectrometry data did not give any evidence of ddative cleavage mechanism (for
example by identifying desaturation or hydroxylatiof the C-terminal fragment), it
was noted that the proximity of the cleavage steéhe substrate lysine may indicate
that hydrolysis is catalysed by FBXL11. It was alstriguing that theN-terminal
portion of the substrate could not be detectecha MALDI mass spectra, possibly
implying that the mechanism of cleavage may resulfurther degradation of this

species.
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6.2.3 Cleavage of M*-Dimethyllysine Peptide

In order to fully characterise the formation of theptide KPHRY during incubation
with FBXL11, it was important to confirm whetheretltleavage product was derived
from the substrate peptide, and also to probe venékie cleavage reaction is dependent
upon the presence ofN‘-diethyllysine. Therefore, the standard 12-mb¥-
dimethyllysine containing peptide (sequence PATG@ERKPHRY) was incubated
with FBXL11 and analysed over a wide mass regiooriter to detect any cleavage
products. The peptide was synthesised and putiiexyer 90 % purity (by preparative
HPLC), and therefore, it was expected that any mieske cleavage products in the
reaction mixture would derive from this speciess@lcleavage of the natural substrate
(albeit a truncated peptide) may suggest thatrdastion has the potential to occur in
cells. The MALDI mass spectrum of the reactionra®@ minutes incubation at 37 °C is

shown in Figure 6.3.
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Figure 6.3 MALDI mass spectra of a sample containing FBXL11 (1 uM), PATGGVKme2KPHRY (10
uM), 20G (50 uM), ascorbate (100 uM) and ferrous iron (10 uM) after 30 minutes at 37 °C. The
control experiment without enzyme is shown below.
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Cleavage of the dimethyllysine peptide was obselvethe MALDI mass spectrum
after 30 minutes, indicating that peptide bond bidis is not dependent upon the
presence of a\’-ethyl group on the lysine. Over 50 % of the sudistrpeptide
appeared to have been hydrolysed during the reageriod; however, significant
demethylation (forming the monomethyl 12-mer pegtilad also occurred. The fact
that no reaction was observed on the diethyllypyatide during the work described in
Chapter 3 may imply that the peptide does not bedenzyme in a catalytically active
conformation. This may suggest that the peptideshiad in different modes during
demethylation and cleavage, or that the cleavagéhief peptide is catalysed by a
proteolytic impurity in the enzyme sample. Cleavagges also observed in a sample
containing the N-terminally  biotinylated  dimethyllysine  peptide  Bn-
PATGGVKmMe2KPHRY provided by Dr. Akane Kawamytasuggesting that larger
groups on théN-terminal do not significantly affect the cleavagaction. This peptide
is known to bind FBXL11 and is used for determinikopetic parameters (of
demethylation) using a fluorescence based Alpheescactivity assay. The fact that the
N-terminal fragment of this peptide (Bn-PATGGVKmel®) not expected to be a
substrate for FBXL11, and also that this fragmerghle to bind the donor and acceptor
beads used for determining demethylation activiyy Alpha-screen (assuming no
further degradation), it is possible that the chepesreaction may result in erroneous
kinetic data being collected. Interestingly, Alpbaeen data using thé-terminally
biotinylated peptide SAPATGGVKmMe2KPHRYRPGTVAL-BBK. Akane Kawamura
revealed a loss of fluorescence intensity uponhbatan with FBXL11. This may
suggest that this peptide is also cleaved, regultina loss of fluorescence caused by

separation of the biotin from the modified lysine.

6.2.4 Dependence on 20G and ascorbate

The cleavage observed in the samples containingLERXuggested that peptide bond
hydrolysis may proceed via an oxidative pathway. drier to investigate this
hypothesis, the cleavage reaction was carried rouheé absence of the co-substrate

20G. It was expected that removal of this speciemfthe reaction mixture would
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inhibit the formation of the catalytic Fe(IV) inteediate in the enzyme active, which is
proposed to facilitate oxidation of the substragptle. Therefore, the presence of
cleavage in the absence of 20G should indicatepbyaiide bond hydrolysis occurs via
a non-oxidative mechanism. Interestingly, cleavafighe peptide was not affected

upon removal of 20G, suggesting that an Fe(IV) gsas not involved in hydrolysis.

The observation that cleavage is probably not dégenupon oxidation was further
endorsed by experiments carried out in the absehescorbate. Because ascorbate is
known to increase the oxidative activities of ma2@G oxygenases (possibly by
providing a reducing environment in the reactiorxtomie, see Chapter 2), it was
proposed that any effect on the cleavage reactyoasborbate would indicate a redox
mechanism. No effect in the extent of cleavage wlaserved upon the removal of

ascorbate, implying that cleavage is independeasobrbate action.
6.2.5 Dependence on Fe(ll)

Although the cleavage of histone peptides did ppear to rely on oxidation catalysed
by FBXL11, it was noted that the demethylase mdiyts able to facilitate cleavage by
accelerating a non-oxidative hydrolysis mechanibmthis case, it was expected that
cleavage involving binding at the enzyme active sibuld likely still require a bound
metal ion in order to regulate active site geomainy facilitate peptide binding. It is
interesting to note at this stage that a numb@Q® oxygenases, including the putative
demethylases PHF2 and JARIBS, **° do not possess the ubiquitous histidine-
histidine-aspartate/glutamate iron binding siteh8luigh, in some cases, it is postulated
that iron binding and subsequent oxidation may nctlie possibility that these
enzymes may catalyse non-oxidative reactions shoatdoe discounted. In order to
investigate the effect of iron upon peptide hydsiy the cleavage reaction (on the
peptide PATGGVKme2KPHRY) was attempted in the absesf iron, and the reaction

was analysed after 30 minutes (at 37 °C) using MA2ss spectrometry (Figure 6.4).
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Figure 6.4 MALDI mass spectra of a sample containing FBXL11 (1 M) and
PATGGVKmMe2KPHRY (10 uM), either in the presence (Below) or absence of 10 uM iron

(Above).

Interestingly, only a small degree of cleavage whaserved in the sample, suggesting
that Fe(ll) is important for cleavage activity, @ibin a non-oxidative role. Analysis of

the cleavage reaction at different Fe(ll) concdittng revealed a dose-response curve

(Figure 6.5).

% Cleavage

0 T T T T 1
0 2 4 6 8 10

Iron Concentration (uM)

Figure 6.5 Dose-response curve of iron-mediated peptide cleavage.
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The fact that cleavage is stimulated by Fe(ll) asywgainst the hypothesis that
cleavage is induced by serine or cysteine protedasesever, the genome &. coli
(the organism in which the protein was expressg@gears to code for a number of
putative manganese-dependent metalloproteasesn(isated in the epd E. Coli
protease database, http://lwww.cardiff.ac.uk/bitadfiefo/ehrmann-
ltools/proteases.index.html) which may be able nicoliporate iron in place of the
natural manganese co-factor. In order to investigdtether such proteolysis could be a
factor, the reaction mixture was incubated at 3%t 10uM manganese chloride and
the percentage of cleavage in the sample was nmezhsifiler 30 minutes. Comparable
levels of cleavage relative to the iron-containsegmples were observed, indicating
manganese-dependent hydrolysis (Figure 6.6). Ralterleavage by zinc-dependent
metalloproteases was discredited by the lack ofifsignt cleavage (above the residual
activity observed in the absence of iron, Figuré) &ipon addition of 1QuM zinc
chloride to the sample. Also, addition of EDTA teample containing the dimethylated
peptide and FBXL11 (100 uM final concentration)ealed no demethylation after 30
minutes at 37 °C, suggesting that cleavage had imdwnited by removal of residual

metal in the sample.
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Figure 6.6 MALDI mass spectra of a sample containing FBXL11 (1 pM) and
PATGGVKme2KPHRY (10 uM), either in presence of 10 UM manganese (Below) or presence of
10 uM zinc (Above).

6.2.6 Control Experiments with Inhibitors

Having confirmed that cleavage requires iron (omgamese) for reaction, work was
then carried out in order to probe whether thetreacould be inhibited. It was hoped
that these experiments would help to identify theyene responsible for the observed
cleavage by analysing the cleavage activity in phesence of known protease and
demethylase inhibitors. The cleavage reaction west incubated with a protease
inhibitor mixture, which contains competitive inhdrs for a broad range of serine and
cysteine proteases. After 30 minutes (at 37 °C), imibition was observed.
Additionally, incubation with benzamidine (a knowompetitive inhibitor of trypsin,
Figure 6.7) did not affect the degree of cleavdggeoved in the sample. These findings
suggest that serine/cysteine proteases were nppvreible for the observed peptide

cleavage, as also indicated by the apparent irpardience of the reaction.
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Figure 6.7 Structures of benzamidine (Left), 2,4-PDCA (Middle), and 0C248 (Right).

In order to probe the dependence of FBXL11 uportipeleavage, the reaction was
incubated with two known FBXL11 active site bindeB®th 2,4-pyridine dicarboxylic
acid (2,4-PDCA) and the bipyridyl compound 4'-[{@iaoethyl)carbamoyl]-2,2'-
bipyridine-4-carboxylic acid (OC24&rovided by Kai-Hsuan Changdrigure 6.7) are
known 20G mimetic inhibitors of demethylation (&, of 2,4-PDCA is 4uM using
the Alpha-screen activity assay, Dr. Akane Kawampersonal communication’
Therefore, it was expected that, if peptide bindiliging cleavage is analogous to the
binding mode during demethylation, this bindinggensity may drop upon addition of
the bulky inhibitors, reducing cleavage activityowever, analysis of the sample

containing 1 mM 2,4-PDCA did not indicate any logslemethylation.

As stated above, it is possible that binding offiaptide during the cleavage reaction is
different to the binding of the peptide during dényéation. This binding, however,
would likely be suitably close to the active sitearder to explain the observed iron
dependence. Analysis of the FBXL11 crystal strie(@DB ID 2YU1}"? indicates that

it may be possible to accommodate both 2,4-PDCA thedsubstrate peptide in the
active site, although the binding geometry of thies¢rate in the active site of FBXL11
iIs not known, and therefore, analysis of the stmg&cis somewhat speculative. These
studies suggest that 2,4-PDCA has little effectlenbinding efficiency of the peptide
in the active site during cleavage, resulting inabserved inhibition. Incubation of the

sample with OC248, however, did reveal inhibitidrcieavage (Figure 6.8).
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Figure 6.8 MALDI mass spectrum of a sample containing FBXL11 (1 uM) PATGGVKme2KPHRY
(10 uM), iron (10 uM) and 0C248 (1 mM), after 30 minutes at 37 °C.

Although it is tempting to equate the loss of chga activity with the competitive
binding of OC248 and peptide in the enzyme actites & should be noted that OC248
is known to bind ferrous iron (and likely Mn(ll)nisolution, thus removing the
available metal ions required for catalysis. Itherefore difficult to determine whether
the observed inhibition is due to competitive bimgdi Overall, the experiments with
inhibitors have eliminated the possibility thatastage is facilitated by either serine or
cysteine proteases and suggest that FBXL11 maystitonsidered a potential catalyst
of cleavage. However, more experimentation is meguiin order to confirm this

hypothesis.
6.2.7 Probing Peptide Selectivity
a) K36 Peptides

Having identified the dimethyllysine peptide as abdrate for cleavage,
samples were prepared containing unmethylated, metiylated and
trimethylated lysine peptide in order to investggaheir relative cleavage
propensities. Each sample, containing one of timiges, was incubated for 30
minutes at 37 °C, and the degree of cleavage ih sample was compared to
that observed with the dimethyllysine peptide. rhestingly, both the

monomethyl and non-methyl peptides appeared toyeolysed to a similar
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extent as the dimethyl peptide, implying that mooodimethylation of the K36
lysine residue has limited effect on the cleavagevity (Figure 6.9). This
suggests that both the substrates and products BXLFl-catalysed

demethylation are substrates for cleavage.
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Figure 6.9 MALDI mass spectrum of samples containing FBXL11 (1 uM), iron (10 uM)
and either non-methylated (Bottom) or monomethylated (Above) substrate peptide
(10 pm).

The sample containing the trimethylated lysine 86 ldid show some cleavage,
although the overall amount of KPHRY formed was dovthan in the other
samples (Figure 6.10). The trimethyllysine peptidenot demethylated by
FBXL11; however, there is some evidence using @halscreen binding assay
(Akane Kawamurgthat this peptide (biotinylated on tiNeterminal) can bind
weakly to FBXL11. The lack of substantial cleavadehis peptide, therefore,

may be due to its weak affinity for FBXL11 (or aofgase contaminant).
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Figure 6.10 MALDI mass spectrum of a sample containing FBXL11 (1 uM), iron (10 pM)
and trimethylated substrate peptide (10 uM).

Having confirmed that the substrate peptide canléaved with the K36 lysine
at all methylation states, cleavage experimentsevearried out on the other
K36 lysine analogue peptides produced in Chaptdéry8as hoped that probing
the substrate selectivity in this manner mightcatk that cleavage is FBXL11-
catalysed by revealing selectivity for particulgsihe modifications. Analysis of
the MALDI spectra revealed cleavage of each of K86 lysine analogue
peptides at a comparable degree to the dimethydypeptide. However, the
enzyme batch used for this study was significaldbs active with respect to
cleavage for both the analogues and the dimethiy#ypeptide, making

quantification difficult.

The N-terminal fragment from the cleavage reaction watected in MALDI
experiments using the H3 isoform peptide PSTGGVKRRRPG. This
peptide prepared using a Multipep synthesiser by Dr. We) Gely differs
from the 12-mer peptides described above by thrte eesidues on th€-
terminal and an alanine to serine substitution, thedefore, it was expected that
this peptide would be a substrate for cleavageréstingly, a number of new
peaks at lower mass than the substrate peptide aeteeted in the MALDI
mass spectrum after 30 minutes. The majority o$ehmeaks did not appear to
correspond to peptide fragment products, potewtiatlicating that protein

hydrolysis occurred during the reaction period (Fgg6.11). However, it was
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possible to identify peaks corresponding to bote @iterminal fragment
(KPHRYRPG, at 1010 m/z) and titerminal fragment (PSTGGVK, at 646
m/z). The observation of thE-terminal peptide in the sample supports the
hypothesis that the transformation observed cooredp to peptide hydrolysis
after K36, and also implies that the inclusion efirse in place of alanine either

encourages peptide ionisation or inhibits degradadf the fragment.
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Figure 6.11 MALDI mass spectrum of a sample containing FBXL11 (1 uM), iron (10 uM)
and PSTGGVKKPHRYRPG (10 uM) after 30 minutes at 37 °C. The control experiment
without enzyme is shown below.

It was also noted that the relative intensitieshaf C-terminal andN-terminal
fragment peaks appear to fluctuate depending orsubstrate (thé&-terminal
fragment peak in the sample described above wasfisantly larger than the
correspondingC-terminal peptide). Although this may be explainieg the
possibility of further peptide hydrolysis after graentation, it is also possible
that the different peak intensities are due torthaiiable ionisation propensities

under MALDI conditions. This ambiguity regardingetlefficiency of ionisation
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may complicate the accumulation of quantitativeacéegge data (relative to, for

example, demethylation) using MALDI analysis.
b) K9 Peptide

In order to probe the selectivity of the K36 pepfiéFBXL11 and ferrous iron
were incubated with the histone peptide ARTKQTARRSEGGK
(representing dimethylated H3K9). Analysis of tlaenple revealed some new
peaks (at low levels) in the low mass region &@minutes reaction, including
a relatively large peak at 541 m/z. However, thesaks could not be assigned
to any cleavage products of the K9 peptide, imgyimat either rearrangement
of the peptide, or proteolysis was the source etehspecies in the reaction
mixture. Therefore, the MALDI data does not revdahvage of the K9 peptide

directly after the modified lysine in the peptid=ysence.
6.2.8 Investigations with IMJD2A and PHF8

Having shown that peptide cleavage appears to lextse for the K36 peptide
sequence, the cleavage reaction was attempted tleng36 demethylase JMJID2A.
This protein is capable of demethylating both K a636 histone peptides, and
therefore, it was hoped that the availability obtarthogonal substrates with respect to
cleavage (the K9 peptide was not expected to beohygkd by analogy with the
findings with FBXL11) may allow competition expermts to be undertaken. These
experiments may indicate whether the extent of KBfavage is diminished upon
addition of another JMJD2A substrate (and vice ajgrand therefore, should indicate
whether JMJD2A is catalysing both the demethylatimmd cleavage reactions.
However, analysis of a reaction mixture containiyJD2A (8uM), ferrous iron (100
uM) and the dimethylated K36 peptide (sequence PAV&@e2KPHRY, 10uM)
after 30 minutes at 37 °C revealed no evidence epitige cleavage. The fact that
JMJID2A does not catalyse cleavage of the K36 pepnhdy suggest that the binding

orientation of the peptide required for cleavagey mat be possible in the JMJD2A
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active site. However, it should be noted that tladare also consistent with the

possibility that a protease/peptidase co-purifigh WBXL11 but not with IMID2A.

Although K36 is not a natural demethylation sulistiat the K9 demethylase PHFS, it
has been found in our laboratory that the dimetkgld2-mer K36 peptide is capable of
binding to the enzyme active site. (Dr. Oliver N.HKing, personal communication).
Therefore, a K36 peptide (sequence PATGGVKme2KPHR&9 incubated with PHF8
(2 uM) and ferrous iron (1QuM) in order to investigate whether the enzyme can
facilitate cleavage. Interestingly, over 30 % aof teptide was observed to be cleaved

after 30 minutes at 37 °C (Figure 6.12).
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Figure 6.12 MALDI mass spectrum of a sample containing PHF8 (2 uM) PATGGVKme2KPHRY
(10 uM) and iron (10 uM) after 30 minute at 37 °C.

The observed cleavage in the PHF8 reaction mixtuleated that the competition
experiments described for JIMJD2A should be attedhfute PHF8. A 1:1 mixture of the
dimethylated K36 peptide and the PHF8 substrate tiqeep
ARTKmMe3QTARKmMe2STGGK was first prepared, and thétF® (2 uM), 20G (50
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uM), ascorbate (10@M) and ferrous iron (1@M) were added to the mixture. The
reaction mixture was then incubated at 37 °C, amshitored after 20 minutes, 40
minutes, and 60 minutes incubation using MALDI mggsctrometry. The percentage
demethylation of the K9 peptide was then plottec &snction of time, and the values
attained were compared to those acquired from gleaomitting the K36 peptide. The
results suggested that the K36 peptide does nettaffie rate of K9 demethylation,

suggesting limited (if any) competitive inhibitiday this peptide (Figure 6.13)
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Figure 6.13 Percentage demethylation of ARTKme3QTARKme2STGGK by PHF8 in the presence
(Blue) or absence (Red) of PATGGVKme2KPHRY.

Additionally, the percentage of K36 peptide clearag the sample was plotted as a
function of time, and the acquired rate was congbaoethat of a sample omitting the

K9 peptide. No observable decrease in cleavageeprily was observed (Figure 6.14).
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Figure 6.14 Percentage cleavage of PATGGVKme2KPHRY in the presence (Blue) or absence
(Red) of ARTKme3QTARKmMe2STGGK.

Overall, the competition experiments with PHF8 aade that demethylation of the K9
peptide and cleavage of the K36 peptide are inddgrenprocesses. This observation
implies that either PHF8 (and by extension FBXLid apable of facilitating both
demethylation and hydrolysis by independent patlswélyy presumably allowing
binding of two peptides simultaneously at sepaséts), or that cleavage is facilitated
by impurities in the enzyme samples and is notat flependent on the presence of
demethylase. As it is hard to envisage the presehaaultiple binding sites on both
PHF8 and FBXL11 that allow binding of peptides iridisable and hydrolysable
orientations independently of one another, it sedkedy that cleavage cannot be
facilitated by these enzymes. Therefore it is pbéddhat cleavage is not demethylase

catalysed.

6.3 Conclusions and Future Work

Work in this Chapter has documented the identificaand attempted characterisation
of histone peptide cleavage in samples containid@ Bemethylases. During this work,
the nature of the substrate peptide and the positidiydrolysis were identified using
both MALDI-MS and MALDI-MS/MS analyses, which sugged that the cleavage

mechanism may be catalysed by the demethylase @szyrhis hypothesis was further
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endorsed by the observation that histone peptigghyiated at K36 were substrates for
cleavage by FBXL11, and also that the cleavageappeo be dependent upon ferrous
iron. However, the fact that cleavage activity amples appeared to vary depending on
the protein batch, and also that other low maskgpe&re present in a number of mass
spectra (including K9), indicated that proteasavdgtmay be present in the samples.
Inhibition data using 2,4-PDCA suggested that titehition of demethylation had no
effect on cleavage activity, implying that the tywoocesses are independent of one
another. This conclusion, however, was challenggdthe observed decrease in
cleavage upon addition of the bipyridyl compound2@8, although the observed loss
in activity may be due to the sequestering of imnpther metals, in solution. Finally,
competition experiments with PHF8 indicated thattjpke demethylation and cleavage
occur at separate sites, strongly implying thatawdge is not catalysed by the

demethylases (or at least at the demethylase aite®.

Although the cleavage of histone peptides does apyjear to be the result of
demethylase catalysis, it is important to acknogéethat such reactions can occur in
samples containing the demethylase enzymes. Thi isrucial importance when
attempting to quantify the extent of peptide deryletion by FBXL11, as cleavage of
the substrate peptide will most likely result idecrease in available substrate in the
assay, thus invalidating the kinetic data. It wated during this work that the extent of
cleavage for different batches of enzyme variediBgantly, suggesting that subtle
changes in expression and purification techniquey tmave a large effect on the
cleavage activity. These findings imply that impies in the FBXL11 (and PHF8)
samples may be minimised by more efficient purtfaaprocedures, thus reducing the
extent of peptide cleavage. The batches usedsmibik were generally purified in two
stages using affinity chromatography and size-estoclu chromatography (personal
communication). However, these batches generalbyvell a relatively high level of
cleavage activity, suggesting that the proteasa(d)tating cleavage were not removed
during purification. Interestingly, the least aetibbatch of FBXL11 used was a longer

construct than the other batches of protein. Thasgn (containing amino acids 1-759)
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possesses the CXXC and PHD domains in additiohgacatalytic JmjC domain, and
therefore, it was initially proposed that the exd@mains may block peptide cleavage.
However, it is possibly more likely that this pnotesample, which underwent
purification by affinity chromatography, ion-exclggn chromatography and size-
exclusion chromatography, did not contain significamounts of protease impurities,
presumably due to efficient purification. More rettg, attempts at purifying the
shorter construct (amino acids 1-517) using affiaid size-exclusion chromatography
has resulted in a significant reduction in cleavaggvity. This reduction was achieved
by improving the efficiency of the affinity chronwgraphy step by including more

wash cycles during the purification (wazkrried out by Tristan Smart

One potential focus for future investigations is itentify the protease/peptidase
responsible for the observed cleavage. The obsemnvtitat cleavage is dependent upon
iron (or manganese), and also that cleavage isinibited by benzamidine or the
protease inhibitor cocktail, implies that the cleg® is catalysed by one or many
metalloproteases. However, none of the charactensetalloproteases present in
coli appear to possess the correct selectivity prdéleallow cleavage of the K36
peptides. It can be presumed, based on the obmervhat cleavage can occur next to a
variety of modified lysines, that the selectivitf the protease(s) may not be due to
subtle interactions in the S1 pocket (i.e. the ereypinding site for K36). Therefore, it
can be assumed that selectivity is induced by atsidues in the substrate sequence
besides K36, the identity of which may be derivgcekperiments using modified K36
peptides. In order to identify the protease(s)igmmic analyses may be required on the
protein samples in the hope that impurities presant be elucidated from the mass
spectra. This may prove difficult, however, asitikely that only miniscule amounts of
protease may be sufficient to allow observablewiga in the sample. Another area of
future investigation may be to ascertain whethar@as of other demethylase enzymes
may facilitate cleavage. Although work with IMJD8AI not indicate cleavage (at least
not cleavage that could be identified by MALDI aysas), it is possible that this sample

may be ‘too pure’ to allow observable cleavages itherefore possible that the same
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proteases may be present in samples containing démeethylases (purified in a less
efficient manner), resulting in cleavage of thetdng peptides. Having identified the
samples containing proteases, further work willréguired to improve the expression
and purification procedures for these enzymes.rAfiss, the protease impurities will
hopefully be eradicated, and therefore, the cleaadogerved in thie vitro experiments

should be minimised.
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Chapter 7

Studies on the Mechanism of Histone Lysine

Demethylation using Deuterated Lysine Substrates

7.1 Introduction

Work described in Chapters 2 and 3 indicates thatadhylation of methylated lysines
by histone demethylases most likely proceeds vidrdyylation of theN°-methyl
groups. As this process is presumed to involvectiresertion of an oxygen atom into
an alkyl C-H bond® **' it has been proposed that this step in the deraibry
mechanism may be slow (and potentially irrevergjbiaplying that hydroxylation may
be rate-determining. However, in the absence oéenxgental evidence, the importance

of the hydroxylation step on the reaction raterespntly unclear.

In order to further investigate the mechanism ahethylation catalysed by the 20G
demethylases, work in this Chapter focuses on mong the demethylation reaction
using deuterated lysine substrates. As the ratgdroxylation (i.e. C-H bond insertion)
is expected to be dependent upon Nfemethyl C-H bond strengths (which are
strengthened upon deuteration), it was hoped iesetexperiments would give insights
into the importance of the hydroxylation step updemethylation by allowing
comparison of the protiated and deuterated pepsiaetion rates. These findings should
help to ascertain whether hydroxylation is a raednining process during
demethylation and may therefore indicate whethex tonsensus demethylation
mechanism (Scheme 1.1 and Scheme®t.#)should be revised. Experiments were
initially focused upon investigating the reaction$ a deuterated dimethyllysine

containing peptide with IMJD2E, in the expectatioat this system would represent a
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good model for investigating the effect of deuterat Studies with FBXL11 and PHF8

were also attempted, as described below.

UV-Vis spectroscopy experiments were carried oudbyElena Sanchez Fernandez.

7.2 Results

7.2.1 Synthesis of Deuterated Fmoc-Lys(Me2)-OH

Experiments were initially conducted on JMJD2E gsiemn 8-mer histone peptide,
dimethylated at lysine-9 (sequence ARKme2STGGK,Geapter 2). Synthesis of the
deuterated\’-dimethyllysine was achieved via a similar methodthat described in

Section 2.2.4a. Firstly, the hydrochloride salttoé N*-Fmoc protected lysine was
dissolved in deuterated methanol (D). 20 % w/w Deuterated HCHO solution in
D,O (DCDO, 5 eg.) was then added to the solutioripWed by NaBRCN (2.1 eq.)

predissolved in CBEDD. The reaction was then left stirring for one hdoefore the

solution was acidified using concentrated DCI solutin D,O, and the solvent (after
reacidification with DCI) was removead vacuo The product was then extracted from
the solid using acetone. Removal of the solven¢atad the product as a white solid,
which was deemed suitably pure for direct use ildsghase peptide synthesis (as

assessed byH NMR analysis).
7.2.2 Synthesis of Deuterated ARKme2STGGK

The deuterated dimethyllysine was incorporated ihéhistone peptide via the method
described in Section 2.2.4b. The peptide was puarifiia preparative HPLC using
mass-directed fraction analysis, and the puritghef combined product fractions was
assessed as over 95 % 1Y NMR. The NMR spectrum was identical to that o th
protiated dimethyl peptide described in Chaptewif) the exception of th&-methyl

'H signals (which were not observed for the deutergieptide, Figure 7.1).
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Figure 7.1 '"H NMR spectrum (700 MHz) of deuterated ARKme2STGGK in dAFN buffer.

7.2.3 Experiments with IMID2E

Experiments with JMID2E were carried out using MAlRass spectrometryti NMR

spectroscopy and UV-Vis spectroscopy, as deschieémv.
a) MALDI Experiments

Initial analysis of the demethylation reaction gsideuterated peptide was
undertaken using MALDI mass spectrometry. Time seurexperiments

containing both the protiated and deuterated pegt{dt equal concentrations)
were run in order to compare the individual demietingn rates. Analysis of the
MALDI mass spectra at different time points durititge reaction allowed

identification of the relative demethylation propd#ies of each substrate
independently, due to their different masses. Betone course experiments
could be carried out, it was essential to ensua¢ tine concentrations of the
protiated and deuterated peptides were identicathm reaction mixtures.

Therefore, a stock solution containing both peptid@s first prepared (Figure

7.2).
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Figure 7.2 MALDI mass spectrum of a stock solution of both protiated and deuterated
ARKme2STGGK. The peptides are shown to be at equal concentration (each at 50 uM).

The stock solution of peptide was then incubated (@M final concentrations
of each peptide) with JIMID2E @V), 20G (5QM), ascorbate (1 mM) and
ferrous iron (1QuM), and the reaction was analysed after 1, 2, 3,05,15 and
30 minutes respectively (at 25 °C). The mass speatteach time point for one

sample (the experiment was carried out in tripatre shown in Figure 7.3.

174



Chapter 7. Studies on the Mechanism of Histonenky®iemethylation using Deuterated Lysine
Substrates

100, L H —2 H >

-NH p,c Ve .
_NH DsC N~ s * 30 minutes
%] L /
ol PPy 1,17, 8 LV . 17 AP S . S | W, 5 .
LD+
1004
” M 15 minutes
0 T T T T L T MA_LA_A T
LD+
1004
% fb\ A 10 minutes
O T /|\ A,\ 1] 1 AI\ T /\j\/l\,'\ A T
LD+
100+
% J\J\ A M 5 minutes
0 T /l\ Al\ T T /\l /l\,\ — T
LD+
100
o 3 minutes
o
LD+
1004
. Aj\ Aj\ 2 minutes
G.CAJ\/\,A/\"\.,AEA/\,-" Ot
LD+
1004
o] M Aj\ 1 minute
MA/\/\ t’\ Ve ¢ j\/\
0 5 820 850 8é5 T T m/z

81 825 840 845

Figure 7.3 MALDI mass spectra of the reaction of a mixture of protiated and
deuterated ARKme2STGGK with JMJD2E, 20G, ascorbate and ferrous iron, after 1
minute, 2 minutes, 3 minutes, 5 minutes, 10 minutes, 15 minutes and 30 minutes

respectively.

As expected, the mass spectra revealed the fonmafidoth deuterated and

protiated monomethyllysine peptides during the bation period, confirming
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the deuterated peptide as a substrate of JMID2E.ahmount of deuterated
monomethyl-peptide produced, however, appearee ®lightly lower than that
of the protiated analogue (Figure 7.4), indicatitigat the protiated
dimethyllysine was demethylated more quickly in saenples. This observation
implies that a primary isotope effect induces slowlemethylation of the
deuterated peptide, suggesting that the C-H bosdrtion step does have an
effect on the overall reaction rate. It was noteolvever, that the overall rate
decrease observed with the deuterated peptide doesorrelate with the
substantial strengthening of the C-H bond expegfeah deuteration. Assuming
that the rate of demethylation is exclusively dejsem upon C-H bond insertion
(either as a concerted insertion, or via a protbatraction/radical addition
mechanism), the overall reaction rate could be eege to be directly
proportional to the strength of the C-H bond. ltiicbbe expected that, as the C-
D bond should be roughly 5 kJ rifoktronger than the corresponding C-H

bond?%?

the rate of reaction should suffer a significaatr@ase accordingly.
However, the relatively small difference in protidtand deuterated peptide
initial demethylation rates in the sample (the kimeisotope effect was
calculated as 1.1, which is significantly smalleart a number of literature
values® %) suggests that other factors must be affectingdémmethylation

process.
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Figure 7.4 Concentrations of protiated and deuterated peptides over time in the
sample with JIMJD2E (2 uM), as assessed by MALDI mass spectrometry.
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b) 'H NMR Studies

Although a small isotope effect on the rate of déaylation was observed by
MALDI analyses, these experiments did not give rimfation on the rate of
succinate formation. As it can be envisaged thateerease in the rate of
demethylation may induce a greater amount of satestnncoupled turnover
(presumably by allowing the peptide to escape tteeasite after formation of
the Fe(lV) intermediate), it was important to atmier whether the rate of
succinate formation is susceptible to change umartedation. The protiated and
deuterated peptides were incubated separately2@tB, ascorbate and ferrous
iron, as described in Section 2.2.2, and the reastivere monitored over the
initial stages usingH NMR spectroscopy. Succinate concentrations weee t
plotted as a function of time in order to determihe relative formation rates
(Figure 7.5). Unfortunately, the degree of demettigh could not be assessed
in the deuterated peptide sample, as althoughattmeation of monomethylated
peptide could in theory be assessed by observefiariH-resonance & 2.96
ppm (corresponding to the-lysyl protons adjacent to the monomethylated

amine, see Figure 2.2), overlap of signals in wpectral region impeded

analysis.
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Figure 7.5 Concentrations of succinate over time, as assessed by "H NMR spectroscopy.
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The NMR data revealed that overall formation ofcsn@te was slightly greater
in the sample containing the protiated peptide.sTimplied that succinate
formation is intrinsically faster when in the prese of the protiated peptide
(although the degree of peptide coupled succinatendtion could not be
determined in the deuterated sample due to sigvedlap). As it is assumed
unlikely, based on the consensus mechanism of 2Q¢gemases, that
deuteration of thé\*-methyl groups should affect the rate of formatafnthe
Fe(lV) intermediate, it seems probable that theveloC-H bond insertion rate
reduces the overall release of succinate from ttieeasite after formation of
the Fe(IV). This phenomenon therefore decreasesrihgme turnover rate. As
reduction of Fe(lV) can occur by either peptide led or peptide uncoupled
pathways (which most likely have different reactiates), this decrease in
turnover rate may also be at least partially dua gveater proportion of Fe(lV)
species being reduced by the slower pathway. IrpkEsETontaining peptide, it
seems probable that the majority of Fe(lV) is pstl in the presence of
peptide substrate in the active site, as previogemmentation using UV-Vis
spectroscopy has suggested that formation of tH{&/Fén the absence of
peptide is very slow (as judged by monitoring acsgge absorbing at 320 nm,
Dr. Emily Flashman, unpublished data). Therefdrg,i$ assumed that substrate
peptide is usually present in the active site imiatetly after formation of the
Fe(lV), it is probable that the majority of Fe(I\feduction will result in
hydroxylation/demethylation of the peptide (as obsé by ‘H NMR, see
Section 2.2.2). However, if the hydroxylation r&gaeduced, such as when the
peptide is deuterated, it is possible that somin@fpeptide may either alter its
binding orientation or escape the active site keefoydroxylation. This may
result in a larger proportion of Fe(IV) being reddcvia a peptide uncoupled
pathway, potentially leading to a decreased turnoate (assuming that the rate
of uncoupled reduction of the Fe(IV) and subsequelgase of succinate from
the active site is slower than the combined rateoapled oxidation and product

release). Although this hypothesis may go some teakplaining the observed
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decrease in succinate formation in the sample oontadeuterated peptide, it is
impossible to confirm this proposal without datamgaring the degree of

coupled and uncoupled reactions under the sametwosl
c) Stopped-Flow UV-Vis Spectroscopy

Previous work investigating the 20G oxygenases Tan® P4H used UV-Vis
spectroscopy, Mossbauer spectroscopy and densityidnal theory analyses to
identify and characterise the Fe(lV) intermediatedpced during catalysfs:

191, 195197 ysing UV-Vis spectroscopy, the absorbance wavéteraf the

enzyme-Fe(lV)-succinate-substrate complex was riefefrom the observation
of a shift in absorbance (from 520 nm to 318 nnm)rupddition of molecular
oxygen to the reaction mixture. The species at f@h8was then confirmed as

the proposed Fe(IV)=0 intermediate by analysesgusia other two techniques.

In light of these previous studies, analysis of IMID2E-catalysed reaction
with deuterated peptide was attempted using stoefipad UV-Vis

spectroscopy. By monitoring the absorbance intgrgit-318 nm (which would
likely correspond to the analogous Fe(lV) intermagéeliin JMJD2E), it was
hoped that the formation and degradation ratekefe(lIV) intermediate could
be determined. Comparing these values with thosle protiated peptide may
then reveal whether deuteration affects the proolu@nd stability of the Fe(IV)

during catalysis.

The stopped-flow experiments were set up by fireppring two solutions. The
first solution was prepared containing JMJD2E, 2Q@Gc¢orbate, Fe(ll) and
deuterated peptide in deoxygenated HEPES buffeichvhesulted in the

formation of a purple solution consistent with theesence of the enzyme-
Fe(11)-20G-substrate complex (at 520 nm, by analag the data for TauD

and P4H). The second solution consisted of oxygehdEPES buffer. The two
mixtures were then injected into the apparatuscat@ and the absorbance of

the combined solution was monitored immediatelyra/@eriod of 0.01 - 1000
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seconds after mixing. UV-Vis analysis of the sanrplealed the formation and
subsequent degradation of a species with an absmkat 320 nm, which was
proposed to correspond to the Fe(lV) intermedigtarnmlogy with the reported
data (Figure 7.6).
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Figure 7.6 UV-Vis absorption spectra (320 nm) for the stopped-flow reaction
containing JMID2E (800 uM), deuterated ARKme2STGGK (800 uM), 20G (10 mM),
ascorbate (5 mM) and Fe(ll) (700 uM). Formation rates for the species at 320 nm are
shown.

Firstly, it was evident from the UV-Vis data thaetmaximum concentration of
the species at 320 nm (after 19 seconds) appethg e expected timescale
of the catalytic cycle (th&..: with protiated peptide was measured at 0.019 s
by the'H NMR assay, corresponding to a catalytic cycléqueof 53 seconds).
Comparison of the formation and degradation ratéh wthose of a sample
containing protiated peptide also suggests thatrétbe of formation of the
species at 320 nm was not significantly affectecdbyteration of the peptide.

The formation rate with deuterated peptide was oredsat 0.06 + 0.002"s
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which appeared to be slightly higher than the fdromarate with protiated
peptide (0.05 + 0.006%. However, the deviation in the values attained ime
a result of inaccurate curve fitting, caused byttedag of the data points
(particularly in the protiated sample). The degteatarate in the deuterated
sample (0.035 + 0.001'5 also appeared to be slightly larger than thathin
protiated sample (0.030 + 0.004)sIn this case, however, the difference in rate
was smaller than the difference observed betweerfatmation rates. Overall,
the UV-Vis data is inconclusive regarding the effetdeuteration, although it
appears that any effect induced by changes in thebGnd strength is probably
very small. It is also worth noting that further peximentation should be
undertaken (presumably using Mossbauer spectrosangydensity functional
theory calculations) in order to confirm that thesarbance at 320 nm
corresponds to the Fe(lV) intermediate. Only wHemnitlentity of this species is

verified can the data from the experiments be fatiglysed.
7.2.4 MALDI Analyses with other 20G Demethylases

Having identified a small deuterium isotope effeduring JMJD2E-catalysed
demethylation, attention was then focused towardalyaing the reactions with
FBXL11 and PHF8. For these proteins, the standare8peptide used with IMID2E
was not sufficient for monitoring reactions, ancerdfore the deuterated peptides
ARKmMe3QTARKmMe2STGGK (for studies with PHF8) and RAGVKme2KPHRY
(for studies with FBXL11) were synthesised as dbsdrabove. Experiments were run
using the standard MALDI-TOF demethylation assayec{®n 7.2.1) at equal

concentrations of protiated and deuterated pep(kigdV).
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Figure 7.7 MALDI mass spectrum of a stock solution of both protiated and deuterated
ARTKme3QTARKmMe2STGGK. The peptides are shown to be at equal concentrations (each at 50
UM).
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Figure 7.8 MALDI mass spectrum of a stock solution of both protiated and deuterated
PATGGVKme2KPHRY. The peptides are shown to be at equal concentrations (each at 50 uM).

a) PHF8

As in the case of JMJD2E-catalysed demethylatiomlyais of the reactions
with PHF8 revealed a small isotope effect upon dbytation of dimethyllysine
(Figure 7.9).
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Figure 7.9 Concentrations of protiated and deuterated peptides over time in the
sample with PHF8 (2 uM), as assessed by MALDI mass spectrometry.

However, it was also noted that the concentratioh mrotiated
monomethyllysine peptide produced via demethylatqpeared to be lower
than the corresponding deuterated peptide condmemiraThis observation
suggests that subsequent demethylation of the methympeptides to form
non-methylated peptide occurs more rapidly on thetigted monomethyl
substrate, thus indicating an isotope effect dutimg) process. It is also possible
to infer from these data that the isotope effestrdumonomethylated peptide
demethylation is greater than the isotope effeaindudimethylated peptide
demethylation, as the concentration ratios of thenomethyl peptides are
inverted relative to those of the dimethyl peptidBse monomethylated peptide
produced in this study is known to be a good sabetfor PHF8 (Louise
Walport, personal communication) and is observedindutime course
experiments (of the dimethylated peptide and PH&i8a relatively constant
concentration after ~ 5 minutes. These findings swaygest, therefore, that the
rate of monomethylated peptide demethylation is manable to the
demethylation rate of the dimethylated peptiddgast after initial time points).
However, the observation of a larger isotope efidating monomethylated
peptide demethylation (relative to dimethylated tpepdemethylation) implies

that another step during the demethylation mechamsthe monomethylated
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peptide must be enhanced, possibly peptide binding. kinetic data on this

peptide is needed to fully verify these hypotheses.
b) FBXL11

Demethylation of the dimethylated K36 peptides whserved in the samples
with FBXL11. Interestingly, the mass spectra did indicate any isotope effect
upon demethylation of the dimethylated peptiddyalgh the concentrations of
the monomethylated peptide products suggested d motpe effect during

monomethylated peptide demethylation (Figure 7.H9wever, it was also

noted that the reaction mixture in the absencenayme contained impurities at
masses coinciding with those of the monomethylgtegtides. Therefore, the
observed variation in monomethylated peptide comagBans may be due in

part to the presence of these impurities.
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Figure 7.10 Concentrations of protiated and deuterated peptides over time in the
sample with FBXL11 (1 uM), as assessed by MALDI mass spectrometry.

7.3 Conclusions and Future Work

Studies with deuterated lysine substrates descrnbetthis Chapter outline the first
evidence for an isotope effect during 20G dependdatmethylase-catalysed
demethylation. These experiments, therefore, retredlthe oxidative step during the

demethylation reaction (i.e. the insertion of aggen atom into the methyl C-H bond)
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contributes to the overall reaction rate (at ledgh JMID2E and PHF8), although the
relatively small isotope effects observed implyttbther processes (such as formation
of the Fe(IV) intermediate or release of the praglualso contribute. In samples with
PHF8 and FBXL11, it was also noted that isotopeectff varied between the
dimethylated and monomethylated peptides, suggestniable rates of oxidation for
these species. The findings reported here outheebiasis for further study on the
mechanisms of these enzymes, potentially usingr ddwhniques such as Méssbauer,

EPR and Raman spectroscopies.
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Chapter 8

NMR Studies on the Reactions of Glutathione and

Formaldehyde

8.1 Introduction

A conserved feature of histone lysine demethylat®nhe production of HCHO.
HCHO reacts rapidly with nucleophiles, forming adttuwith DNA and proteins as
well as cross-linking different biomacromoleculesdasmall molecule$’®2%°
Although the precise effects such interactions nmaye on cells and animal
physiology are poorly understood, it has been pastd that the ability of HCHO to
form such linkages may be the reason for its cydictand mutagenic properties. In
order for HCHO produced during histone demethylatim be tolerated, it is
proposed that an efficient detoxification procesasmexist in cell nuclei. The
glutathione-dependent HCHO detoxification pathw&cHeme 1.3%* 2% is one
likely mechanism for HCHO detoxification in nucl@it least in humans) due to the
high concentration of glutathione and nuclear Isedlon of a class Il alcohol
dehydrogenase (glutathione-dependent alcohol delggiase 5, ADH5°" 2% The
first step in the proposed detoxification pathway. the formation ofS
hydroxymethylglutathione (HMG), was previously tlghd to be non-enzymatic.

However, recent work with bacterial systems hagysated that this process may be

enzyme-catalysed (discussed in Chapter9).

The roles of glutathione (GSH) as both a redox l®gu and an electrophile
‘scavenger’ have long been establisAi®dThe presence of a nucleophilic free thiol
in its tripeptidic structure enables GSH to readtveellular electrophiles and also,

due to the propensity of thiols to oxidise, to asta reducing agent. With regard to
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the reaction of GSH and HCHO, it is interestingnote that in addition to the
nucleophilic thiol, GSH also possesses a primarynangroup within its structure.
The reaction of amines with aldehydes such as H@#H®ell documented and can
allow for complex macromolecular and cyclic struesito be formed'° Therefore,

the existence of both thiol and amino groups witGiS8H offers the possibility of
intramolecular cyclisation reactions, which may gest that other GSH-HCHO

derived species may be formed in cells.
8.1.1 Previous Studies

Several studies on the non-enzymatic reaction oHGHd HCHO have been
reported-®® # 212Early work by Nayloret al. combined both Nuclear Magnetic
Resonance Spectroscopy (NMR) and Fast-Atom-Bombandriviass Spectrometry
to study the GSH HCHO reaction in aqueous soluttdriThis work used™*C-
labelled HCHO to accentuate HCHO-derived resonanaltswing the authors to
identify adducts in the often complex mixtures mlyomonitoring the signals from
13C-labelled carbons. By monitoring the reaction oaayH range, the authors were
able to identify four novel HCHO-derivetfC-signals (in addition to the well-
known *C-resonances for free hydrated HCHO and HMG).a44.0 ppm 5. 54.0
ppm, & 61.3 ppm and. 61.9 ppm respectively. The relative intensitiestioé
signals were found to be pH dependent, implyingt thmaltiple HCHO-derived
species had been formed. Also, it was noted thatititensities of two of the
resonances (aé. 61.3 ppm andd. 61.9 ppm) fluctuated to the same degree,
suggesting that the signals were derived from #mesadduct. Having proposed the
existence of three novel adducts, the authors #teampted to assign the structures
using mass spectrometry and bdfic-chemical shift and 20H-*C correlation
NMR analyses. Analysis of th¥C-chemical shifts was aided by comparing the
observed shifts with those of HCHO-derived addueith the GSH analogueS-
methylglutathione, N,S-diacetylglutathione, cysteine andN-acetylcysteine
respectively. In the case &methylglutathione, two separate HCHO-deriVée-

resonances were observed. The first such resonahég,70.0 ppm, was found to
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appear rapidly in samples above pH 9 and was asdigo the N-terminal
hemiaminal adduct by analogy to literature datee $acond resonance, at 61.3 ppm,
was more prevalent in acidic media and was foundetdhe major HCHO-derived
reaction product in all samples below pH 8.5. Givlat this resonance shared an
identical chemical shift to a previously observeBHGHCHO adduct resonance, it
was assumed that the two corresponding carbons nmhstbit near identical
chemical environments. It was also assumed thag, Wduthe absence of HC-
resonance ab. 61.9 ppm, the corresponding GSH-HCHO adduct carburst
possess a covalent linkage to the cysteinyl thiarther evidence that the thiol was
essential to the formation of this resonance, dad that theN-terminal amine is
capable of reacting with HCHO, was the observatibat the reaction oN,S
diacetylglutathione and HCHO resulted in no detectof novel HCHO-derived
signals. It was therefore postulated that {i@é-resonance a8. 61.3 ppm was
derived from a seven-membered cyclic aminal (Fig8rea). Information on the
assignment of the GSH-HCHO adddd€-resonance ai; 54.0 ppm was obtained
by monitoring the reaction of HCHO and cysteine jchhresulted in the formation
of a HCHO-derivedC-resonance also &t 54.0 ppm. It was therefore concluded
that this resonance must correspond to a HCHO-déri€H group in a five-
membered ring with linkages to both amino and tlgodups (Figure 8.1b). This
assignment was corroborated by the loss of thisnasce in the reaction of HCHO
and N-acetylcysteine, where only a resonancé.a6.6 ppm, corresponding to the
hemithioacetal, was observed (Figure 8.1c). Ovethd observations with the GSH
analogues resulted in assignments for two of theealed GSH-HCHO adducts,
which are shown in Figure 8.1d. Evidence for thelicyhemiaminal assigned in the
monocyclic novel adduct (GF, Figure 8.1d) was aigdi by mass spectrometric
analysis of the ionisation-induced fragment pattemhich favoured assignment of
the six-membered over the analogous five-membeareg 3ystem. The hemiaminal
in the bicyclic novel adduct (GFFigure 8.1d) was assigned by analogy to GF. The
third adduct, although observed at pH 6@ NMR (. 44.0 ppm), was not present

in significant quantities in the other reaction tapes, and therefore the structure of
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this species was not assigned.

a |
o S
WNLWHJLOH
< H
S-Methylglutathione MNy— . °
| / OH 8 70.0 ppm
o o S )
HOWﬁ N\)LOH OH
NH, 0 T (\( )—NH 0
o\\’\\. s
HO H \
3. 61.3 ppm
b c .
Cysteine o N-Acetylcysteine N
0 N 0 g %OH
HN < OH N o
2 E)J\OH - . / S N %OH _ L
SsH 8, 54.0 ppm 0 SH / oH
3 66.6 ppm
HMG M~ =337 m/z
GSH
L0 5 66.6 ppm — rOH
N o o o
- N OH H
NH, H o HOJ\;/\/KN/EH/N\AOH
NH, H o
\ GF M" =319 m/z
8. 54.0 ppm
3
J\/\/U\ N\)J\OH
NH
GF, M =332 m/z ’
OH
o
0 Ny
o mj ) — 8.61.9ppm
Yo s
Ho H /
3¢ 61.3 ppm
Figure 8.1 Structures of adducts proposed by Naylor et al.”** HCHO-derived CH, groups are

highlighted in red. a) Adducts from the reaction of S-methylglutathione and HCHO. b) Adduct
from the reaction of cysteine and HCHO. c¢) Adduct from the reaction of N-acetylcysteine and
HCHO. d) Adducts from the reaction of GSH and HCHO. Molecular weights correspond to the
B3C-HCHO incorporated adducts.

Recently, work by Batemaret al. utilised a combination of NMR and

crystallographic approaches to refine the strucafr&F.?*? During investigations
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using X-ray crystallography into the recognition GiSH-derived species by the
human enzyme Carbonyl Reductase 1 (CBR1), the autbentified a GSH-HCHO
adduct bound to the enzyme active site. This adduich contained two HCHO-
derived methylene bridges, possessed a novel liécy4l4.1Jundecane structure,
distinguishing it from the adducts previously assid. The®*C NMR spectrum of
the adduct, however, gave two HCHO-derived resoesiat 61.5 ppm and 62.2 ppm
respectively, which matched closely to the observedonances for GF The
similarity in the **C resonances, the fact that'td NMR spectrum had not been
obtained for GE, and also that the new species was formed undepamble
conditions to those described for £Hed the authors to propose that the new
species and GFwere the same adduct, and therefore that thetateiof Gk, had
been previously misassigned. The structure was seevi as (R,109-5-
(carboxymethylcarbamoyl)-7-oxo-3-thia-1,6-diazaluioy [4.4.1]lundecane-10-
carboxylic acid (BiGE, Figure 8.2) based on both the X-ray crystallograplata

and on'H, 13C and 2D COSY spectra of the species in solution.
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Figure 8.2 (Left) Original NMR-based structural assignment of GF,, (Centre) Revised structure
of the same adduct (BiGF,), based on NMR and X-ray crystallographic data; (Right)

Conformation of BiGF, when bound to human CBR1.%*?

8.1.2 Objectives

The work described in this Chapter uses NMR to stigate the non-enzymatic
reaction of GSH and HCHO. Although previous studles/e shown that this
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reaction has the potential to form many potentidliplogically relevant GSH-
HCHO adducts, the structures of these species hase been conclusively
elucidated. Also, there is presently limited infaton on each species’ relative
stability, formation rates and pH-dependency. Asvah previously, NMR can act as
a useful tool for monitoring such systems due ® ability to identify multiple
species simultaneously without the need for separatnd purification. Also, NMR
allows for the monitoring of the reaction mixturentinuously over a reaction
period, and thus can facilitate the detection obilea or reversibly formed
intermediates/products as well as offering insights the relative formation rates
and stabilities of each species formed. In additmrconfirming the structures and
ascertaining the relative prevalence of all de@&@&SH-HCHO adducts in solution,
it was hoped that this work should also providestaded analysis of the reaction as
a whole, and may allow for identification of novebtentially biologically relevant

GSH-HCHO adducts.

Initial NMR work, including initial characterisatio of BiGF, and MGF (Section

8.2.10) and time course experiments, were carrigidoy Philippa S. Barlow.

8.2 Results

8.2.1 NMR Analyses on HCHO solutions
Work in this section was carried out by PhilippaBariow

Given the potent electrophilicity of HCHO, it wasiwsaged that a number of
oligomeric species as well as potential dispropotion products may exist in
aqueous solutions of HCH®?® Therefore, before analysis of the GSH HCHO
reaction could begin, a comprehensive overview @H® solutions would be
required in order to establish the amount of fr&&H®D available to react with GSH.
A 'H NMR spectrum was recorded of a 160 mM solutiotH&HO in D,O, which
was prepared by dissolving paraformaldehyde powderD,O at elevated

temperatures. The solution was allowed to starrd@n temperature for 24 hours to
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equilibrate before analysis. Thd NMR spectrum is shown in Figure 8.3.
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Figure 8.3 (Below) 'H NMR spectrum (700 MHz) of 160 mM HCHO in D,0. (Above) The
spectrum at x100 zoom.

The dominant species in the solution was hydratedHB, which could be
identified by its characteristic singlet resonaiat@y 4.73 ppm. Integration of this
resonance indicated that this form of HCHO accodirite over 95 % of all species
in the solution. In addition to this resonance, Bsignals could be observed at both
low and high field regions of thtH NMR spectrum. The resonancedat9.47 ppm
could be attributed to the aldehyde form of HCHOhiakh appears to exist in
significantly lower concentration than the hydraté@tm in agueous solution.
Although it could be envisaged that the aldehydenfonay be more susceptible to
nucleophilic attack than the hydrate, and therefeilebe more likely to react with
GSH, dynamic exchange between the two should aBaymificant reaction with
GSH to occur. The resonance &t 8.37 ppm could be attributed to the carbonyl
proton of formic acid, which is a known disproportation product from the

Cannizzaro Reaction (Figure 8 4.
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Figure 8.4 Classical reaction mechanism for the base-catalysed Cannizzaro Reaction. Hydride
transfer from one HCHO molecule to another results in the formation of formic acid and
methanol in equal amounts.

Methanol, the other Cannizzaro product, was deteatéy 3.27 ppm. However, the

concentration of this species was higher than foragid, which is probably due to
trace methanol present in the commercial sourcepafaformaldehyde. The

assignment of methanol at this resonance was coaéir by repeating the

experiments at variable added methanol concentratihich showed a fluctuation

in the intensity of this signal depending upon émeount of methanol added (Figure
8.5).
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Figure 8.5 'H NMR spectra (700 MHz) of 160 mM HCHO in D,0 with added methanol. The
methanol and hydroxymethylene hemiformal signals increase in intensity upon addition of
methanol.

A number of signals were also detected downfieldhef methanol resonance, dat
3.30 ppm,dy 3.34 ppm,éy 3.49 ppm andy 3.59 ppm respectively. These peaks
presumably arise from the terminal €groups of poly(oxymethylene) hemiformals,
which can be formed from the reaction of methama 8ICHO (Figure 8.6). It can
be assumed that the higher chemical shifts of tiseg®als relative to the methanol
resonance are due to the electronegativity of tlk&raeoxygen atoms. The
resonances aiy 4.81 ppmgoy 4.85 ppm andy 4.87 ppm most likely correspond to

the internal CH groups of poly(oxymethylene) hemiformals or glycol
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Figure 8.6 Reaction scheme for the formation for poly(oxymethylene) hemiformals and glycols.

The presence of oligomeric structures in aqueousHBCsolutions was also
suggested by*C NMR. Using **C-labelled HCHO,**C-resonances for HCHO-
derived CH groups were detected in aqueous solution betwg8t ppm andc 90
ppm (Figure 8.7). Under the sample conditions, mali methanol was observed,
suggesting that the GHsignals arise from poly(oxymethylene) glycols eathhan
hemiformals. The lowest’C-resonance in the above ppm ranges@B81.7 ppm,
was assigned to hydrated HCHO. The other signalthenabove range could be
compartmentalised into two sections based on ttte@mical shifts, suggesting that
the resonances in each region may represent si@targroups in the oligomeric
glycols. The first section contained three distis@nals atoc 85.6 ppm,dc 86.1
ppm anddc 86.4 ppm respectively. These peaks could be asdigmthe outer CH
groups in the glycols. It could be assumed thatsigeals in this region with higher
chemical shifts arose from GHjroups with more oxygen atoms in close proximity,
and therefore corresponded to £Hroups in the larger oligomers. The second
section contained signals & 89.0 ppmgpc 89.5 ppm andc 89.7 ppm respectively,

and were assigned to the inner glycol Qjfoups.
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Figure 8.7 *C NMR spectrum (700 MHz) of 200 mM *C-HCHO in D,0. Assignments for each
resonance are displayed. Bold bond lines indicate the carbon atoms which correspond to each

resonance.

Experiments were then conducted in order to evaltia¢ degree of oligomerisation
and disproportionation under acidic and alkalineditons. Samples of HCHO in
D,O were prepared at pD 3 and pD 10 using deuteritnoride and sodium
deuteroxide to alter the pDH NMR Spectra of these samples revealed that the
composition of HCHO-derived species in both samplasied from the neutral

solution (Figure 8.8).
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Figure 8.8 'H NMR spectrum (700 MHz) of 160 mM HCHO in D,O at pH 3 and pH 10.
Assignments for each resonance are displayed.

At pD 3, new signals aiy 4.17 ppmgoy 4.43 ppm andy 4.67 ppm were observed.
It is possible that these new resonances arise frgotic glycols such as 1,3,5-
trioxane, which are proposed to form under acidiaditions. The chemical shifts
observed were comparable to literature values Gichcyclic species, although the
published values were attained under slightly déf¢ conditions. The Cannizzaro
Reaction products were only present in trace answuit pD 10, however, both
methanol and formic acid were observed at concgatr& comparable to hydrated
HCHO. No peaks corresponding to poly(oxymethylehejniformals or glycols in

the neutral sample, or indeed any of the new pgaksent in the acidic sample,
could be detected at pD 10. This is presumably biezaf the requirement for acid

catalysis during the formation of such species.

In conclusion, the experiments show that hydrat€@HB is the most abundant form
of HCHO present in agueous mixtures, which shohktdfore allow such solutions

to be used to monitor the reaction of HCHO with G@Ythough the Cannizzaro
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Reaction is an important side reaction under atlaionditions, the slow rate of this
reaction relative to the reaction of HCHO with GSkbuld result in no obvious loss

of free HCHO, at least over the initial stagesexdation.
8.2.2 NMR of reduced and oxidised GSH

'H NMR Experiments were carried out in order to ifjathe shifts of characteristic
resonances corresponding to GSH. It was envisdgadthe identification of such
resonances would be useful when analysing poténttalmplex mixtures of GSH-
HCHO adducts. It was deemed prudent at this stagiaracterise thtH spectrum

of its corresponding disulfide (GSSG) in the expé&on that this species may be
formed in the reaction samples. Firsthiy NMR spectra of 13.3 mM GSH in 50
mM phosphate buffer were run at pD 5.5, pD 6.5, pbB, pD 8.5 and pD 9.5
respectively in order to ascertain the shifts afreeesonance across a pD range. The

spectra are shown in Figure 8.9.
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Figure 8.9 'H NMR spectra (700 MHz) of 13.3 mM GSH in 50 mM phosphate buffer at pD 5.5,
pD 6.5, pD 7.5, pD 8.5 and pD 9.5 respectively. '"H NMR assignments are indicated.

As could be expected from the structure of GSH déstinct'H resonances could be
identified in the spectra, corresponding to thetgme attached to the-glutamate 3-
glutamate (two protons)y-glutamate (two protons)q-cysteine, p-cysteine (two
protons) andu-glycine (two protons) carbons. The signals coroesiing to theo-
glutamyl anda-glycinyl protons possessed the same chemical shtfie samples at
pD 5.5, pD 6.5 and pD 7.5, giving only five appdreignals in the spectra. The
resonances for the individual protons attached he [(-cysteinyl carbon were
observed to diverge at higher pD, which may be tua restriction of the local
conformation upon thiol deprotonation (pKa of th8Ksthiol = 9.2). Slight splitting
of the B-glutamyl protons was also observed in the samplelDa9.5. The shifts of
both thea-glutamyl, B-glutamyl anda-cysteinyl protons decreased in the samples at

pD 8.5 and pD 9.5, which again can be attributed thel deprotonation
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(predominantly in the case of thecysteinyl protons) and also to deprotonation of

the positively charged glutamyl amine.

'H NMR Spectra were run on samples of GSSG (13.3 mM)D 5.5, pD 7.5 and
pD 9.5 (Figure 8.10). Six distinct resonances waserved in the spectra, which
corresponded to the analogous proton signals in .G8Hresonances, apart from
those corresponding to thecysteinyl andp-cysteinyl protons, had near identical
chemical shifts to the analogous GSH signals. theysteinyl andp-cysteinyl
resonances, however, had markedly different shpftesumably due to the loss of
the free cysteinyl thiol. Thf-cysteinyl protons were observed to be diasteraotop
suggesting a loss of free rotation of the cystesigie chain. The-glutamyl andp-
glutamyl resonances were observed to shift upfaldD 9.5 in a manner similar to

the analogous GSH signals.
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HOWM?wﬁ%\?OH

o) 0 g1 ol

o) o (3 40
HO™ ™ NLWN\)]\OH
NH; H oo
19
16 12
l 17 17 14 13
pD Q.EJJ L,, . L HJI L WL JM\LL )ﬂL

ors I MMMM«LJK

055 t | |

— T T T T — T
5.0 4.5 4.0 3.5 3.0 25 2.0 ppm

Figure 8.10 "H NMR spectra (700 MHz) of 13.3 mM GSSG in 50 mM phosphate buffer at pD 7.5
and pD 9.5 respectively. "H NMR assignments are indicated.
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8.2.3 Initial Detection of BiGf

Initial work on the reaction of GSH and HCHO focds®n confirming the formation
of BiGF,. Batemaret al. reported that BiGfcould be formed by mixing GSH with
an excess of HCHO at pD 8.5. In order to confirns thbservation, a sample was
prepared under analogous conditions and tested M{R.NA solution of 40 mM
stock GSH, buffered to pD 8.5 (phosphate buffeDp®), was diluted to 13.3 mM
final concentration with a 160 mM stock solution WCHO in D,O. This sample
was then left for 24 hours at room temperature teefeing transferred to an NMR
tube and analysed directly Byt NMR. BiGF, was identified as the major species in
the reaction mixture (Figure 8.11), thus confirmithg@ production of BiGfunder

these conditions.

5.0 4.5 4.0 3.5 3.0 2.5 20 ppm

Figure 8.11 'H NMR spectrum (500 MHz) for a reaction mixture of GSH and 8 equivalents of
HCHO after 24 hours at pD 8.5. Resonances corresponding to BiGF, are notated with black
triangles (spectrum run by Philippa Barlow).

8.2.4 The GSH HCHO Reaction at Variable pD

13C NMR experiments by Batemaat al. using**C-labelled HCHO have indicated
that BiGF, is more prevalent in alkaline reaction mixturessd the authors report
the presence of another HCHO-derived speciecat44.1 ppm under acidic
conditions. The similarity in the chemical shift thfis resonance to the unassigned
signal observed by Naylat al. (6c 44.0 ppm) suggests that these signals probably

arise from the same species. However, in the aleseftd NMR data it is unclear

200



Chapter 8. NMR Studies on the Reactions of Glutathione and Formaldehyde

whether the identified species is a GSH-HCHO addurttorder to reassess the
prevalence of BiGfacross a pD range, and also to confirm the forwnatf the

novel speciestH NMR experiments were carried out after three dayssamples

containing a four-fold excess of HCHO (non-labe)lad pDs 5.5, 6.5, 7.5, 8.5 and
9.5 respectively. Concentrations of each speciese walculated by integrating
characteristic resonances for each adduct and ribemalising the intensity value
relative to the internal standard (3-(trimethylBHg,2’,3,3’-tetradeuteropropionic

acid (TSP 0.00 ppm). ThéH spectra are shown in Figure 8.12.

h—

)
Fao) oM A AA _pD55

4.7 4.5 4.3 4.1 ppm
GREEN = S-Hydroxymethylglutathione (HMG)
BLACK = BiGF,

RED = Novel Adduct

Figure 8.12 'H NMR spectra (700 MHz) for reaction mixtures of GSH and HCHO (four
equivalents) after three days.

Firstly, it was noted that a signal correspondiagutreacted hydrated HCHO was
present in all of the samples after three daysoAiswas apparent that all of the
GSH added to the samples had reacted during thgioeaperiod, as no signals
corresponding to GSH were detected. No evidenceherformation of GSSG was
observed in the samples, suggesting that GSH haextae via the thiol, presumably

with HCHO, before oxidation could occur. With redaro the other species in
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solution, it was apparent that the composition athe sample was strongly pD
dependent. HMG, which could be easily identifieditsycharacteristiei-cysteinyl
resonance aby 4.63 ppm, was observed in the samples at pD 5 ph 6.5,
reaching a maximum concentration of 7.5 mM (pD 5Athough being the most
abundant species at pD 5.5, no trace of HMG coeldiétected in the three more
basic samples. BiGFwas found to be present in all of the samples itsit
concentration in solution varied greatly over th® pange. At pD 5.5, the
concentration of BiGF was only 1.5 mM. However, in contrast to HMG, its
concentration appeared to increase in a near lii@saion from 1.5 mM at pD 5.5 to
10 mM at pD 7.5. BiGFwas most prevalent in the sample at pD 9.5, reachi
concentration of 12.7 mM. In addition to HMG and@b, other signals could be
detected in the reaction mixtures, implying thesgerece of at least one other product
(highlighted red, Figure 8.12). Analysis of all teamples suggested that the new
signal intensities appeared to fluctuate to the esalegree across the pD range,
implying that the signals corresponded to the sapezies. It could also be assumed
that the novel product had been formed from GSHmasy of the corresponding
signals possessed similar chemical shifts to thghatic proton resonances in HMG
and BiGFk. In order to confirm the existence of a novel GABHO adduct, a 2D
HSQC experiment was run on the sample at pD 5.khéenexpectation that any
HCHO-derived signals would be revealed by tH&@ chemical shifts. The sample
was left for two weeks before analysis by HSQC, clhresulted in an increased

concentration of the product. The spectrum is showfigure 8.13.
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Figure 8.13 2D HSQC spectrum (700 MHz) of a reaction mixture of GSH and HCHO (four
equivalents) after two weeks at pD 5.5.

In addition to'*C-resonances corresponding to HCHO, HMG and Bj@&Fany new
signals could be observed in the HSQC spectrumr Few cross-peaks witffC
chemical shifts betweed: 40 ppm andc 90 ppm were observed (two & 42.8
ppm, one abc 52.0 ppm and one at 60.8 ppm), and it was assumed that these
peaks, based on thelfC shifts, were the most likely signals correspogdio
HCHO-derived carbons (highlighted red, Figure 8.18)f these four peaks, it was
noted that the two signals &t 42.8 ppm matched closely to the observa@-
resonance observed by both Nay#dral. and Batemaret al It was thus assumed
that the new adduct observed in the samples wdacinthe same species that had
been previously identified. Interestingly, the twemoss-peaks abc 42.8 ppm
correlated to twdH doublet signals with very different chemical shifatsy 4.16

ppm anddy 4.94 ppm). This suggested that the two protorech#d to the HCHO-
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derived methylene unit had very different local ornments, potentially pointing to

a sterically restricted local conformation. The twather cross peaks in the
aforementioned*C region (atsc 52.0 ppm andc 60.8 ppm) appear to link to the
same 'H signal. However, this observation most likely iied that the H-
resonances corresponding to eddB-resonance coalesced. It was proposed at this
stage that these signals may arise from dhglutamyl anda-cysteinyl derived

carbons in the new adduct.

Having confirmed the formation of the novel adduttvas possible to monitor its
formation across the pD range by calculating itmoamtrations in the reaction
mixtures (Figure 8.14). Interestingly, this produeas most abundant at pD 6.5 (4
mM) suggesting that neither strongly acidic noosgly basic conditions favour its

formation and/or stability.

15-
s BiGF,
£
c 10
2 HMG
s
5 Novel Species
o

0
5 6 7 8 9 10

pD

Figure 8.14 Concentrations of HMG, BiGF, and the novel adduct after three days at different
pDs.

8.2.5 Purification of adducts

Given that both BiGf and the novel GSH-HCHO adduct could be detected in
samples after three days (and indeed after two sveelpD 5.5), it was hoped that
these two species may be sufficiently stable tasléated and fully characterised.
Purification was attempted on a reaction mixtureG8H and four equivalents of

HCHO at pD 6.5, which was allowed to react for thlays before being quenched
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by lyophilisation. The remaining solid was redissa in HO and then injected
onto a C18 reverse phase column (Vydac) for HPLG@Gfipation, using ESImass

spectrometry to detect the separated species.

ES-
100+ BiGF,
/
[M-H]- = 330
%
0
ES-
100-
Novel Species
[M-H]- = 318
%
0
ES-
100
Buffer
TIC
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Figure 8.15 LC-MS chromatogram for a reaction mixture containing GSH (13.3 mM) and HCHO
(four equivalents) at pD 6.5 after three days.

Four peaks were observed in the chromatogram (Eighid5), of which two

appeared to correspond to GSH-HCHO adducts. Tk @if these peaks, which
eluted after 22.5 minutes, corresponded to a spewigh a mass of 319 Da,
suggesting a 1:1 GSH-HCHO adduct. The compound lwkiated in the second
peak (after 25 minutes) had a mass of 331 Da, nrajcthe mass expected for
BiGF,. The two peaks were separated and the elutioresblyophilised to give two

white solids.'"H NMR spectra were collected on samples of thefigarispecies

redissolved in RO (Figure 8.16), which confirmed the products as tlew adduct

(the first peak) and BiGHthe second peak) respectively.
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Figure 8.16 '"H NMR spectra (700 MHz) of BiGF, (Above) and the Novel Adduct (Below) in D,0.

8.2.6 Characterisation of BiGF

'H, 2D COSY, 2D HSQC, 2D HMBC and 2D NOESY experitsewere conducted
on a sample of purified BiGF(dissolved in RO). It was hoped that the data
acquired would fully evaluate the structural regesient of this adduct by Bateman
et al, and therefore clarify its structure in solutidreviously, only'H, **C and 2D
COSY experiments had been run on samples contaBi@§,, and therefore it was
felt that a more comprehensive NMR study shouldubdertaken to confirm the

structural assignments. The 2D HSQC spectrum isvsho Figure 8.17.
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Figure 8.17 2D HSQC spectrum (700 MHz) of BiGF, in D,0. Cross-peaks highlighted in red
correspond to protons attached to the same carbon.

Although *3C-resonances for BiGFhad been previously identifiéd? the HSQC
spectrum, which correlates eatiC-signal to the resonances of attached protons,
offered new insight into the assignment of ead®-resonance to a carbon in the
structure. Firstly, it was apparent that a numbethe *H-signals in the'H NMR
spectrum corresponded to diastereotopic protoriatid to the same carbon atom.
This observation adds credence to the assignedtsteuof BiGE, as it could be
expected that this bicyclic structure would lead pootons with restricted
conformations. Also, it was possible to assign @ resonance aic 41.2 ppm to
the a-glycinyl carbon by direct analogy to tHel chemical shifts of the attached
protons, which could be identified by the similgrdf their shifts {4 3.95 ppm and
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dn 3.99 ppm) to the analogous GSH signals (Figurg 8.9

The 2D COSY spectrum (Figure 8.18) was identicathi@t run by Batemaet al.
and allowed for the assignment of th¢ signals of both the glutamyl and cysteinyl
protons. It was also possible to assign @ resonances associated with each of
these positions by referring to the 2D HSQC da#ssuming no rearrangement of
the GSH-derived backbone (a change that was notprm@sosed by either of the
previous assignments), the protons attached t@-thetamyl-derived carbon could
be expected to give cross-peaks to bothatfggutamyl andy-glutamyl protons. The
only resonance to give cross-peaks to two othetslfding geminal pairs) was the
resonance aby 2.28 ppm. As no other protons could be expectedive cross-
peaks to more than one resonance, except when iogupd geminal partners
(highlighted with red lines, Figure 8.19), it wassgible to assign th#i-resonance
atdy 2.28 ppm, and therefore th¥-resonance aic 22.9 ppm (Figure 8.18), to this
position. The three signals which correlated to iésonance aiy 2.28 ppm (aby
2.75 ppm,dy 3.12 ppm anddéy 3.91 ppm respectively) could be assigned by
comparing thé*C-signals of their attached carbons. The protortk t-signals at
8y 2.75 ppm andy 3.12 ppm were found to be attached to a carboh @ait’C-
resonance aic 32.6 ppm, demonstrating that these signals cooredgd to geminal
pairs. This observation allowed these signals tassgned to the-glutamyl centre,
as theo-glutamyl position was only expected to possess prmon. ThelH-
resonance aiy 3.91 ppm and the corresponditig-resonance & 61.4 ppm could
then be assigned to tleglutamyl position. Ther-cysteinyl and3-cysteinyl centres
were assigned by noting COSY correlations betwaertH-signals aby 3.22 ppm
and &y 3.46 ppm (identified as geminal partners by HS@@J the'H-signal ats
5.20 ppm. As no other COSY correlations apart ftbwse already assigned to the
glutamyl-derived centres were expected in the mdeedhese signals were assigned
to the B-cysteinyl anda-cysteinyl protons respectively. HSQC data als@vedld
assignment of the correspondifitC-signals (atsc 34.7 ppm andSc 58.6 ppm

respectively).
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Figure 8.18 2D COSY spectrum (700 MHz) of BiGF, in D,0. Cross-peaks highlighted in red
correspond to protons attached to the same carbon.

Assignment of the HCHO-derived protons and carbmas achieved by analysis of
the 2D HMBC spectrum (Figure 8.19). Although it e assumed that tHei-
resonances @ 4.10 ppmdy 4.30 ppmdy 4.51 ppm andy 5.09 ppm and th&C-
resonances aic 59.7 ppm and¢c 60.4 ppm derived from these centres, based on
their chemical shifts, it was not possible to casorely assign each signal to the
correct HCHO-derived methylene using the existingtad Therefore it was
necessary to identify HMBC correlations between H@HO-derived protons and
the neighbouring carbons in order to assign theadsy Correlations from th&H
resonances ady 4.10 ppm andy 4.30 ppm to both the-glutamyl and theB-
cysteinyl carbons (carbons 22 and 27, Figure 8.KE)ealed bonds from the
corresponding methylene via both the glutamyl amand the cysteinyl thiol. This
allowed assignment of theskl-signals to the protons at carbon 3t 69.7 ppm,

Figure 8.19). Thé'H-signal atdy 4.51 ppm possessed cross-peaks to bothyithe
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glutamyl andé-glutamyl carbons (carbons 22 and 31), which wapeeted of
protons attached to the aminal methylene 32. Theelaions from theH-
resonance aby 5.09 ppm (which corresponds to a proton attacledhe same
carbon as the resonancedéat4.51 ppm) to ther-cysteinyl carbon and the HCHO-
derived hemithioaminal carbon (carbons 26 and ®hfiomed the assignment of the
two 'H resonances to this positiodc(60.4 ppm). These assignments contradict the
assignments by Batemast al, which proposed that the higher of the tWe-
resonancessg 62.2 ppm) corresponded to the hemithioaminal méghg, based
on chemical shift prediction. The HMBC spectrum oal$acilitated the
assignment of the carbonyl carbdiC-resonances, which had not been visible by
HSQC due to the lack of attached protons. By mamtp correlations from the
assigned'H-resonances, it was possible to assign each cgrdd@-resonance by
referring to the predicted structure. For examphe *C-resonance at carbon 21
could be elucidated by observing HMBC correlatiémsn the proton at position 22
to a signal abc 175.3 ppm. As it could be expected that the pretainposition 22
would only form a strong cross-peak with the cagdararbon at position 21, it was
possible to assign the resonance to this posifibe.**C-resonances for carbons 25,
28 and 30 were also assigned by observing HMBCsepesks from the protons at
carbons 24, 26 and 29 respectively (Figure 8.19)r&lations between positions 21
and 23, 25 and 26, 25 and 32, and 28 and 29 hdipetbnfirm the carbonyl

assignments and validate the proposed structuBeGiF,.
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Figure 8.19 2D HMBC spectrum (700 MHz) of BiGF, in D,0. Cross-peaks are notated with the
carbon number they represent.

Having confirmed the configuration of BiGHt was now possible to investigate its
solution conformation. A NOESY spectrum of Big&Wwas run in the hope that NOE
cross-peaks observed may give information on tle¢oprspatial arrangements. This
data should also allow for the assignment of eaidstdreotopic proton to its

respective’H-resonance. The acquired NOESY spectrum is shoviigure 8.20.
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Figure 8.20 2D NOESY spectrum (700 MHz) of BiGF, in D,0.

Firstly, it was noted that proton 26 (i.e. the protattached to carbon 26 in the
structure) possessed a positive NOE to one of thops attached to carbon 27. As
NOE correlations arise between protons that amddse proximity, it was therefore
proposed that this proton at carbon 27 must beeclts proton 26 than its geminal
partner. This suggests that this proton $gnto proton 26. The stereochemistry at
carbon 26 was assumed to be analogous to GSH haneffére the proton at carbon
27 was assigned to thgro-R position (proton 27’, Figure 8.20). Based on this
assignment, it was possible to assign the protansaebon 32 by identifying an
NOE cross-peak between one of these protons (prdfmy 4.51 ppm) and the
other proton at carbon 27 (proton rp-S. This proton at carbon 32 could then be
assigned to thero-R position. As no NOE cross-peaks could be obsebatdieen
proton 32 and either proton 26 or proton 27, itswaoposed that this proton lies
away from these centres, suggesting a solutionozordtion similar to that observed
in the crystal structure (Figure 8.2). Proton 3hich could be assigned to tpeo-

S configuration by analogy to the assignment of pnoB2, possessed NOE cross-
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peaks to one proton on carbon 23 and also to oowmpron carbon 24. As proton
32’ was assumed to lie on the same face as pra2gn& away from proton 26), it
was possible to assign this proton’s NOE-coupledngas to thepro-R (proton 3’)
and pro-S (proton 4’) configurations respectively. An NOEraation was also
noted between proton 22 and a proton on carbonTBik. observation allowed the
assignment of this proton to tipeo-R position (proton 11), with the assumption that
the stereochemistry of carbon 22 was analogoukdabih GSH. The assignment of
proton 31’ pro-S by analogy with assignment of proton 31) was aoméid by an
NOE cross-peak between this proton and proton 32NRE correlations from the
protons attached to carbon 29 could be observatianspectrum, and therefore it

was not possible to assign each proton at thigiposio its individual resonance.

,(/\fo
2 N 2 J\ OH
31H"'k EZ\HG‘,H/\[O(
\Hﬂ's\ H.

g 27
H,,

Figure 8.21 Structure of BiGF, showing important NOE correlations.

In summary, NMR assignment was carried out on & mample of BiGkfor the
first time, which allowed assignment of ali- and **C-resonances to protons and

carbons in the structure. Full assignments are shawigure 8.22.
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21 175.3
22 614 39 appt 6.5 21,23, 24, 31
23 229 228 appq 6.5 21,22,24,25
24 326 275 app dt 6.5,16.5 22,2325
24 312 app dt 6.5,16.5 22,23, 25
25 1774
26 586 520 dd 6.5, 10.5 27,28, 32
27 34.7 322 dd 105, 15.5 26, 28, 31
27 3.46 dd 65,155 31
28 1722
29 412 395 d 18.0 28, 30
29 3.99 d 18.0 28, 30
30 1731
31 597 410 d 145 22,27
31 4.30 d 14.5 22,27
32 60.4 4.51 d 16.0 22,25
32 5.09 d 16.0 25, 26, 31

Figure 8.22 NMR assignments for BiGF,.

The data endorsed the structural configuration psed by Batemaret al,?*?

arguing against the previous assignnféhtwhich was based mainly on chemical
shift prediction. In addition, the work allowed foorrection of thé>C assignments
for the HCHO-derived carbons by Batemanal. NOE data suggested a solution
conformation similar to the crystal form when bouttddCBR1, implying that the

bicyclic ring system may possess a large degreggility in solution.
8.2.7 Characterisation of the Novel Adduct

Having assigned the structure of BifRttention was focused towards identifying
the structure of the novel adduct. Thé NMR spectrum of the pure adduct (Figure
8.16) indicated that the structure of this new sgediffered significantly from the

structure of BiGE, and both NMR and mass spectrometry analysis durin
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purification suggested that the product possessaty wne HCHO-derived
methylene unit. Structural characterisation wasieadd using 1H, 2D COSY, 2D
TOCSY, 2D HSQC, 2D HMBC and 2D NOESY techniquesderiled below.

The 'H-resonances corresponding to the HCHO-derived, @toup had already
been established by the 2D HSQC spectrum on thetioeamixture of GSH and
HCHO at pD 5.5 4 4.16 ppm andy 4.94 ppm, Figure 8.13). Identification of
other 'H resonances was impeded in this spectrum, howeles,to overlapping
resonances from the other species in the mixtudGHand BiGE). Also, the'H-
resonance &ty 4.30 ppm in théH NMR spectrum of this reaction mixture appeared
to separate to two signals in‘ld NMR spectrum of the pure adduct, thus allowing
assignment of the individudfC-resonances to each of these protons by HSQC.
Therefore, a 2D HSQC experiment was run on thefipdrisample, which is shown

in Figure 8.23.
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Figure 8.23 2D HSQC spectrum (700 MHz) of the novel adduct in D,0. Cross-peaks highlighted
in red correspond to protons attached to the same carbon.

By analogy with the spectrum for BiGFt was possible to predi¢fC assignments
(and therefore the attachéd signals) for the GSH-derived carbons. For example
the *C-resonance aic 22.8 ppm closely resembled thi€ shift for carbon 23 in
BiGF, (6¢c 22.9 ppm), which corresponded to fhglutamyl carbon in GSH. It was
therefore postulated that this resonance in the adduct corresponded to tlfle
glutamyl derived carbon. THEC-resonances for theglutamyl, B-cysteinyl ando-
glycinyl derived carbons (abc 29.9 ppm,dc 31.1 ppm andéc 42.1 ppm
respectively) could also be assigned at this stageanalogy with the BiGF

assignments (aic 32.6 ppmgyc 34.7 ppm and¢c 41.2 ppm respectively).
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Figure 8.24 2D COSY spectrum (700 MHz) of the novel adduct in D,0. Cross-peaks highlighted
in red correspond to protons attached to the same carbon.

The 2D COSY spectrum (Figure 8.24) allowed vertima of the assignments from
the HSQC data by displaying one-bond COSY corretetibetween the assigned
protons. It was possible to confirm thé and**C-resonances for tHeglutamyl and
y-glutamyl derived centres by observing correlatidoesween their corresponding
protons. A COSY correlation between the protons tba B-glutamyl derived
carbons (aby 2.06 ppm anédy 2.47 ppm) and the proton resonancéa.40 ppm
also allowed the assignment of this resonance (a@cfore thé’C-resonance aic
60.8 ppm) to thea-glutamyl derived centre. The-cysteinyl resonances were
assigned by observing a correlation betweerBthgsteinyl protons (aéy 2.93 ppm
and 5y 3.14 ppm) and théH-resonance aby 4.37 ppm. These observations
confirmed the assignments of theglutamyl anda-cysteinyl centres based on the

2D HSQC spectrum of the reaction mixture at pD @mgure 8.13). The TOCSY
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spectrum (Figure 8.25) further supported the HS@Q@ @OSY based assignments
for the glutamyl chain by highlighting correlatiorisetween thea-, B- and y-
glutamyl protons. These observations confirmed foamation of the adduct had

not resulted in fragmentation of the glutamyl sothain.
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Figure 8.25 2D TOCSY spectrum (700 MHz) of the novel adduct in D,0. Cross-peaks highlighted

in red correspond to correlation between the glutamyl side chain protons.

The most informative data regarding the structexaifiguration of the new adduct

was obtained from the HMBC spectrum (Figure 8.26).
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Figure 8.26 Overlaid 2D HSQC (red) and 2D HMBC (blue) NMR spectra (700 MHz) of the novel
adduct in D,0. Correlations highlighted in red correspond to correlations from the HCHO
derived methylene protons.

Attention was initially focused upon characterisitihg connectivity of the HCHO-
derived methylene, which was difficult to predigt Bnalogy to the other adducts
due to its relatively low*C-resonance aic 42.8 ppm. HMBC Correlations were
observed from the HCHO-derived protons to the cartesonances at 31.1 ppm
andéc 60.8 ppm, which had been assigned topdoysteinyl andu-glycinyl derived
carbons respectively. These correlations implieat #th monocyclic hemithioaminal
was present in the structure of the novel addussymably formed from HCHO
and both the cysteinyl thiol and the glutamyl amiHewever, it was noted thaiC-
resonances for hemithioaminal carbons often fatWwbkendéc 50.0 ppm andc 60.0
ppm, and therefore the relatively IoWC-resonance aic 42.8 ppm suggested that

either the HCHO-derived centre was not connecteadtlwvé thiol and amine, or that
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the hemithioaminal species resided in an abnormsitiglded local environment.
Also, an HMBC correlation was observed between H@&EHO-derived methylene
and a*C-resonance aic 178.1 ppm. This resonance was also found to ctedb
the y-glutamyl derived protons, suggesting that thisonesce corresponded to the
d-glutamyl derived carbonyl carbon. The observatibrat the HCHO-derived
methylene possessed HMBC correlations to both pdggutamyl ands-glutamyl
carbons (but not theg-glutamyl carbon), as well as to thHecysteinyl carbon,
indicated that the novel adduct had undergone araegement of the GSH

backbone. The proposed structural configuratioshiswn in Figure 8.27.

0
C{ NH, O
5&1WN\)J\OH
HO o

(0]
== = HCHO Derived Methylene

Figure 8.27 Proposed structure of the novel adduct based on HMBC data. Red arrows indicate
observed HMBC correlations from the HCHO derived methylene.

The hemithioaminal carbon in the proposed structuae predicted to possess®a-
resonance abc 45.6 ppm using the ACD/iLab service chemical sipifediction
software, which compared favourably with the obsdrehemical shift aéc 42.8
ppm. Further evidence for this structural assignieas obtained from the NOESY
spectrum of the adduct (Figure 8.28). Positive NO®ere observed between the
hemithioaminal protons and the protons attachetheéax-glutamyl andp-cysteinyl
derived carbons, indicating that these protonsnlielose proximity in the structure.
Also, it was possible to detect positive NOE’s be¢w theo-glutamyl andp-
cysteinyl protons directly. Although the NOE da insufficient to confirm the
rearrangement of the GSH backbone, it strongly etpgp the assigned
hemithioaminal connectivity between the cysteinyiot and the glutamyl amine.
Interestingly, the downfield HCHO-derived protorB{4Figure 8.28) only exhibited

a NOE correlation to one of thcysteinyl derived protons, suggesting restricted
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rotation of the cysteinyl derived side chain relatito the hemithioaminal. No
evidence for cycles encompassing the glycinyl datimoiety was observed in the
NOESY spectrum, implying that this part of the nmlle remains unaffected after

formation of the adduct.
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Figure 8.28 2D NOESY spectrum (700 MHz) of the novel adduct in D,0.

The structural configuration of the novel adducsvedso assessed by analysing the
ESI mass spectrum obtained during LC/MS purificationtegrating under the
corresponding peak in the chromatogram (Figure )3.iévealed that the novel
adduct had undergone fragmentation during ionisatamd therefore, it was possible
to investigate the structure by correlating the seasof the fragments to potential

fragmentation products. The mass spectrum is shovigure 8.29.
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Figure 8.29 ESI mass spectrum of the novel adduct.

The major peak in the mass spectrum was observ8d&im/z, which corresponds
to the molecular ion of the novel adduct. In additia peak corresponding to the
sodium ion of the intact adduct ([M+Na-ZMH]was also detected at 340 m/z.
However, the spectrum also revealed four major mragtation products at lower
m/z values relative to the molecular ion, at 12& M43 m/z, 174 m/z and 177 m/z
respectively. It was noted that the first of thésgment ions (at 128 m/z) appeared
to have an identical mass to the expected molecotaof pyroglutamic acid, which
can be formed by breaking the bond between the H@EWed methylene and the
a-glutamyl amine in the proposed structure of thduad. It was also noted that the
fragment peak at 174 m/z could potentially corregpdo pyroglutamic acid
attached to a CHgroup and an SH group. It could be envisageddhbah a species
could be formed by,B-elimination at the cysteinyl derived side chainloé adduct,
resulting in the release of the observed pyroglytanemithioaminal species and
also a dehydroalanyl-glycinyl moiety. This fragmetndn pathway was verified by

the observation of the peak at 143 m/z, which gpoaded to the mass of the
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dehydroalanyl containing fragment. The final peaksvassigned by noting that its
mass (177 m/z) was identical to the dipeptide eggtglycine. It was envisaged that
this species may be formed by breakdown of the etdidemithioaminal, presumably
to give the unstable pyroglutamyl imine as a sidedpct. The imine could be
expected to be unstable under the mass spectroneetngitions, resulting in

formation of pyroglutamic acid. It was also enviedgthat the hemithioaminal at
174 m/z may also fragment to give pyroglutamic adide mass spectrum with peak
assignments and a scheme illustrating the propdsmginentation pathways is

shown in Figure 8.30.
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Figure 8.30 ESI mass spectrum of the novel adduct showing assignments for the fragment ions
and proposed fragmentation pathways.

Overall, the NMR and mass spectrometric analyseghenpurified adduct have
allowed structural assignment, which has revealest the species possesses a
markedly different structure relative to GSH and5Bj. Interestingly, the structure
appears to contain a novel five-membered lactam, saggesting that formation of
the adduct involves a rearrangement of the GSH lmaok Full NMR
characterisation of the adduct (hereafter refeteds ‘pyroglutamate containing

glutathione formaldehyde adduct’, PGF) is detaile&igure 8.31.
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41 421 394 d 175 40,42
47 400 d 175 40,42
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43 428 416 d 145 34,37,39
43 494 d 145 34,37,39

Figure 8.31 NMR assignments for the novel adduct PGF.

8.2.8 Time-course Analysis at Variable pD

Having identified the formation of BiGFand the novel adduct PGF in samples after
three days, attention was now focused towards amgymixtures of GSH and
HCHO over the initial stages of reaction. Samplestaining GSH and a four-fold
excess of HCHO were prepared at pDs 5.5, 6.5,8%and 9.5 respectively, in an
analogous manner to the previous samples. Theioeacivere then transferred to a
700 MHz NMR spectrometer immediately after miximgdamonitored byH NMR.

In all of the samples, analysis revealed formabba number of transient species at
low levels. It is probable that at least some adseh species derive from acyclic
hemiaminals, which likely act as intermediatesha formation of other more stable
adducts®™ 2® However, it was also possible to investigate thaative
concentrations of HMG, BiGFand PGF in the samples. Also these studies redeale

formation of a further novel GSH-HCHO adduct, asatéed below.
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a) pDs 5.5 and 6.5

HMG was observed as the major species in all tim@tp during the GSH
HCHO reaction at pDs 5.5 and 6.5. In fact, formatod HMG appeared to be
completed in both samples before the initidlanalysis (~ 200 seconds after
mixing). At pD 5.5, no trace of BiGFor PGF could be detected in the
sample over the 105 minute reaction period, imgyimat formation of these
species is very slow under such acidic conditidthewever, analysis of the
sample at pD 6.5 did indicate the presence of B@GF, and PGF at low
levels, although HMG remained the predominant atlducsolution during
the experiment. These observations may indicatet tHMG is an
intermediate in the formation of BiGlRand PGF, possibly via intramolecular

rearrangement.
b) pDs 7.5, 8.5 and 9.5

The predominant species at pDs 7.5 and 8.5 ovdialirtime points was
HMG; however, in contrast to the two acidic samplege above), its
concentration was observed to decrease in a lifiasinion during the
analysis period. At pD 9.5, only trace amounts d¥i®&l was observed.
Interestingly, BiGEL concentrations were observed to increase linaarthe

three more basic samples, with the highest conaBotr being recorded at
pD 9.5 (8 mM). Conversely, no PGF was observed has¢ samples,
implying that its formation is preferential underore acidic conditions. In
addition to these adducts, it was possible to ifier new adduct in the
samples (Figure 8.32). This species was found tprbealent over early time
points in the samples at pDs 8.5 and 9.5, aftecwhits concentration was
observed to decrease in a linear fashion (from 3 wmM.5 mM at pD 8.5,
Figure 8.33). This decrease coincided with the g®mece of BIiGE,

implying that this new species may be an intermtedia BiGF, formation.

'H NMR and 2D HSQC analyses indicated that this relduct possesses
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only one HCHO derived methylene unit (with ttd-resonances aiy 3.64
ppm anddy 4.12 ppm and &C-resonance aic 53.1 ppm), indicating that
the species may be derived via a rearrangementM® Hit was also noted
that the'3C-shift of the HCHO derived carbon matched closelythat of

|211

‘GF’ reported by Nayloret a (Figure 8.1), suggesting that the new

species in the samples may be the same adduct.
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Figure 8.32 'H NMR spectrum (700 MHz) for a reaction mixture of GSH and four
equivalents of HCHO after four minutes at pD 9.5. Resonances corresponding to a
second novel adduct are notated with orange circles.
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Figure 8.33 Concentrations of HMG, BiGF, and the second novel adduct over time in a
reaction mixture of GSH (13.3 mM) and four equivalents of HCHO at pD 8.5.

227



Chapter 8. NMR Studies on the Reactions of Glutathione and Formaldehyde

8.2.9 Characterisation of the second Novel Adduct

Having identified a new GSH-HCHO adduct, attemptsravmade to purify and
characterise the structure of this species usingRNMnfortunately, the relative
instability of the species did not allow its isatat from the reaction mixtures (using
the previously described LC-MS approach), and tloeee structural

characterisation by NMR was carried out on the tieac mixtures. In these
experiments, it was essential to analyse the sampleen the MGF concentration
was highest in order to allow good resolution oé tielevant signals and also to
minimise overlap of resonances with those of otbpecies.'H and 2D COSY

spectra were collected from a sample containing Gfid four equivalents of
HCHO at pD 9.5 (as above); however, it was fourat the concentration of the new
species decreased too quickly in this sample tomakhccumulation of 2D HSQC,
2D HMBC and 2D NOESY data. Therefore, these expenits were run on a sample
containing only one equivalent of HCHO (at pD 9.%)hich facilitated the

collection of 2D data due to the prolonged lifetimethe new adduct under the

sample conditions. The 2D COSY spectrum is showrigire 8.34.
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Figure 8.34 2D COSY spectrum (700 MHz) for the reaction of GSH (13.3 mM) and four
equivalents of HCHO at pD 9.5 after two hours. Geminal coupling partners corresponding to
protons on the second novel adduct are highlighted with red lines.
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Firstly, it was noted that the COSY correlationsween the proton aiy 2.50 ppm
with the protons aby 1.87 ppm,dy 2.10 ppm andy 2.64 ppm, as well as the
correlations between the protondatl1.87 ppm with the protons &t 2.10 ppm and
oy 3.49 ppm, implied the presence of an alkyl -CHCH,- chain, which was
assigned to the glutamyl derived chain from GSHsaoAlcorrelations from the
proton atoy 4.33 ppm to the protons &t 2.93 ppm andy 3.38 ppm suggested that
these resonances correspond to a cysteinyl-dersi@el chain. The assignments
were corroborated by the 2D HSQC spectrum of thgeh@adduct containing
mixture, which revealed®C-resonances similar to those of BiGFigure 8.35).
Also, it was possible to assign-iC-signal (and the correspondifig-resonance) to

the a-glycinyl derived position (aby 3.28 ppm andc 43.2 ppm respectively),
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although full characterisation at this position wagpeded by signal overlap with

GSH.
@0 ®*OE
o [a
o -
@D
@ e .2 ©
L o
<
*
o ° @
]
o
Q
° © ®
o]
o (o]
=
o o ©
o
o
r .+ &'+ r++o 1 +v¢+ v+ 1+~ ¢+ v 1 ¢t v ¢ 1 1 ‘¢t v v v T T 7
5.0 4.5 4.0 35 3.0 2.5 ppm

Figure 8.35 2D HSQC spectrum (700 MHz) for the reaction of GSH (13.3 mM) and one
equivalent of HCHO at pD 9.5 after 9 hours. Signal corresponding to the second novel adduct
are highlighted red. The signals highlighted with an asterisk overlap with resonances from
other species.

The 2D HMBC spectrum allowed determination of treavnadduct’s configuration
by highlighting correlations between the HCHO-dedv methylene and its
neighbouring atoms (Figure 8.36). Specifically, retations were observed between
both the methylene proton resonances g&at 3.64 ppm andéy 4.12 ppm
respectively) and carbons & 34.8 ppm andc 58.3 ppm. Thesé&’C-resonances
were assigned to thg-cysteinyl anda-glutamyl derived carbons respectively via
analogy with the assignment of BigFand therefore, the data implied that the

methylene is attached via bonds to the glutamyln@mand cysteinyl thiol. This
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assignment was also implied by HMBC correlationsMeen thef-cysteinyl ando-
glutamyl protons and the methyleh€-resonance & 53.1 ppm.
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Figure 8.36 2D HMBC spectrum (700 MHz) for the reaction of GSH (13.3 mM) and one
equivalent of HCHO at pD 9.5 after 9 hours. Signal corresponding to the second novel adduct
are highlighted red.

Overall, the'H, 2D COSY, 2D HSQC and 2D HMBC data suggested that
structure of this species contains a novel 10-mesatheing (Figure 8.37). This
structural assignment differs significantly fromathof ‘GF’ described by Nayloet
al., implying either that the new species is an unreggbadduct, or that the structure
of GF may have been previously misassigned. Itls® aoted that the cyclodecyl
motif (i.,e. an HCHO derived methylene bridge cortedcvia the glutamyl amine
and cysteinyl thiol) is present within the struetwf BiGF,.. This observation further
implies that the new adduct (hereafter referredat ‘monocyclic glutathione

formaldehyde adduct’, MGF) is an intermediate o&Bj formation.
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Posiion:  °C/  'H/ Multiplicity: Coupling  HMBC Corrdlations
ppm:  ppm: constant/ Hz: (Carbon Atom Number):

44 1816

45 583 349 dd 30,90 44, 46, 47, 54

46 273 187 m 45,47, 48

46 210 m 47,48

47 345 250 m 45, 46%, 48

47 264 m 45, 46*, 48

48 177.4

49 551 433 dd 35105 51

50 348 293 dd 105,150  49,51,54

50 338 dd 35150 54

51 1723

52 432 378 m 51, 53*

53 176.4*

54 531 364 d 135 45,50

54° 412 d 135 45,50

Figure 8.37 NMR assignments for MGF.

8.2.10 The GSH HCHO Reaction at low HCHO Conceramat

Having identified and characterised the formatioh tawo novel GSH-HCHO
adducts, attention was focused towards monitorimeg@SH HCHO reaction at low
HCHO concentrations. It was hoped that these erpsris would better imitate
cellular conditions, and therefore, may give insighto the potential formation
propensities of each adduct in cells. Samples cong GSH (13.3 mM final
concentration) were mixed with 0.25 equivalent &HD at pDs 5.5, 7.5 and 9.5,
and the conseqguent reactions were monitored oveaniéial 105 minute reaction
period, as well as after three days reaction. NMRIysis of the samples at pDs 5.5
and 7.5 identified HMG as the major product ovaetiahtime points. However, the
major species at pD 9.5 over this period was fotmde MGF. MGF was also
present over initial time points in the sample Bt 'p5, and was also present in this
sample after three days reaction. PGF was presenilithree samples over the

initial 105 minute reaction period, and was detéathighest concentration (2 mM)
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in the sample at pD 7.5 after three days. Howewercontrast to the samples
containing a four-fold excess of HCHO, BigWas only observed in trace amounts
in the samples after three day reaction. Thesarfgedimply that, under low HCHO
levels, formation of BiGE is impaired relative to the formation of the 1.5I&
HCHO adducts (HMG, PGF and MGF), suggesting thas¢hspecies may be more

prevalent in cellular contexts.
8.2.11 Reactions of GSH with other Cellular Aldebgd

Experiments were then conducted in order to inges&i whether the observed
reactions of GSH and HCHO were applicable in sasptntaining GSH and other
cellular aldehydes. GSH (13.3 mM) was incubatedhwat four-fold excess of
acetaldehyde, methylglyoxal amdglucose (separate samples) at pDs 5.5, 7.5 and
9.5, and the subsequent reactions were monitored iowtial stages (105 minutes)

and after three days.
a) Reaction of GSH with AcH

AcH is the first metabolite of ethanol metabolisand therefore, is present in
high cellular concentrations after ethanol intotica?!’ Analysis of the
sample containing this aldehyde at pD 5.5 revedi@unation of both
diastereomers of the HMG homologue S)2-amino-5-((R)-1-
(carboxymethylamino)-3-(1-hydroxyethylthio)-1-ox@man-2-ylamino)-5-
oxopentanoic acid (HEG) in equal amounts (NMR cbenasation of these
diastereomers usintH, 2D COSY, 2D HSQC and 2D HMBC techniques is
shown in Figure 8.38). The concentration of thegecges appeared to be
constant throughout the 105 minute analysis, suggeghat equilibrium
(assuming no further degradation of HEG to othetuats) had been reached
from the first NMR analysis. However, the overatincentration of these
species (4 mM of each diastereomer) was signiflgdass than the observed
concentration of HMG in the sample containing HCHIG mM) over initial

time points. Therefore, it is likely that the pasit of the GSH-HEG
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equilibrium sits further to the free thiol form a¢ive to the analogous GSH-
HMG equilibrium under these conditions. At pDs &aBd 9.5, HEG was

observed in higher concentrations, suggesting timratincreased basicity in
the samples had resulted in a shift in the equiliarposition. Also, it was

apparent that the two diastereomers were in fashaxge, resulting in the
detection of broadened signals for the two spediesias also possible to
identify a number of new resonances in theNMR spectra at pD 9.5, both
over initial time points during the reaction, antsoca after three days.
However, assignment of these signals to adductsdrreaction mixture was

not possible due to their relatively low intensstie
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H 650H H>&H

ihe1s
b at O HH O 0
257 pom 56 58 <t N63 8
HO55 57 59N 60 64~0H DO OD

d
63*63
66
. 66" |
g6t 1 56 e1* 61781 g SIT 57 h
65 58
| 65 6|D /60 N W o N2 N Ve
N
T T T T T T T T T T T T T . r T T T r T
5 4 3 2 ppm
Position o7 TH/ppm:  Multiplicity: Coupling HMBC Correlations (Carbon Atom Number)
ppm: constant/ Hz:
55 and 55* 1733
56 and 56* 53.6 3.78 m (with 80 and 80*) 55 and/or 55*, 57 and/or 57*, 58 and/or 58"
57 and 57* 257 216 m 55 and/or 55*, 56 and/or 56", 58 and/or 58", 59 and/or 59"
58 and 58" 31.0 254 m 56 and/or 56*, 57 and/or 57, 59 and/or 56*
59 1745
59* 174.5
60 532 461 dd 5.0,9.0 61,62
60" 53.7 465 appt 6.5 59%, 61%, 62*
61 304 297 m 60, 62, 65
61 325 dd 5.0, 14.0 65
61" and 61" 314 3.13 appd 6.5 60", 62°, 65"
62 1725
62" 1725
63 and 63* 411 3.78 m (with 73 and 73*) 64 and/or 64*
64 and 64* 173.2
65 734 511 m (with 82*) 61
65* 747 511 m (with 82) 61*
66 and 66" 229 1.50 m 65, 65"

Figure 8.38 NMR assignments for both diastereomers of HEG. Asterisks indicate signals
corresponding to the same diasteremer.
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b) Reaction of GSH with Methylglyoxal

The reaction of GSH with methylglyoxal was then eastigated.
Methylglyoxal (MG) is a reactive cellular aldehytleat has been linked to
human diseases including diabetes, hypertensionatimerosclerosis, and is
also known to react non-enzymatically with GSH torni the HMG
homologue (8)-2-amino-5-((R)-1-(carboxymethylamino)-3-(1-hydroxy-2-
oxopropylthio)-1-oxopropan-2-ylamino)-5-oxopentanaicid (MGG)**® 219
This species is then thought to facilitate MG metemm by acting as a
substrate for the isomerase glyoxalase |, whichlgaeés the formation o
latoylglutathione via isomerism. This product i®mhconverted t®-lactate
and GSH via catalysis by glyoxalase Il. Th& NMR spectrum of MGG has
previously been reported under acidic conditionsl ¢.4, unadjusted pH
meter reading); however, full NMR characterisateomd studies under basic
conditions have not been undertaken. Thereforayas hoped that these
studies would reveal the formation of the biologjicaelevant MGG in basic
media. TheH NMR spectra of all three samples revealed foratatif MGG
(characterised usintH, 2D COSY, 2D HSQC and 2D HMBC, as shown in
Figure 8.39), although at pDs 7.5 and 9,5, the thastereomers of MGG
appeared to be in fast exchange (i.e. detectechaspecies with broadened
'H peaks). In fact, formation of MGG appeared tacbmpleted after the first
NMR time point (~ 500 s) in all three samples, sgjng that MG reacts
quickly with GSH across a pD range. After threegjahe sample at pD 9.5
did appear to contain low level signals correspogdb other GSH adducts.
Interestingly, it was apparent that trace amourft8iGF, and PGF were
present in the sample; however, it was concluded these species were
likely formed from HCHO impurities in the commerktisource of MG (as
observed by NMR). It is also likely, therefore, theace amounts of HMG
were present in the samples over initial time pminglthough the

corresponding resonances were likely hidden byrothere intense, signals.
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Position Ba H/ppm:  Multiplicity: Coupling HMBC Correlations (Carbon Atom Number)
ppm: constant/ Hz:

67 and 67" 173.9

68 and 68* 539 379 m (with 82 and 92*) 67 and/or 67* , 69 and/or 69*, 70 and/or 70*

69 and 69* 26.0 217 appq 70 67 and/or 67*, 68 and/or 68", 70 and/or 70*, 71 and/or 71*

70 and 70* 313 255 m 68 and/or 68", 69 and/or 69*, 71 andfor 71*

7 1748

" 1748

72 532 460 m 73,74

72 53.1 465 m 73

73 298 295 dd 8.5,14.0 72,74, 77

73 3.08 m(with 80™) 72,74, 77

73 298 292 dd 85,140 72,7477

73* 3.08 m(with 90') T2, 74, TT*

T4 and 74* 1716

75and 75* 43.1 3.79 m (with 85 and 85*) 74 and/or 74* , 76 and/or 76*

76 and 76" 176.1

77and 77" 784 5.60 brs 73 and/or 73"

78and 78* 205.5

79and 79" 251 2.34 s 77 andlor 77"

Figure 8.39 NMR assignments for both diastereomers of MGG. Asterisks indicate
signals corresponding to the same diasteremer.

c) Reaction of GSH witib-Glucose

Finally, samples containing GSH apedglucose were monitored in the hope
that reaction (presumably via attack of the GStdltbnto the aldehydic form
of glucose) would result in the formation of adducHowever, all three
samples (at pDs 5.5, 7.5 and 9.5) did not reveglsagnals corresponding to
new species, either during the initial 105 minutelgsis period, or after
three days reaction. It is therefore likely thatuggise, which exists
predominantly as the pyranose form in aqueous woluis not sufficiently
reactive to form adducts with GSH. This suggeséd #such reactions in cells,

if applicable, likely proceed via enzyme catalysis.
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8.2.12 Reaction of-Glutamylcysteine with HCHO

Characterisation of the GSH-HCHO adducts indicateat reaction with HCHO
occurs at the cysteinyl thiol and glutamyl amineups of GSH. Formation of
adducts, therefore, was not expected to involvediyeinyl moiety present in the
GSH structure, suggesting that removal of this grelould have no effect upon the
reactions with HCHO. In order to test this hypoike8H NMR experiments were
carried out monitoring the reactions pflutamyl cysteine (GC, Figure 8.40) with
HCHO (at pDs 5.5, 7.5 and 9.5 respectively), in #wpectation that adducts
analogous to HMG, BiGEF PGF and MGF would be formed in the reaction

mixtures.

SH
0 0
H
st Ay 0
NH o]

2

I

T T T T T T T T T T T T T T T T T T T T T T T T T
4.5 4.0 3.5 3.0 2.5 ppm

Figure 8.40 '"H NMR spectrum (700 MHz) of y-glutamylcysteine in D,0.

As expected, analysis of the samples over an Inii¥ minute reaction period
revealed formation of all three adducts (named HMB{GCF,, PGCF and MGCF
respectively, Figure 8.41 and Figure 8.42).

237



Chapter 8. NMR Studies on the Reactions of Glutathione and Formaldehyde

107' 94

HHH

Ho H M2
89,90/ 05 103 O
o N
" Nl\,sm "éja\
396 0H
H— i@‘“
! S gH'
H H

BiGCF,

H
H._Hho2. 0
H' 103 H NH;

n 0 N 025105 q06.0H
H 5100% \ 104

H HH H
HOBY, 0

PGCF

T
3.5

45 3.0 2.5 ppm
HMGC
Position K] TH/ Multiplicity:  Coupling HMBC Correlations
ppm: ppm: constant/ Hz: (Carbon Atom
Number)
80 1741
81 54.1 3.80 dd 55,70 80, 82, 83
82 26.3 215 m 81,83, 84
82 220 m 81, 83, 84
83 31.6 251 m 81,82, 84
84 174.2
85 546 443 dd 45,80 86, 87
86 330 3.04 dd 8.0,14.0 85, 87, 88
86’ 3.16 dd 4.5,14.0 85, 87, 88
87 176.9
88 65.1 4.74 d 120 86
88’ 479 d 120 86
BiGCF,
Position C/ TH/ Multiplicity:  Coupling HMBC Correlations
ppm: ppm: constant/ Hz: (Carbon Atom
Number)
89 180.0
90 62.6 3.51 m (with 50') 89,91
91 239 215 m 90,92, 93
92 333 272 ddd 7.0,95,17.0 91,93
92 312 m 91,93
93 176.4
94 61.2 4.88 dd 6.0,12.0 95, 96, 97
95 352 3.08 d 12.0,15.5 97
95 3.50 m (with 45) 91,97
96 1771
97 60.0 3.92 d 14.0 95,98
97 419 d 14.0 90, 95
98 60.6 4.25 d 16.0 90,93
98 4.97 d 16.0
PGCF
Position BCl TH/ Multiplicity:  Coupling HMBC Correlations
ppm: ppm: constant/ Hz:  (Carbon Atom
Number)
99
100 61.2 4.37 dd 45,90
101 203 m
101 247 m
102 299 255 m 103
103 179.2
104 533 4.00 dd 4.0,85
105 3141 2.96 m 104,107
105’ 3.16 m
106
107 431 410 d 14.5 103,105
107" 494 d 145 103,105

Figure 8.41 NMR assignments for HMGC, BiGCF, and PGCF.
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109 582 349 dd 35,95
110 273 1.83 m
110 2.09 m
111 342 245 m
111 2.56 m
12
113 56.4 4.15 dd 3.5,10.5
114 36.1 2.85 dd 10.5,15.0
14 3.31 dd 35,150
115
116 534 3.64 d 135
116’ 4.1 d 135

Figure 8.42 NMR assignments for MGCF.

NH, 507 =~
60.0*
HMGC BiGCF,
2
: 53.1
o\ 0 534+ 9
&\IAS/\%LOH o\ NH /o
"..,/40 NH, HO>"|-| ) "<OH
N
HO =S
PGCF MGCF

Figure 8.42 Structures of HMGC, BiGCF,, PGCF and MGCF showing their characteristic Be-
resonances for the HCHO derived carbons (asterisked). Equivalent *C-resonance shifts for the
GSH derived adducts are also shown.
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At pD 5.5, the predominant species in solution dgrihe initial analysis period and
also after three days reaction was the HMG homaddMGC S-hydroxymethyly-
glutamylcysteine). Trace amounts of the PGF homato@@ GCF) were also detected
in traces amounts during the initial 105 minutesggesting that its formation is
faster (albeit only slightly) than the formation BfGF under the same conditions.
The BiGF, analogue, BIGCE was present in all three samples and was idedtdis
the major product at pD 9.5 after three days. Tioelpction of the MGF homologue
MGCF mirrored that of MGF; MGCF was present in Hamples at pDs 7.5 and 9.5
during the initial 105 minute analysis period, lmould not be detected after three
days reaction. Overall, the data from the reactiaith GC were near identical to
those obtained with GSH, suggesting that their tteas with HCHO are very

similar.

8.2.13 Mechanistic Proposals

NMR Studies on samples containing GSH and HCHO havealed the formation
of a number of adducts, four of which (HMG, BigPGF and MGF) were found to
predominate under the applied conditions. The ofzEm that these four adducts
are formed at variable rates across a pD range absudthat certain adducts appear
to degrade in conjunction with the formation of et allow some general
assumptions on their formation mechanisms to beem&dstly, it was noted that
under acidic conditions (pDs 5.5 and 6.5), the mapecies in solution is the
hemithioacetal HMG over initial stages. This imglighat acid-catalysed formation
of this species is very fast relative to formatmithe other adducts. However, the
samples at higher pD (pDs 7.5, 85 and 9.5) rededlermation of the
hemithioaminal MGF over early time points (MGF wihs major species at pDs 8.5
and 9.5), suggesting that the increased nucleajtlyilof the glutamyl amine on
GSH (induced by deprotonation of the ammonium cgtiromotes hemithioaminal
formation in the more basic media. However, evedennthese conditions, it is
likely that formation of the hemithioacetal is btifast due to the potent

nucleophilicity of the thiol/thiolate. Thereforehdse observations may suggest that
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HMG is probably an intermediate during formation MGF, although the
mechanism for this cyclisation remains unclears [possible that this step proceeds
via direct substitution at the hemithioacetal; hoer formation of MGF may also

occur via an imine intermediate (Scheme 8.1).

HMG (0"'
0 o M o 0 o (%, o
H H slow
HOWN\)I\OH HOWN\)J\OH —_—
®NH, o ONH, ©
Neutral / Base;
0O MGF
O, NH ©
>\ .......... {
HO HN HN
‘>7OH
(o}

Scheme 8.1 Scheme showing a possible mechanism of MGF formation.

Given the relatively similar structures of MGF aBd5F,, it was noted that MGF
may be an intermediate in BiGFormation, at least under basic conditions. This
transformation would most likely occur via condema of a second HCHO
molecule across the cyclodecyl ring, presumably anaimine intermediate on the
glutamyl amine (Scheme 8.2). Although MGF was nbs$erved in the samples at
pDs 5.5 and 6.5, the fact that Big€an be formed under such conditions indicates
that MGF may be produced as a transient speciegcidic media. However, it

cannot be ruled out that BiG#s formed by other mechanisms.
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Scheme 8.2 Scheme showing a possible mechanism of BiGF, formation via the intermediate
MGF.

Finally, the formation of PGF appears to be mostvplent in acidic media,
suggesting that its formation may be acid-catalydéds possible, however, to
envisage PGF formation via rearrangement of MGF,ciwhwould likely be
accelerated under basic conditions. It is propdbad the relative proximity of the
amino and the amido functionalities within the og¢cyl ring of MGF may favour
nucleophilic attack at the amide, resulting in fation of the pyroglutamate ring
(Scheme 8.3). Although this mechanism would likedly on a nucleophilic amine
(and therefore, it could be expected that PGF feionanay be accelerated in base),
the lack of significant PGF formation in the moraskt samples may be due to
competition with BiGE formation, which is also favoured in basic medldis
hypothesis is supported the observation of incréd®@F relative to BiGFin the
samples with 0.25 equivalents of HCHO.
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Scheme 8.3 Scheme showing a possible mechanism of PGF formation via the intermediate
MGF.

8.3 Conclusions and Future Work

This Chapter describes comprehensive studies ilgagstg the reactions of GSH
and HCHO in aqueous solution. During the coursehed work, the structures of
three GSH-HCHO adducts were characterised, whistlted in the confirmation of

one recently revised adduct structure, the revisocdnanother adduct structure
(MGF), and the first characterisation of anotherdwd (PGF). Time course
investigations have suggested that two of theseiespdMGF and PGF) are formed
predominantly under low HCHO concentrations (aslvesl the reported cellular
adduct HMG), indicating that these adducts maydsenéd in cellular environments.
Also, experiments with the GSH analogue GC supplotthe NMR assignments for
the GSH-HCHO adducts and indicated that the glycmgpiety in GSH is not

important for adduct formation (at least vitro). Finally, studies with the cellular
aldehydes AcH and MG (with GSH) identified the esponding hemithioacetals as

predominating, indicating that cyclic species apéfavoured.

The identification of a number of adducts, whichnche formed under mild
conditions at near neutral pD values, implies s@he or all of these products may
be produced in cells. Future work may thereforefdmused upon identifying the
formation of GSH-HCHO adducts within cells, posgilbly using cell-based NMR
methodology*®® In particular, it is noted that MGF is producedaatomparable rate

to HMG at pD 7.5. Therefore, it is probable thasthroduct may be formed in cells,
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especially when the cell conditions are slightlgadine. Any confirmation of adduct
formation in cells might then lead to interestingn€tional studies with these

products.
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Chapter 9

Studies on Glutathione-Dependent Formaldehyde-
Activating Enzyme (GFA) fronfParacoccus

Denitrificans

9.1 Introduction

Work described in Chapter 8 demonstrated thatehetion of GSH and HCHO results
in the formation of multiple species vitro. However, to date, only the well
characterised adduct HMG has been identified its £&&1 Although it is possible that
other GSH-HCHO adducts (such as B{sPGF and MGF) may be produced in a
cellular environment, it can be postulated, basedtle existing evidence, that
formation of these species is inhibited. This imoim may be induced by cells
providing a preferential environment for HMG, imjplg that HMG formation may be

enzyme-catalysed.

Glutathione-Dependent Formaldehyde Activating Eney(GFA) from Paracoccus
denitrificansis a zinc-containing enzyme that has been linkeedhe metabolism of
cellular HCHO™® GFA is proposed to catalyse the formation of HM@&nf GSH and
HCHO, allowing HCHO to be either used as a carbmurce, or to be detoxified by
further oxidatior??>?*?Bioinformatic analyses suggest that GFA may beafrelarge
family of similar enzymes present in many prokaegoaind eukaryotes, implying that
its role in cells is conserved throughout many orgias. However, the role of GFA in
metabolising cellular HCHO remains somewhat amhigud-irstly, studies measuring
oxygen uptake (used as a marker feraCtivation) inRhodobacter sphaeroidégrown

on methanol) suggest that GFA plays no role in amth metabolisni3*® This
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observation implies that GFA-mediated formationHi¥1G may be a minor HMG
forming pathway under high methanol concentrat@asshe non-enzymatic reaction of
GSH and HCHO is known to be very fast (see Chag)eAlso, it is noted that many
organisms containing other HCHO metabolism enzyrfsegh ask. col) do not
possess the GFA geh®. This may suggest that GFA is not required for HCHO
metabolism in these species, although it is alsessipte that other as-yet
uncharacterised ‘HCHO-activating’ enzymes may faté HMG formation in place of

GFA.

As described in Chapter 1, the proposed mechanigwhich GFA accelerates the
formation of HMG involves a migration of catalyzanc from the active site to another
as-yet unspecified position on the protethThis proposed dynamic zinc binding
mechanism is unique to GFA and appears to rely tiperiormation of a protein-GSH
disulfide bond at the ‘active site’ of the enzyniowever, the sole evidence for the
reported mechanism is the observed loss of zimo f&5-A upon co-crystallisation with
GSH. A crystal structure of the resultant complexealed no evidence of zinc binding
at the active site; however, incubation of the GE3H:Zn complex (one zinc ion
remains in the protein in a structural role) witRHO resulted in reduction of a GFA-
GSH disulfide bond and the return of zinc. Althoubls observation may suggest that
the GFA:GSH:Zn complex is an intermediate during GINbrmation, the addition of
HCHO to the sample may induce breakdown of the @SK:Zn complex by other
mechanisms. It can be reasonably proposed thatafam of the disulfide bond
between the protein and GSH is formed by a disalfieikchange mechanism
(presumably involving GSSG). Although the reducaggent dithiothreitol was added to
the sample before crystallisation, the time reqlii@ crystallisation to occur (3 - 4
days), coupled with the propensity of GSH to oxadimay indicate that significant
concentrations of GSSG were present in the samplagicrystallisation. Therefore, it
is possible that formation of the GFA:GSH:Zn compiaay be an artefact resulting

from the sample conditions, rather than being gromant step in the catalytic cycle.
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Work described in this Chapter investigates GFAslyaed HMG formationn vitro
and also attempts to identify the mechanisms bychkvicatalysis may proceed. These
studies were conducted using predominantly NMR mads spectrometry techniques,

as described below.

A pET21b vector containing the GFA gene frBaracoccus denitrificansvith added
TEV cleavage site) was provided by Dr. Nathan RseR@riginally a gift from Dr.
Stefan Becker, Gottingen)-terminally His-Tagged GFA was also provided by Dr.
Nathan R. Rose. Analytical size-exclusion chronrajyy was carried out by Luc

Henry.
9.2 Results

Initial assays probing GFA activity were carriedt asing N-terminally His-Tagged

GFA (prepared previously by Dr. Nathan R. RpsHowever, use of this batch of
protein in non-denaturing mass spectrometry exparimindicated that the His-Tagged
protein had undergone partial gluconylation at\itgerminus, prohibiting interpretation
of the mass spectf&* ***Therefore, His-Tag cleaved GFA was prepared asrithes!

below, which resulted in non-gluconylated proteuntable for mass spectrometry
analysis (Figure 9.6). The majority of experimedesscribed in this Chapter were
carried out using His-Tag cleaved GFA, although s@xperiments were conducted
using the His-Tagged protein (where indicated) tués greater availability at the time
of experimentation. The relative activities of ttweo protein forms are compared in

Section 9.2.3c.

9.2.1 Expression and Purification of His-Tag Cleh@GFA

Preparation of His-Tag cleaved GFA was achievedehyressing BL21 (DE3) cells
containing a GFA-pET21b vectarrgnsformed by Dr. Nathan R. RysAfter growing

a pre-culture in ampicillin inoculated 2TY medidgtsuspended cells were added to
larger flasks of the same ampicillin inoculated raeand incubated at 37 °C. After

reaching Olgy 0.9, IPTG was added to the flasks in order to cedprotein expression
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and the flasks were then left overnight at 18 °@Ge Tells were separated from the
media by centrifugation and the resultant pelle¢seathen combined and stored at -80
°C, before the expressed protein was collectedybiyng the cells (resuspended in Ni-
column binding buffer) using a sonicator. The remil soluble matter was purified by
injecting the solution onto a Ni-column and washitigg column with imidazole
containing buffer. The protein was then extracteminf the column using a more
concentrated imidazole solution. Analysis of therifped protein by SDS-PAGE
indicated that the sample was still not sufficigrdlre. Therefore, further purification
was attempted using size-exclusion chromatographigh provided the protein in over

95 % purity, as assessed by SDS-PAGE analysisrg-@d).

VP PPR P RP S
o° F . F T o oS &
S & & & F K S N
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INERERLL

Figure 9.1 SDS-PAGE gel showing fractions containing GFA after size-exclusion
chromatography.

Removal of the His-Tag was achieved by treatingpttedein (in 50 mM tris buffer pH
7.5) with TEV protease. After 12 hours at 4 °C, theaved protein was purified by
flushing the solution through a Ni-column. His-Tadggimpurities remaining in the
sample (such as non-cleaved GFA and TEV protease¢ wapped on the column,

allowing the product to be collected in purifiedrfoin the flow-through (Figure 9.2).
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Figure 9.2 SDS-PAGE gel showing fractions containing GFA after TEV-cleavage and Ni-column
purification. The His-Tag cleaved protein can be seen to be at slightly lower mass than the
residual His-Tagged GFA in the flow-through after column washing.

In total, over 50 mgs of purified His-Tag cleave&AGwas prepared from a 12 litre
culture of E. coli BL21 (DE3) cells, which was considered sufficieot ffurther

experimentation.
9.2.2 Characterisation of GFA

Having prepared a batch of His-Tag cleaved GFAg&Rrgents were carried out using
non-denaturing mass spectrometry, size-exclusiononctography and circular
dichroism. It was hoped that these experiments evbalable to determine not only that
the protein had folded correctly, but also whetther purified GFA contained two zinc
ions in its structure. Previous work on GFA hasasggested that the protein exists as
a homodimer in solution (at least under the coadgiemployed), and therefore, it was
also hoped that these studies may give insight timooligomerisation state of GFA

under the experimental conditions.
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a) Circular Dichroism

The CD spectrum of GFA is shown in Figure 9.3.
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Figure 9.3 CD spectrum of GFA.

CD analyses indicate that the batch of His-TagwddaGFA possesses a folded
structure (Figure 9.3). Analysis of the spectrurggasted that GFA possesses
botha-helical and3-sheet secondary structure elements (by compawgbrthe
spectra of standard samples), which corroboratesstiuctural assignment of
the protein by X-ray crystallography. Therefores tbreliminary study indicates
that the batch of GFA is folded with at least aikinsecondary structure to the

previously described protein sample.

b) Size-Exclusion Chromatography

Size-exclusion chromatography allows for the masdgsrotein species to be
determined from their elution times through a gdtration column. This

technique does not result in loss of protein seapndr tertiary structure, and
therefore, can be used for the identification afyaheric species. Previous

studies using analytical size-exclusion chromatoigyahave implied that GFA

250



Chapter 9. Studies on Glutathione-Dependent Foretalde-Activating Enzyme (GFA) frétaracoccus
Denitrificans

exists as a homodimer in solution. In order to samthis finding, the His-Tag
cleaved GFA batch was subjected to size-exclusidioncatography
experiments using a Superdex S200 column. Firgte/,column was calibrated
by monitoring the elution volume of a variety ofofgins with known masses
and oligomerisation. These experiments then allowesl expected elution
volumes for monomeric and homodimeric GFA to benested. The size-
exclusion chromatograms for the standard protexture (used for calibration)

and GFA are shown in Figure 9.4.

100 F

A W A = Blue Dextran, 2000 kDa
B = bovine serum Albumin, 66 kDa
C = chicken egg Albumin, 42.7 kDa

mAU

D = Carbonic Anhydrase, 22 kDa

50 C E = Cytochrome C, 12.4 kDa

] f
0 10 20 30
Elution Volume (mL)

Figure 9.4 Analytical size-exclusion chromatograms (UV detection, A,s) for the
standard protein mixture (Blue) and His-Tag cleaved GFA (Red).

Analysis of the chromatograms revealed that theontgjof GFA in the sample

eluted after 15.7 mL. This volume was similar te #lution volume observed
for chicken egg albumin (mass 42.7 kDa) in the cdath protein sample,
suggesting that GFA was present predominantly aslimmer under the

experimental conditions. However, the mass cormedipg to the GFA peak
was calculated as 36 kDa by analogy with the cafibn data with standard
proteins, which is slightly lower than the expectedss of the homodimer (42.3

kDa). Although this data may suggest the presefficanother species in the
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mixture, it is likely that the major peak corresgderio the homodimer given the

relative similarity of the calculated and expeateasses.

c) Non-Denaturing Mass Spectrometry

Analysis of the GFA protein was also attempted gisnon-denaturing mass
spectrometry. It was hoped that this technique darable the detection of
zinc ions in the GFA structure by allowing the iotto remain folded during

lonisation and analysis. Although ionisation of gretein samples is achieved
using similar electrospray methodology to that daddpluring denaturing mass
spectrometry (Figure 9.5), the lack of organic eotvor acid used during
sample preparation can enable the protein to mairntafolded structure. Also,

non-covalent interactions between the protein aethhions/ligands are often
conserved during ionisation, which enables the lt@stuucomplex ions to be

detected. Therefore, it was hoped that this teclimay also be used to
investigate the oligomerisation state of GFA, asotild be expected that any

interactions between protein molecules may be coade

252



Chapter 9. Studies on Glutathione-Dependent Foretalde-Activating Enzyme (GFA) frétaracoccus
Denitrificans

Graphite Tip ESI-Chip
|
\ e
| Taylor Cone Sample Cone

Figure 9.5 Schematic representation of electrospray ionisation in the positive ion
mode. The sample is passed through a charged graphite capillary, which separates the
species in solution into their separate charge states. Upon passing through the narrow
chip, the repulsion of the positively charged species results in the formation of a
Taylor cone. This cone thins until the proteins are released in positively charged
droplets. Upon evaporation, these droplets result in the formation of charged protein

ions. The ions are then pulled through a negatively charged sample cone, focused with

a quadrupole, and then passed through a time-of-flight analyser.?*® >/

In order to attain a non-denaturing mass spectrii@Fa#, it was necessary to
remove the salt present in the mixture to dimimgarference during ionisation.
It was also important to transfer the protein iateolatile buffer system in order
to facilitate removal of the solvent and buffer éyaporation. Consequently,
GFA was desalted using a Bio-Spin 6.0 desaltingiroal (BioRad, UK) and
rebuffered into 15 mM ammonium acetate pH 7.5, teefthe sample was
analysed using a Q-TOF mass spectrometer (Micrgnu€gsinterfaced with a
Nanomate (Advion Biosciences, USA). The deconvolutand non-

deconvoluted mass spectra are shown in Figure 9.6.
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Figure 9.6 Deconvoluted (Above) and non-deconvoluted (Below) non-denaturing mass
spectra of His-Tag cleaved GFA.

Interestingly, GFA was detected as both a monomsepgecies and as a
homodimer in the mass spectrum. This observatidicates that the dimeric
species observed using size-exclusion chromatograplpartially degraded
during the mass spectrometry conditions, suggestiag interactions between
the two GFA molecules are relatively weak. Decountioh of the spectrum
revealed a monomeric mass of 21280 Da, which matclasely to the mass
calculated for the GFA:Zn:Zn complex (21283 Da).wias also possible to
observe a small peak in the deconvoluted specttl2tt5 8 Da. This peak may
correlate to the GFA:GSH:Zn adduct described by)Xarystallography (21523
Da), indicating that partial oxidative zinc removahy have occurred during

protein expression/purification.
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9.2.3 NMR Experiments on GFA Activity

Having determined that the batch of His-Tag cleav@BA is suitably folded,
preliminary experiments were concentrated uponsagsg enzyme activity. This work
primarily involved analysis of exchange sepectrpgcdEXSY) experiments, as

described below.
a) EXSY — Background

Previous studies utilised EXSY to determine GFAvagt and therefore, this
technique was chosen for initial experimertsEXSY relies upon the transfer
of longitudinal magnetisation between two specreslynamic exchange under
equilibrium conditions, and can facilitate the asgion of rate constants for the
exchange process by allowing the degree of magtietns transfer to be
quantified®®® Typically, these experiments utilise a standadiiS©OESY pulse
sequencé?® which enables exchange between two species tdsbalised by
displaying cross peaks between by their constitttémesonances. EXSY cross-
peaks possess the same sign as the parent resgnandetherefore, can be
easily distinguished from both NOE (for small maiks) and COSY-type

correlations in the EXSY spectra.

Quantitative analysis is possible by two converglomethod$?® The first
method relies upon the dependence of magnetisatasfer on the experiment

mixing timerty, (Figure 9.7).
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o EXSY Correlation Intensity

o

Mixing Time (tm,, ms)

Figure 9.7 Representative plot of EXSY cross-peak intensity versus mixing time (t,,).

Over smalk, values, the cross-peak intensity shows a linepemigence oy,

and therefore, the slope of the curve in this negiorrelates directly to the
pseudo first order rate constant of the exchangeegss (Scheme 9.1 and
Equation 9.1). However, analysis by this methoérfiequires accumulation of
multiple spectra, resulting in significant machirtane per experiment

(particularly when using 2D EXSY).

A] —— [B]

k

Scheme 9.1 Reaction scheme for a two-site exchange reaction. [A] = the concentration
of species A, [B] = the concentration of species B, k, = the rate constant for the forward
reaction, k. = the rate constant for the backward reaction.

V::(t m—0
Bij(Tm) = M T_> kiij

ij (Tm)

Equation 9.1 Equation for the determination of rate constants from normalised EXSY
correlations in the linear range. Bj(t.,) = Normalised EXSY correlation intensity, V;(tn) =
Intensity of EXSY correlation, Vj(t,) = Intensity of diagonal 'H resonance, ki = rate

consta I’lt.229
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Conversely, the second quantification method omguires data from one
experiment, although the selecteg must be large enough to allow suitably
intense signals, but also not too large to becamsernisitive to the exchange
kinetics. Rate constants can then be calculated thee normalised cross-peak

intensities by computational analy47.
b) 2D EXSY of the GSH HCHO Reaction

Qualitative investigation of GFA activity was cadi out using 2D EXSY.
Firstly, exchange between glutathione (GSH) &tdydroxymethylglutathione
(HMG) in the absence of enzyme was investigatedabglysing a sample
containing glutathione (13.3 mM final concentraji@and formaldehyde (13.3
mM) in deuterated tris buffer pD 7.5. Attempts eggaring the sample using the
reported conditions (phosphate buffer pD 6.0) tesuin protein precipitation,
and therefore, optimisation of the sample cond#iaas required before NMR
analysis could be performed. The optimised samls left to equilibrate for
one hour at 25 °C before being transferred to an2 MMR tube and analysed
by 'H and 2D EXSY. The'H spectrum revealed that the major species in
solution were GSH and HMG (no significant quansited MGF, PGF or BiGf
were observed, see Chapter 8), which suggestedatizdysis of the exchange
between the two species could be facilitated by EXSY experiment. This
hypothesis was confirmed by the observation of pmmaks between thg

cysteinyl protons of GSH and HMG in the 2D EXSY «pam (Figure 9.8).
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Figure 9.8 2D EXSY spectrum (700 MHz) of a sample containing GSH (13.3 mM) and
HCHO (13.3 mM) in deuterated tris buffer pD 7.5. EXSY correlations are displayed in
red boxes.

Having observed dynamic exchange in the absenpeotdin, a separate sample
was prepared with added His-Tag cleaved GFAW(#&inal concentration) and
analysed by 2D EXSY. The spectrum revealed croakspat greater intensity
than those observed in the absence of GFA, implyivad the enzyme had
catalysed exchange in the reaction mixture (Fig@r@). A third sample
containing His-Tagged GFA also displayed EXSY datiens at greater
intensity, confirming the activity of the taggedt®in.
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Figure 9.9 2D EXSY spectrum (700 MHz) of a sample containing GSH (13.3 mM), HCHO
(13.3 mM) and His-Tag cleaved GFA (16 uM) in deuterated tris buffer pD 7.5. EXSY
correlations are displayed in red boxes.

c) 1D EXSY of the GSH HCHO Reaction

Rate constants for the reversible formation of HM&e then determined using
1D EXSY. This technique, which irradiates only theresonance(s) of interest
(in this case the HM@-cysteinyl proton resonance &t 2.97 ppm), facilitates

the observation of exchange cross-peaks over aeshibime frame than the
corresponding 2D experiment, and therefore alloarsféster analysis of the
reaction. For these experiments, it was first ingoarto identify a standardised
mixing time that would allow the linear rate appbafor determining rate

constants to be valid as well as providing suitamal intensities above the

background noise. Therefore, 1D EXSY experimentsewearried out on a
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sample containing GSH, HMG and GFA (His-Tagged)r@a&ariety of mixing
times in order to identify a mixing time suitablar future experiments (Figure
9.10). The normalised EXSY correlations from theecd@m suggested that
analysis of the samples at, = 80 ms would be sufficient for rate constant

determination.

0.204

0.15+

0.104

0.05+

EXSY Correlation Intensity

0.00 . T T u
0 20 40 60 80

Mixing Time (ty,, ms)

Figure 9.10 Plot of normalised EXSY correlation intensities for a sample containing GSH
(13.3 mM), HCHO (13.3 mM) and His-Tagged GFA (18 uM) in deuterated tris buffer pD
7.5 at different mixing times.

The pseudo-first order rate constants for the exghdoetween GSH and HCHO
in the presence and absence of GFAafkd ki, Scheme 9.2) were calculated by
determining the normalised EXSY correlation intéesi and dividing the
empirical value by the mixing time (80 ms). Forsthiork, the'H resonance at
oy 2.97 ppm (corresponding topacysteinyl proton on HMG) was selected for
irradiation due to the lack of neighbouring signdhsis avoiding irradiation of
multiple species. The 1D EXSY spectra (Figure 9rélgaled correlations &
2.86 ppm (corresponding to the equivalgmysteinyl proton on GSH), and also
at oy 2.90 ppm (corresponding to the otifecysteinyl proton on GSH, which is
presumably derived from a secondary magnetisatamrster from the proton at
oy 2.86 ppm). The intensity of the normalised EXSYrelation (atoy 2.86 ppm
anddy 2.90 ppm combined) therefore allowed the rate teovigor the backward
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reaction (k., Scheme 9.2) to be calculated directly; howevss, rate constant
for the forward reaction (k Scheme 9.2) could also determined by noting the

concentrations of GSH and HMG at equilibrium (Equa®.2).

—— =-GFA

—— =+GFA

T T T T T T T T T T T T T T T T T T T T T T T T T T
3.00 295 2.90 2.85 ppm

Figure 9.11 1D EXSY spectra (700 MHz) for samples containing GSH (13.3 mM) and
HCHO (13.3 mM), either in the presence (Red) or absence (Blue) of His-Tag cleaved
GFA (16 uM). The observed signals at 64 2.86 ppm and &y 2.90 ppm correspond to EXSY
correlations.

Kx

GSH HMG

Kx

Scheme 9.2 Reaction scheme for the two-site exchange of GSH and HMG. k, = the rate
constant for HMG formation , k., = the rate constant for HMG fragmentation.
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v, = ky[GSH] = v_, = k_,[HMG]

[HMG]
~*[GSH]

k, =k

Equation 9.2 Equation showing the correlation between the rate constants k, and k, at
equilibrium. v, = rate of the HMG formation, v, = rate of HMG fragmentation.

Rate constants calculated from the 1D EXSY experigjeas well as the
specific activities for both protein batches, aispthyed in Table 9.1. The
specific activity of the His-Tagged protein (53 tsnmg’, where one unit is
defined as umole of HMG converted to GSH per minute at equilibr) was
higher than that of the His-Tag cleaved batch (B&sumg'), which may
indicate that protein activity is lost during TEWeavage. The specific activity
of His-Tag cleaved batch matched closely to thpomed for His-Tag cleaved
GFA in cell extracts fronfParacoccus denitrifican£35 units mg);**° however,
the specific activity reported for the recombingrbtein was significantly
higher (350 units gy, potentially indicating a strong activity depende upon

the sample conditions used.

Table 9.1 Table showing k,, k. and specific activity values for His-Tagged GFA and His-
Tag cleaved GFA, calculated using 1D EXSY. Specific activities were calculated by
subtracting the activity in the absence of enzyme (in umole min™) from the activity in
the presence of enzyme.

Conditions k(sh ki (s?) Specific Activity (units mg)
- GFA 0.67 0.22
+ His-Tagged GFA 1.78 0.59 53
+ His-Tag cleaved GFA  1.27 0.42 33

The observed acceleration in exchange rates bet®@&h and HCHO in the
presence of GFA prompted investigations with o#rezymes. It was hoped that
these experiments would confirm that the increaseguilibrium exchange rate
constants are due to specific catalysis by GFA,arcot due to changes in the

sample conditions upon addition of a generic enzyfeariety of enzymes
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were added to equilibrium mixtures of GSH and HCKS described above)
and the normalised EXSY correlations (corresponding,) were determined
from the 1D EXSY spectra. In contrast to the sasigentaining GFA, no
increases in k were observed relative to the samples without mezy
indicating that these enzymes do not accelerate etiiglibrium dynamics
(Figure 9.12). It was therefore concluded that G&Apecifically catalysing the
exchange reactions at equilibrium, resulting inrarease in the exchange rate

constants.

— = No Enzyme
— =PHD2
— =GFA
= Trypsin
= Lysozyme
= Chymotrysin
— =BSA

2.90 2.88 2.86 2.84 ppm

Figure 9.12 1D EXSY spectra (700 MHz) for samples containing GSH (13.3 mM) and
HCHO (13.3 mM), in the presence of a variety of enzymes (at 16 uM). The control
experiments with GFA (His-Tag cleaved) and without enzyme are shown.

Given that the forward and backward reactions & shmple with GFA could
occur by enzymatic and non-enzymatic pathways,yaisabf the EXSY data
was then focused upon determining the rate corsstéot each of these
processes. The modified rate equation, contairengg for both the enzymatic

and non-enzymatic pathways, is given in Equati@n 9.
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v, = k,[GSH][HCHO] + k,[GSH][HCHO] = v_,
= k_,[HMG] + k_,[HMG]

kx = kl[HCHO] + kz[HCHO] k_x = k_1 + k_z

k, « [GFA] k_, « [GFA]

Equation 9.3 Rate equations for HMG formation (v,) and fragmentation (v.,). Constants
k; and k_; correspond to the non-enzymatic reaction. Constants k, and k., correspond
to the enzymatic reaction, and are therefore dependent on the enzyme concentration.
These equations assume that HMG formation, both non-enzymatic and enzymatic, is
first order with respect to GSH and HCHO respectively. Fragmentation of HMG is also
assumed to be first order.

When the enzymatic pathway is not present (i.e.nathere is no GFA in the
sample), Equation 9.3 may be simplified to contaims representing the non-
enzymatic reaction exclusively (Equation 9.4). Hfere, values for the

constants kand k; could be ascertained.
v_, = k_4[GSH|[HCHO] = v_, = k_,[HMG]

k, = k,[HCHO]

Equation 9.4 Simplified rate equations for the forward (v,) and backward reactions
(v.) in the absence of GFA.

Having identified values for kand k; from the control experiment, it was
possible to determine values fof &nd k, in samples containing enzyme by
subtracting the values fon land k; from the terms for kand ky respectively

(Table 9.2).
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Table 9.2 Table showing calculated values for k;, k4 k, and k., respectively.

ki(MM'sh  ki(ShH ke(MmM'shH  k,(sh

-GFA 0.20 0.22
His-Tagged GFA 0.34 0.37
His-Tag Cleaved GFA 0.18 0.20

Further evidence for specific catalysis by GFA vaagjuired from 1D EXSY
experiments conducted at varying pD. These stuatiabled values for.kin the
absence and in the presence of GFA (His-Taggelg tcalculated across a pD
range, thus allowing the pD dependence upon theathrate to be determined.
The EXSY spectra were collected for samples at @) &5, 7.0, 7.5, 8.0, 8.5
and 9.0, and the corresponding kalues were plotted as a function of pD

(Figure 9.13).

4-
3_

" =+ GFA

y "= - GFA
S 2-

6 65 7 75 8 85 9
pD

Figure 9.13 Plot of the rate constants for HMG fragmentation in the presence and
absence of GFA, at different pDs.

The data revealed that the overall rate constagtificreased at higher pD, both

in the absence and in the presence of GFA. Howéweratio between.kin the
presence of GFA and.kin the absence of GFA suggested that the enzymatic
pathway was less affected upon acidification of téaction mixture (Figure
9.14). These observations imply that GFA may ach ageneral base catalyst

during the exchange reaction.
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Figure 9.14 Plot of k., in the presence of GFA, divided by k., in the absence of GFA, at
different pDs.

Having identified an increase in equilibrium ratenstants upon addition of
GFA, 'H NMR experiments monitoring GSH and HMG conceitrabver the

course of reaction were attempted in order to dedechange in the initial
reaction rates. Samples of GSH and HCHO (13.3 nmisl toncentrations) were
prepared either in the presence or absence of &fis-Jleaved GFA (as
described above). The samples were transferrechdoNMR spectrometer
immediately after mixing, and were then monitoracerothe initial hour of

reaction by"H NMR. The relative populations of GSH and HMG lire samples

were then plotted as a function of time (Figures).1
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Figure 9.15 Time dependence on the populations of HMG in the presence and absence
of GFA.

Interestingly, no difference in the populationsG$fH and HMG were detected
in the samples, indicating that GFA does not affieetrate at which the reaction
mixture reaches equilibrium (the initial rates fmth samples was roughly 0.3
mM min?). This observation is counter-intuitive, as it ltbbe expected that the
increase in kand ky values upon addition of GFA would decrease thetiea
time required for the sample to reach its equilibri position. However, it
should be noted at this stage that the full rateaggn for the reaction of GSH
and HCHO is more complex than the simplified twiesexchange rate
equations described in Equations 9.2 and 9.3 (gdoged for previous studies
with GFA). Principally, these equations do not édasthe fast equilibrium (the
rate of hydration of HCHO was measured at 9'8as pH 4%** between the
hydrated and aldehydic forms of HCHO in solutiorhieh is strongly biased
towards the hydrate (the equilibrium constant fog aldehydic and hydrated
HCHO equilibrium was measured at 4.5 x*1 pH 4)>?*As the hydrate is
likely to be slower to react directly with GSH,céin be expected that the initial
rate of HMG formation is strongly dependent upore tboncentration of
aldehydic HCHO in solution. As the concentrationatifehydic HCHO is very

low, the rate-determining factor for the reactiaaawhole is likely to be the
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position of the hydrated/aldehydic HCHO equilibriufrherefore, variations in
the rate constants for the exchange between GSHHM®@E may not affect the

initial rate (Scheme 9.3 and Equation 9.5).

HO. OH  Kad O Ky + ko
pYe —= + GSH -— HMG
H™ " H Kiyd H” H kg + ko

Scheme 9.3 Reaction scheme showing the pre-equilibrium between the hydrated and
carbonyl forms of HCHO in aqueous solution. The rate of HMG formation is limited by
the low concentration of aldehydic HCHO in aqueous solution. ky,q = the rate constant
for conversion of aldehydic HCHO to hydrated HCHO (large in water), kag = the rate
constant for the conversion of hydrated HCHO to aldehydic HCHO (small in water). The
rate constants ki, k,, k.; and k_, are defined in Equation 9.3.

|HCHO| = |Hyd| + |Ald]
Hydrated HCHO is significantly less reactive than aldehydic HCHO
o vy = (kg + ky)[GSH][Ald]

[Ald] _ kaia
[Hyd] kHyd

= KHCHO = small

(4.5 x 10~* at pH 4, 295 K)(Sutton and Downes 1972)
=~ [Ald] is small

Equation 9.5 Modified rate equation for the equilibrium of GSH and HMG in aqueous
solution. The rate is dependent upon the position of the hydrated/aldehydic HCHO
equilibrium (Kycho). In water, Kycno is small, and therefore, the availability of aldehydic
HCHO is rate limiting.

Overall, the 1D EXSY experiments have indicated BBA is able to catalyse
both the formation of HMG from GSH and HCHO and #sbsequent
fragmentation, thus increasing the exchange ratésthe GSH/HMG

equilibrium. However, in aqueous solutions, the @d¢termining factor may be

the availability of aldehydic HCHO, and thus, GFAashlimited effects on the
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overall rate of HMG formation. These findings mayggest that, in cellular
contexts, GFA may be able to facilitate the defoatfon of aldehydic HCHO
by catalysing HMG formation, although it would sedikely that in most

situations, the concentration of the aldehyde wdaddsery small relative to the
hydrated form. Therefore, these experiments indithat any role GFA plays
during HCHO detoxification may be confined to latak/situations where the

aldehydic HCHO concentrations are high.
9.2.4 Probing GSH Binding

The observation that HMG formation can be catalysgdGFA indicated that GSH,
either by direct addition or via reduction of thisulfide, is able to bind GFA in its
active site. X-ray crystallography studies havegaested that this binding occurs via
removal of the catalytic zinc ion, resulting in tleemation of a disulfide bond between
GSH and an active site thiol. Initial experimentxused upon investigating the
interaction between GSH and GFA were attempted gusion-denaturing mass

spectrometry and NMR based techniques, as desdrdded.
a) NMR Binding Studies

Firstly, the binding of GSH to GFA was investigaieging two complimentary
NMR techniques, saturation transfer difference (PNMR spectroscogy*
and water ligand observation with gradient (wateBSY) NMR
spectroscop¥>> Both of these experiments rely upon the transfér o
magnetisation from an irradiated species to préteebinding propensities of
molecules in solution, usually to an enzyfifeFor STD, proton resonances on
the protein are irradiated, which results in péariansfer of magnetisation to
protons attached to bound ligarfds Therefore, comparison of the ligarid-
resonance intensities in the irradiated STD spattwith those in a spectrum
without protein irradiation allows for the degreklwnding to be visualised.
WaterLOGSY NMR also relies upon magnetisation tiemshowever, in this

case, the solvent water protons, rather than tboshe enzyme, are irradiated.
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Consequently, direct magnetisation transfer betwieerwater and ligand via an
internal NOE results in ligand signal intensitieghwan opposite sign to the
irradiated water peak, due to the fast tumblinglémalar correlation time) of
small molecules in solution. However, upon bindiofj the ligand to the
macromolecular protein, the tumbling rate decreasesulting in partial
inversion of the signal sign. Therefore, measuthng waterLOGSY resonance
intensities at different ligand concentrations \&bBoa dose-response curve for

ligand-protein binding to be acquiréd.

For STD NMR experimentation, a sample containingiG@$3.3 mM) and GFA
(36 uM) in tris buffer pD 7.5 was prepared and gsad over 12 hours using a
700 MHz NMR spectrometer. The STD spectrum is shmwigure 9.16.

GFA

GSH LY

/ ‘ \ Difference

Y Jxﬂg_,_f’“\,/hﬂm_%vj -

GFA Irradiation

.

No GFA Irradiation

—— T T 77— T
30 25 2.0 15 1.0 _ppm

Figure 9.16 STD NMR spectra (700 MHz) of a sample containing GSH (13.3 mM) and
His-tagged GFA (36 uM).

The spectrum revealed increasetiresonance intensities for the GSH protons

during GFA irradiation, indicating GSH binding. Hewer, the large excess of
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GSH in the sample relative to GFA may result in stabtial non-specific
binding with GFA. Therefore, the experiment waseapd with lower GSH
concentration (500 pM) in the hope that binding nséif be apparent under
such conditions. Although the intensity of the GSibton signals were
significantly decreased in this STD spectrum, itsvedill possible to identify
GSH binding. Therefore, this spectrum appearedatwoborate the findings
from the previous STD spectra (Figure 9.17), hat GSH binds to GFA.

No GFA Irradiation
GSH

N

GSH

P BN

GFA
Difference /

Figure 9.17 STD NMR spectra (700 MHz) of a sample containing GSH (500 uM) and His-
tagged GFA (36 uM).

WaterLOGSY experiments were then carried out onpé@sncontaining His-
Tag cleaved GFA (16 uM) and GSH at variable comrreéions, which were
subjected to experimentation using a 700 MHz NMRcspmeter. In the
absence of protein, the waterLOGSY signal inteesifior GSH appeared to
increase (i.e. increase in negative intensity ingdato the irradiated water
resonance) in a linear fashion upon increasing G&ttentration. However, the

intensities of the signals in the presence of emzymre positive over small
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GSH concentrations, indicating binding with GFAb8acting the intensities of
the resonances in the presence of GFA from thosthanabsence of GFA
produced a dose-response curve for GSH, which leveak; of approximately

500 uM (Figure 9.18).
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Figure 9.18 Plot of waterLOGSY intensities (for the B-glutamyl protons of GSH) versus
GSH concentration. Blue = absence of GFA, Green = presence of GFA, Orange =
difference. Calculation of K, was carried out by Ivanhoe Leung, using Origin software.

However, it should be noted that analysis of bigdioy both STD and
waterLOGSY is somewhat inconclusive due to the irequent for fast
exchange between enzyme-bound and solution stdtetheo ligand. This
exchange is necessary to facilitate the transfemagnetisation to the bulk
ligand in solution, and consequently, the signatsafligand with slow exchange
kinetics (i.e. solution containing a strong proteinder) will not be accentuated.
Therefore, it is difficult to predict the bindindfiaity of GSH to GFA using

solely these experimerft®
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b) Non-denaturing Mass Spectrometry

Having provided evidence for GSH binding to GFA®VD and waterLOGSY
NMR, experiments were then carried out using namatging mass
spectrometry in order to investigate whether bigdii GSH results in removal
of zinc from the enzyme. His-Tag cleaved GFA (B@ final concentration in
15 mM ammonium acetate buffer pH 7.5) was mixedvaur equivalents of

GSH, and the sample was analysed using a Q-TOF spastrometer (Figure

9.19).
GFA + 4 eq. GSH 200 V
A .
100 A=21282E[S)a
1 B =21520 Da
C=21586 Da
%%
' B
/C
O 1 LI 1 L L L 'TI ML L L
GFA +4eq. GSH50V Est
100, B = 21520 Da
1 C=21586 Da
D = 21886 Da
%
0 M| 1 LI L
GFA 200V
100+ A A=21282E§;
) B =21520 Da
%
) B
0 T T T T T mass

20500 21000 21500 22000 22500

Figure 9.19 Deconvoluted mass spectra of GFA in the presence of GSH (four
equivalents), under non-denaturing conditions.
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Analysis of the sample at a cone voltage of 50 aéed the emergence of two
new peaks at 21586 and 21886 Da in the mass specihese peaks are close
to the expected masses of a GFA:GSH:Zn:Zn compkb689 Da) and a
GFA:GSH:GSH:Zn:Zn complex (21896 Da) respectivalyd therefore, it was
postulated that GSH was able to bind GFA at moaa ttne position under the
sample conditions. The intensities of the new pesdfseared to be lower when
the sample was analysed at a sample cone voltag@®@®fV, indicating that
binding is relatively weak (i.e. non-covalent). Wdugh a peak at 21520 Da
could be observed in the spectra at 50 V and 2@adple cone voltages, the
presence of this peak in the control experimenthieut added GSH) suggested
that this species was not formed during the addibd GSH to the sample.
Therefore, it appeared that addition of GSH to Gie&s not induce removal of

a zinc ion from the enzyme, at least under the itiomd of the MS analyses.

Although the mass spectra indicated that zinc resnaound to the enzyme after
addition of GSH, it was noted that the proposedtrea mechanism for HMG
formation assumes that the catalytic zinc movemftbe active site to another
zinc binding site during the reaction (althoughewidence for this second site is
reported by X-ray crystallography). Thereforesipossible that the lack of zinc
removal observed in the mass spectra is due tozigi@tion to another binding
site. In order to probe this possibility, two saegpWere prepared containing one
and five equivalents of zinc chloride respectivelythe hope that the mass
spectra of these mixtures would reveal additionatibg sites for zinc. The
mass spectrum of the first sample (one equivalering, Figure 9.20) revealed
only one significant peak at a sample cone voltag200 V (at 21290 Da),
which corresponded to the mass of GFA:Zn:Zn comgkxpected mass of
21283 Da). In fact, the presence of added zinhénhixture resulted in better
resolution of this species relative to the sampidout added zinc, indicating
that partial removal of zinc from the enzyme (pblysas a consequence of the

ionisation conditions) had been recovered via addition. The lack of a peak
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corresponding to the GFA:Zn:Zn:Zn complex, howev&urggested that any

additional zinc binding to GFA is relatively weak.

ES+

A
100 W A=21290 Da

%' /\‘

0 e S e et |
19500 20000 20500 21000 21500 22000 22500 23000

Figure 9.20 Deconvoluted mass spectrum of GFA in the presence of ZnCl, (one
equivalent), under non-denaturing conditions (sample cone voltage = 200 V).

The addition of one equivalent of zinc to the sampdntaining GFA and four
equivalents of GSH revealed identical peaks toetii@valent spectrum without

zinc addition, implying that the presence of extnac in the sample does not

affect binding of GSH to the enzyme (Figure 9.21).
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Figure 9.21 Deconvoluted mass spectrum of GFA in the presence of ZnCl, (one
equivalent) and GSH (four equivalents), under non-denaturing conditions (sample cone
voltage = 200 V).

Finally, the major peak in the sample containing fequivalents of added zinc
(no GSH, Figure 9.22) possessed a mass of 21346vRlah matched closely
the expected mass of the GFA:Zn:Zn:Zn complex (81B4, assuming no
deprotonation). This suggests at, under high zomcentrations, another zinc
ion can be accommodated within the GFA structurewéler, it is unclear
whether this observed binding indicates anothealg@tally important zinc

binding site, or whether the binding of the extirecas non-specific.
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Figure 9.22 Deconvoluted mass spectrum of GFA in the presence of ZnCl, (five
equivalents), under non-denaturing conditions (sample cone voltage = 200 V).

9.2.5 Probing the role of GSSG

Having confirmed that GSH can bind to GFA, expentsethen focused upon
identifying the role (if any) that the oxidised forof GSH, GSSG, adopts during
catalysis. The previously proposed mechanism foA-G&talysed HMG formation

suggests that GSSG binding within the active dithe enzyme facilitates removal of
the catalytic zinc, presumably via disulfide exapamwith C55. Therefore, EXSY and
binding experiments, it was hoped, would help tligate whether GSSG is able to bind
to, and also to accelerate the reactions of, GRAs trevealing evidence for GSSG

dependence.
a) EXSY Experiments on the GFA GSSG reaction

As GSSG is proposed to facilitate zinc removal (dmetefore is likely a rate
determining factor during GFA-catalysed HMG forroad, it was proposed that
the addition of GSSG to the reaction mixture contgj GSH, HCHO and GFA

would likely increase the exchange kinetics of teaction at equilibrium.
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Therefore, samples containing GSSG (13.3 mM), GEH3(mM) and HCHO

(13.3 mM) were incubated either in the presencabsence of GFA (16 pM),
and the rate constants for HMG fragmentation) (kvere calculated using
EXSY. Interestingly, no change in the rate consteat observed relative to the
rate constant in the samples omitting GSSG (Sedi@m3), suggesting that
GSSG plays no role during HMG fragmentation. ABsample containing only
GSSG (13.3 mM) and HCHO (one equivalent) was indavith GFA (16

HM) in the expectation that disulfide exchange with enzyme may facilitate
release of GSH, thus allowing the GSH HCHO reactmproceed. However,
no evidence for GSH or HMG formation was observieerane hour at 25 °C,

indicating that GSSG is not reduced by GFA.
b) Binding of GFA and GSSG
i) NMR

The binding propensity of GSSG to GFA was initiallyestigated using
NMR. Firstly, an STD NMR spectrum was acquired onsample
containing GSSG (13.3 mM) and GFA (36 uM) using legaus
methodology to that used for a sample containingd @&ection 9.2.4a).
Interestingly, the STD data implied binding of GS3S& GFA by
revealing an accentuation Ofi-resonance intensities for GSSG after
protein irradiation. However, it was noted that +specific binding of
GSSG to the protein surface may also result in SSighals (as
acknowledged in the case with GSH), and theretbeegxperiment was
repeated at lower GSSG concentration (500 uM)his tase, ndH-
resonances corresponding to GSSG were evident endifference
spectrum, suggesting that binding of GSSG to GRAeaaker than GSH
binding. These findings were corroborated by anslysising
waterLOGSY NMR, which did not reveal any change ‘Hrsignal

intensities upon addition of GFA.
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i) Non-Denaturing Mass Spectrometry

The non-denaturing mass spectrum of a sample camgaiHis-Tag
cleaved GFA (50 uM) and four equivalents of GSS@eated the
formation of a peak at 21904 Da at low levels (withsample cone
voltage of 50V, Figure 9.23). This peak was asgign® a
GFA:GSSG:Zn:Zn complex (expected mass 21875 Dajnagsg no
deprotonation), suggesting that GSSG is able ta kA (at least
possibly in a non-specific manner), albeit wealdjative to GSH. Two
other low level peaks in the mass spectrum at 5@&t\21532 Da and
21678 Da) were assigned to a GFA:GSH:Zn complex and
GFA:GSH:Zn:Zn complex respectively. Therefore, @srapparent that
reduction of GSSG to form GSH had occurred in thenge. This
observation was not detected using EXSY experimeiits GSSG (see
above), however, which implied that reduction ofS&Swas induced
under the sample or mass spectrometry conditiofso, Ahe relative
intensity of the peak at 21532 Da (representing @fA:GSH:Zn
complex) was not significantly greater than thasamples containing no
added GSSG. Therefore, it was concluded that gesiss likely existed
in solution before addition of GSSG. Finally, arsadyof the sample at a
cone voltage of 200 V resulted in the peaks at 81Bd and 21904 Da
decreasing in intensity, implying that these comegeare unstable under

such conditions.
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Figure 9.23 Deconvoluted mass spectra of GFA in the presence of GSSG (four
equivalents), under non-denaturing conditions.

Overall, the NMR and mass spectrometry experimienlisate that GFA
is unlikely to require GSSG for catalysis. This btesis is supported
by the lack of increased reaction activities in t¥SY experiments
upon addition of GSSG, and also by the observatiah GFA is unable
to catalyse formation of GSH from GSSG, at leasiennthe NMR
sample conditions. Also, no significant formatiohtike GFA:GSH:Zn
complex (if any) was observed upon addition of GS&&g non-
denaturing mass spectrometry, which implies th& #pecies is not

formed in high concentrations by disulfide exchange
9.2.6 Probing Substrate Selectivity

In addition to the observed GFA-mediated accelemabf equilibrium dynamics for
HMG formation and fragmentation, it was proposedt this enzyme may also catalyse
similar reactions with other substrates. Thereferperiments were carried out in order

to investigate the specificity of GFA for GSH an@HO, as described below.
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a) GSH Analogues

Firstly, the selectivity of GFA for binding GSH wasvestigated by running
waterLOGSY NMR experiments with a number of GSHlagaes. For these
studies, a constant concentration of substrate (B@3 was selected, and the
waterLOGSY signal intensities for the substratesevsmpared in the absence
and presence of His-Tag cleaved GFA (16 pM). Theulte from these

experiments are summarised in Table 9.3.
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Table 9.3 Table showing the structures of the tested GSH analogues, and their
respective binding propensities for GFA (as observed using waterLOGSY NMR).

Substrate Name Substrate Structure Evidence of
GFA
Binding

|
S-Methylglutathi i i ) oo N
ethylglutatnione (o]
HO)J\é/\)J\N N¢J\OH
NH, H o

OH
o) ¢} y O
y-Glutamylserinylglycine HO)J\/\/U\N NQJ\OH No
H
NH, o)

GlutamylD 9 o ’/SHHJJ\
r-Glut - M A AN No
cysteinylglycine HO™ ™ H/\[( OH
NH, o]
0 o SH
y-Glutamylcysteine H OJ\é/\/u\” OH No
NH, o)

SH
: . H @
Cysteinylglycine HZN/EWNQJ\OH No
o)
SH

Cysteine HzN/E[(OH No

o)
o SH
N-Acetylcysteine )J\N OH No
H o
Cysteamine H,N ~_-SH No
(0]
N-Acetylcysteamine )J\N/\/SH No
H

The observation that none of the tested GSH anatogind GFA (at least by
waterLOGSY analysis) implied that these speciegewaelikely to be substrates.
In order to test this hypothesis, the thiol contagncompounds (except cysteine
and cysteamine, due to competing hemithioaminam#bion reactions in
solution) were incubated with one equivalent of HCK13.3 mM) and the

reactions between the substrate and its hemithialgmeduct were monitored at
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equilibrium using 1D EXSY. In all cases, no accafen of the hemithioacetal
fragmentation (and therefore formation) was detkoieghe samples, suggesting

that these reactions are not catalysed by GFA.
b) HCHO Analogues

NMR experiments were then carried out using GSH atiter aldehydes.
Samples were prepared containing GSH (13.3 mM) #ml aldehydes
acetaldehyde, propionaldehyde, caproaldehyde ahdiRydroxybenzaldehyde
(13.3 mM), and the reactions were monitored ovétiainstages (usingH
NMR) and by 1D EXSY at equilibrium. The samples hwithe aliphatic
aldehydes were buffered at pD 6.0, using 50 mM Bssbuffer, in order to
allow detection of botR andS diastereomers of the hemithioacetals (at pD 7.5,
the diastereomers were observed to be in fast agelaWith the exception of
the sample containing 2,4-dihydroxybenzaldehydeidwidid not react with
GSH either in the absence or presence of GFA)thallother aldehydes were
observed to reach equilibrium by the first NMR asa&l?®? These findings
indicate that the dynamicity of the hemithioac&&H exchange is sufficiently
fast to allow rapid equilibration in the samplesisTincreased exchange was
also inferred from the increased EXSY correlatielative to the samples with
HCHO. In the case of acetaldehyde, the value fomis calculated at 15%s
which roughly equates to 75 times the value_pfrksamples containing HCHO.
Also, it was evident that the rate of exchange ketw GSH and the
corresponding hemithioacetals was acceleratedmples containing GFA and
the aliphatic aldehydes (Table 9.4). It was alsgspme to observe a slight
preference for accelerating the fragmentation @f ointhe diastereomers in each
sample, although overlap of the signals for the ittecacetals and GSH

impeded conclusive quantitative analysis.
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Table 9.4 Table showing the structures of the tested aldehydes, and their respective
activities with GFA.

Aldehyde Name Aldehyde Structure Evidence for GFA
Catalysis
Acetaldehyd i Y
cetaldehyde es
HJ\
Propionaldehyd 1 Y
ropionaldehyde es
I
o)
Caproaldehyde )J\/\/\ Yes
H
O OH

2,4-Dihydroxybenzaldehyde H)ﬁ No
OH

Finally, experiments were carried out investigatihg reactivity of GFA with

other substrates. Specifically, it was proposetl@f@A may be able to facilitate
the breakdown of HCHO derived hemithioaminals, l@mnals, aminals and/or
1,3-dithianes (cf. hemithioacetal fragmentationHMIG), potentially enabling
repair of protein and/or DNA cross-links. Prelimipastudies were therefore
attempted to probe the reactions of GSH and a ssexiesmall molecules
containing such functionalities (Figure 9.24). Nactions were observed in the
samples by'H NMR analysis, suggesting that GFA does not caglguch
reactions (at least on the small molecules testAtho, no reactions were
observed between GSH and the HCHO analogues dich&ihane, acetone and
acetonitrile, implying that GFA is unable to promatucleophilic attack on

these species.
- \S/\S/ e}
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AN s s Ho N N OH (_/4
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Figure 9.24 Structures of non-aldehydic HCHO analogues tested for activity with GFA.
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Finally, it was hypothesised that GFA may catalyfse demethylation o&
methylglutathione, forming glutathione and (preshiyamethanol as products.
However, incubation ofSmethylglutathione with GFA did not indicate any

reaction.
9.3 Conclusions and Future Work

This Chapter describes experiments investigatimyoposed GSH HCHO activating
enzyme (GFA), which have revealed new insights tht® activity and mechanism of
GFA. Specifically, 1D and 2D EXSY experiments hawticated GFA catalysis of both
HMG formation and fragmentation at equilibrium, @irorating previously reported
data. EXSY analysis across a pD range has alscestegghthat GFA acts as a general
catalyst during both the forward and backward ieast Despite these findings, time
course experiments usirtgl NMR did not reveal any acceleration of HMG foripat
over initial stages of reaction, indicating thag @wvailability of aldehydic HCHO may
be limiting in aqueous solution. Binding experinentsing NMR and mass
spectrometry techniques indicate that GSH bindsGtA in a specific manner.
However, binding of GSSG, which is proposed to bseatial for GFA catalysis, was
observed to be weaker than binding of GSH and doesppear to result in significant
ejection of zinc from the protein. No reaction o8&G with GFA was observed by
NMR, nor was the rate of HMG formation acceleratgabn addition of GSSG, thus
suggesting that GSSG is not essential for GFA #gtiExperiments with GSH
analogues suggest that GFA is selective for GSHyelrer, GFA was observed to
increase the dynamicity of the reactions betweerH Gfd three other aliphatic
aldehydes. These findings may indicate that GFabig to catalyse reactions between
GSH and a number of cellular aldehydes/electrophitaus implying that GFA is

involved in the metabolism of aldehydes other tH&HO in vivo.

Although these studies give good evidence agaesptoposed redox zinc mechanism,
further experimentation is required (such as X-caystallography, protein NMR and

site-specific mutagenesis studies) in order toicenthe stability of zinc binding. Also,
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the fact that GFA may be able to catalyse a mdkitaf reactions with GSH indicates
that further analyses on GFA specificity shouldupelertaken. Regarding the role of
GFA in cells, investigations on the human homologDENP-V, have suggested that
this protein is essential for cell stability. Hoveey studies with the homologue from
Rhodobacter sphaeroiddgve discredited a role in HCHO metabolism, areddfore,
the manner in which this protein maintains cell lkostasis is currently unknown. Any
future analysis of cellular function might be bettudied on CENP-V; however, initial
characterisation of this proteim vitro would likely be necessary before detailed
cellular work could be carried out. Finally, itn®ted that, given the reaction of GSH
and HCHO is known to produce a number of produatseu varying conditions, it is
possible that the function of GFA may vary depegdipon the cellular environment. It
is likely that cell nuclei possess efficient medkars for removing HCHO derived
cross-links, which may be formed more readily wigsH concentrations are lowered,
or when the cell environment is basic. Therefdarés possible that GFA is involved in
either promoting the formation of HMG under suclsfavourable conditions, or in
repairing HCHO induced damage to cellular macroowdés. Both of these hypotheses

warrant further investigation.
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Chapter 10

Materials and Methods

10.1 Microbiological Techniques

All techniques were carried out under steriliseddibons. Before use, all instruments
and pipettes were sterilised in TouchCfaveautoclave (LTE Scientific) at 121 °C for

20 min or byy-irradiation.
10.1.1 Plasmids

The JMJD2A variants (Chapter 5) were expressed fronstructs encoding residues 1-
359, cloned into pNIC28-Bsa4. GFA (Chapter 9) wapressed from a construct
encoding residues 1-196, cloned into pET1ployided by Dr. Stefan BecRerThe
plasmids were transformed into a phage-resistanvadve of E. Coli BL21 (DES3)

carrying the pRAREZ2 plasmid (supplying tRNA foreaodons).
10.1.2 Incubations

Bacterial plate cultures were grown at 37 °C owgthiin a HeredU$ TypB 6030
incubator (Thermo Fisher Scientific). Cultures wameubated in a New Brunswick

Scientific G25 environmental shaker at 200 rpm.
10.1.3 2TY Growth Medium

2TY growth medium was prepared as described in€Tabl1. All media was sterilised

using an autoclave prior to growth.
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Table 10.1 Table showing composition of 2TY growth medium.

Component Concentration (g/L)
Tryptone 16

Yeast Extract 10

Sodium Chloride 5

10.1.4 Starter Cultures

Starter cultures were grown in 5 mL (in 50 mL Faldabes) or 100 mL (in 500 mL
Duran® flasks, Schott UK) of 2TY medium (containitite appropriate antibiotics),
inoculated from a single colony on an agar platéram a glycerol freeze, at 37 °C

overnight.
10.1.5 Large-Scale Growths

Large-scale growths were grown in 600 mL of 2TY med(in 2000 mL PYREX®
narrow-mouth graduated Erlenmeyer flasks), whicls wapplemented with either 50
png/mL kanamycin (for cultures of the JIMJD2A vargnor 50 pg/mL ampicillin (for
cultures of GFA). After preincubation at 37 °C 8@ min, the flasks we inoculated
with 5 mL of the bacterial starter culture and gnoat 37 °C until they reached the
appropriate Ol (optical densities were read in 1 mL cuvettes rzgjaa reference
sample of the growth media using a NovaSp#cspectrophotometer (Pharmacia).
Then, the incubation temperature was reduced f&Clahd each flask was induced with
isopropyl$-D-1-thiogalactopyranoside (IPTG, 500 uM final cortcation). The flasks
were then incubated overnight at 18 °C, after whittte cells were isolated by

centrifugation and frozen in sealable plastic ba@@ °C.
10.1.6 Protein Extraction

After thawing, the cells were resuspended in lysiffer containing DNAse | (0.2 mg,
Table 10.3) and subjected to sonication at 0 °® & sec with 2 min breaks, using a
Vibra Cell VCX 500 sonicator with a 13 mm probe)ftek lysis, the lysate was
centrifuged (23000 rpm for 20 min) and the supemmatvas filtered through a 0.2 um
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sterile filter (Millipore) before being loaded on&o5 mL HisTrap FE' nickel affinity

column (Section 10.2.3).
10.2 Protein Preparation and Purification

10.2.1 TEV Cleavage

Before treatment with TEV protease, GFA was buéechanged into 4 mL of 50 mM
tris buffer pH 7.5 (at roughly 1 mM) using Amicomltra centrifugal filters. Then, 5
uL of 10 units u* AcTEV® (Invitrogen) was added to the protein sample, tred
mixture was left at 4 °C for 12 hours. The TEV pase and remaining His-Tagged
impurities were removed by loading the sample antdisTrap FEY nickel affinity
column. The column was then washed with wash b\ffable 10.2) by syringe, and
the resultant flow-through was collected, buffecteanged into 50 mM tris buffer pH
7.5, and concentrated to 5 mgmThe column was then washed of His-Tagged protein

by flushing with affinity chromatography elutionfiier (Table 10.4).

Table 10.2 Table showing composition of wash buffer used during purification after TEV
cleavage.

Component Concentration
HEPES 50 mM
Sodium Chloride 500 mM
Imidazole 60 mM

10.2.2 General Fast Protein Chromatography (FPLGtpPol

FPLC for the purification of proteins was carriedt @t 4 °C using Akta" FPLC

systems (GE Healthcare). Samples were loaded fra@asuring cylinders using the
FPLC pump, and elution of the proteins was mongdrg UV absorbance at 280 nm,
using a UPC-900 monitor. Sample fractions wereectdld using a Frac-920 fraction
collector and the purity of the proteins in eachcfion was determined using SDS-

PAGE analysis. All buffers used during purificatimere prepared in Milli-Q water and
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filtered through a 0.2 um filter before use. Alllwmns were cleaned after use

according to the manufacturers’ instructions.
10.2.3 Affinity Chromatography

Affinity chromatography of the recombinant protewsas achieved using a HisTrap
FF™ nickel affinity column. Before use, the column wae-charged with 3 column
volumes (CV) of NiS@ washed with 5 CVs of water and then primed witB\3s of
loading buffer. The filtered lysate was then loadatb the column at 1 mL/min using
the FPLC pump. The protein was then eluted in digrd of O - 100 % elution buffer
(Table 10.4). Fractions from the purification wex@lected in 2.5 mL vials, and the
protein-containing fractions were combined, condatl and buffer-exchanged using

Amicon® Ultra centrifugal filters.

Table 10.3 Table showing composition of lysis/affinity chromatography loading buffer.

Component Concentration
HEPES 50 mM
Sodium Chloride 500 mM
Imidazole 20 mM
Glycerol 5 %

Table 10.4 Table showing composition of affinity chromatography elution buffer.

Component Concentration
HEPES 50 mM
Sodium Chloride 500 mM
Imidazole 520 mM
Glycerol 5 %

10.2.4 Size-Exclusion Chromatography

After affinity chromatography, samples of GFA wdtgther purified by preparative
size-exclusion chromatography using a 300 mL Swpéld 75 column (GE
Healthcare). After equilibration with 1 CV of 50 mids buffer pH 7.5, the column was
loaded with the protein (also in 50 mM tris buffeH 7.5) at 3 mL/min using a
Superloop" (GE Healthcare). Purification was achieved byietuwith 1 CV of 50
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mM tris buffer pH 7.5, after which, the protein-¢aiming fractions were combined and

concentrated.
10.2.5 SDS-PAGE Analysis

SDS-PAGE gels were set from liquid stocks of SDSSEA separating and
stacking/loading solutions (Tables 10.5 and 10peetively), which were poured into
glass templates (separating gel first, followedstacking/loading gel) and allowed to
solidify. Protein samples (5 pL) were mixed witlub of loading buffer and denatured
by heating for 2 min at 110 °C. After loading th®tein onto the gel, separation was
induced by exerting a constant potential of 200using a Bio-Rad Mini Protean Il
system. The gel was then stained in Coom@&sBiglliant Blue (Imperial Chemical

Industries) for 30 min.

Table 10.5 Table showing composition of SDS-PAGE separating gel.

Component Amount
Milli-Q water 3.14 mL
Tris.HCI (pH 8.8) 1.5 M 2.5 mL
Acrylamide 30 % 4.16 mL
SDS 1- % 100 pL
Ammonium persulfate 100 mg/mL 100 pL
TEMED 8 uL

Table 10.6 Table showing composition of SDS-PAGE stacking/loading gel.

Component Amount
Milli-Q water 3.14 mL
Tris.HCI (pH 6.8) 0.5 M 1.25 mL
Acrylamide 30 % 0.5 mL
SDS 1- % 50 uL
Ammonium persulfate 100 mg/mL 50 pL
TEMED 5uL

10.2.6 Protein Concentration Determination

Protein concentrations were determined by measuking in each sample using an
ND-1000 Nanodrop spectrophotometer (Thermo ScieptifExtinction coefficients

were calculated using an internet-based proterutabr (http://arraygenetics.com).
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10.3 Synthesis of Lysine Analogues

10.3.1 Generalities

Reactions were carried out in dry round-bottomedk$ with magnetic stirring in a
fume-hood. Thin layer chromatography (TLC) was @eried using Merck aluminium
foil backed plates precoated with Kieselgel 60 F28B&kualisation of species on the
plates was achieved using UV fluorescence (254 o)y staining with potassium
permanganate stain. NMR experiments were recordedither a Bruker AVANCE
AV400 or a Bruker AVII500 spectrometer. NMR speatrare referenced to the solvent
peak using the Bruker internal referencing procededlock). Coupling constantg) (
are reported to the nearest 0.5 Hz. The followibhgraviations are used to describe
multiplicities; s = singlet, d = doublet, t = trgt] m = multiplet, dd = double doublet, br
s = broad singlet, app t = apparent triplet. Highaetution mass spectra were recorded
on Micromass GCT spectrometers. Infrared spectree wecorded as solids using a
Bruker Tensor 27 instrument. Absorptions are giwerwavenumbers (cif). Only
peaks of interest are reported. Melting points wegied out using Griffin apparatus
and were uncorrecteda]p values were collected using a Bellingham and $tanl
ADP220 polarimeter. Characterisation of the lysanalogues is reported from samples
at over 80 % purity, although partial deprotectainthe Fmoc group was detected in
some cases during workup. Removal of residual sble@d acetaldehyde from the
reaction mixtures was impeded in some cases, @esgiensive drying under high
vacuum; however, NMR characterisation was not inedetlumbering for the aromatic

carbon atoms is shown in Figure 10.1.

Figure 10.1 Numbering for the Fmoc carbons.
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Fmoc-Lys(Boc)-OH and Fmoc-Lys(formyl)-OH were puaskd from Bachem. Fmoc-
Lys(Me,Boc)-OH was purchased from GM Biochem (SlneangLtd. All other reagents
were purchased from Aldrich. All solvents were pased from either Aldrich or

Rathburn Chemicals.

10.3.2 Characterisation of Lysine Analogues

a) Fmoc-Lys{*CHs),)-OH

O Synthesis was achieved via an optimised
0 literature procedur®® Fmoc-Lys(Boc)-
OH (2.06 g, 4.39 mmol) was dissolved in
° \ 20 mL formic acid and stirred for 3 hours.
N The solvent was then removea vacuo
Hy'°C” 15, Trituration in diethyl ether yielded Fmoc-
Lys-OH formate salt as a white solid (1.81 g, 403mol, 99 %). A sample of
this material was then used in crude form in thet séep. 20 % aqueodsC-
HCHO (1 mL, 6 eq.) was added to a stirred solubbfrmoc-Lys-OH formate
salt (560 mg, 1.35 mmol) in methanol at room terapee. The reaction
mixture was then cooled to 0 °C in an ice bath. NgBN (179 mg, 2.1 eq.) was
dissolved in 2 mL of methanol and added dropwisthéoreaction over 10 min.
After warming to room temperature, the mixture wlasn stirred for 2 hours.
After reaction completion, glacial acetic acid wadded dropwise until the
solution was neutralised and the solvent was reth@avevacuo The product
was then redissolved in dry acetone. Filtrationtleé solution followed by
removal of the solvent vacuoyielded the product as a white solid (460 mg, 88
%), which was deemed sufficiently pure for SPPSm@arison of crudéH
NMR and IR spectra with those of an authentic sangblnon-labelled Fmoc-
Lys(Me,)-OH (GL Biochem (Shanghai) Ltd.) revealed resomanconsistent
with formation of the product. HRMS (ESI+) m/z adlfor G1"*CoH2gN,04
(M+H)*: 399.2189. Found 399.2195. The¢ NMR spectrum of théC-labelled

293



Chapter 10. Materials and Methods

b)

peptide (after incorporation of the product) possdsdentical resonances to the
non-labelled peptide (except those from Mianethyl groups), thus confirming

formation of the correct species.
Fmoc-Lys(MeEt)-OH

Fmoc-Lys(Me,Boc)-OH (1.00 g, 2.13 mmol)
9 e was dissolved in trifluoroacetic acid (10 mL)
O O\H/N\.)kOH containing triisopropylsilane (0.48 mL, 1.1 eq.)
© \ and the solution was left stirring at room
temperature for 1 hour. The solvent was then
~NS _ .
removedin vacuoand the resulting product was
then redissolved in 20 mL of ethanol. Acetaldehyd@® pL, 5 eq.) and
NaBH;CN (147 mg, 1.1 eq.) were added and the mixturelefagor 3 hours at
room temperature. Then, 1 drop of concentrated W3 added and the solvent
was removedn vacuo The product was extracted into dry acetone amd th
remaining precipitate was removed by filtration.ni&al of solvent after
reacidification with HCIlin vacuoand subsequent trituration in diethyl ether
afforded the product as a white solid (430 mg, 49r%ip 84 °C; §]*° +20 (c =
0.01 g mL*, MeOH); IRvmax 1676, 1449, 1203H NMR (400 MHz, DMSO-g)
d(ppm) 1.12 (tJ = 7.0 Hz, 3H, NCHCH3), 1.24-1.36 (m, 2Hy-lys), 1.47-1.78
(m, 4H, B-lys, 8-lys), 2.52 (s, 3H, NCH), 2.71-2.82 (m, 2Hg-lys), 2.82-2.92
(m, 2H, NH,CHs), 3.85 (m 1H, o-lys), 4.18-4.29 (m, 3H, OE.CH,
OCH,CH), 7.17 (d,J = 7.5 Hz, 1H, MCHCOOH), 7.34 (tJ = 7.5 Hz, 2H,
2XFmocGH), 7.41 (t,J = 7.5 Hz, 2H, 2xFmocd), 7.68-7.74 (m, 2H,
2xFmocGH), 7.88 (d,J = 7.5 Hz, 2H, 2xFmocsH); *C NMR (101 MHz,
DMSO-ds) 5(ppm) 9.8 (NCHCH3), 23.2 ¢-lys), 24.2 §-lys), 31.4 B-lys), 39.7
(NCH3), 46.9 (OCHCH), 50.2 (NCH,CHs), 54.7 @-Lys), 54.8 £-lys), 65.8
(OCH,CH), 120.6 (FmocgH), 125.6 (FmocgH), 127.4 (FmocgH), 128.0
(FmocGH), 141.6 (ArQ, 144.7 (ArQ, 156.7 (NH@O), 175.5 (©OH),
HMBC correlation observed between the MCH; protons and the-lysyl
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carbon; HRMS (ESI+) m/z calcd for,131N-04 (M+H)": 411.2278. Found
411.2275.

c) Fmoc-Lys(Ef)-OH hydrochloride

O Fmoc-Lys-OH.HCI (500 mg, 1.23 mmol) and
e} acetaldehyde (0.14 mL, 5 eq.) were mixed in
‘ o N_J
O N Y~ TOH 20 mL of ethanol, before NaBEBN (163 mg,
O -
\H 2.1 eq.) was added portion-wise. The reaction
was then left for 2 hours, after which, 1 drop

\/N\/
of concentrated HCl was added to the

mixture and the solvent was removeadvacuo The product was extracted into
dry acetone and the remaining precipitate was rexhdy filtration. Removal of
solvent after reacidification with HGh vacuoand subsequent trituration in
diethyl ether afforded the product (as a hydrogti®ras a white solid (470 mg,
83 %). mp 106 °C;df]*>5 +30 (c = 0.01 g mt, MeOH); IRvmax 1709, 1448H
NMR (400 MHz, DMSO-g) 5(ppm) 1.19 (tJ = 7.0 Hz, 6H, NCHCHs3), 1.30-
1.40 (m, 2H,y-lys), 1.54-1.81 (m, 4Hp-lys, 8-lys), 2.91-3.00 (m, 2Hg-lys),
3.00-3.12 (m, 4H, NB,CHz), 3.94 (m, 1Hp-lys), 4.18-4.32 (m, 3H, OE,CH,
OCH,CH), 7.33 (t,J = 7.5 Hz, 2H, 2xFmocg), 7.42 (t,J = 7.5 Hz, 2H,
2xFmocGH), 7.66 (d,J = 8.0 Hz, 1H, MCHCOOH), 7.73 (ddJ; = 3.0 Hz,J;

= 7.5 Hz, 2H, 2xFmocg), 7.90 (d,J = 7.5 Hz, 2H, 2xFmocsi), 10.22 (br s,
1H, CHNH(CH.CHs),); ®*C NMR (101 MHz, DMSO-g) §(ppm) 8.7
(N(CH,CHa),), 22.7 6-lys), 23.2 ¢-lys), 30.8 B-lys), 46.2 (NCH,CHs),), 46.9
(OCH,CH), 50.5 €-lys), 54.2 (-Lys), 65.9 (@H,CH), 120.4 (FmocgH),
125.7 (FmocGH), 127.4 (FmoceH), 127.9 (FmocgH), 141.6 (ArQ, 144.7
(ArC), 157.1 (NH®O), 175.1 (©OH), HMBC correlation observed between
the N(CH.CHg) protons and the-lysyl carbon; HRMS (ESI+) m/z calcd for
CasH33aN204 (M+H)*: 425.2435. Found 425.2436.
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d) Fmoc-Lys(iPr)-OH hydrochloride

O Fmoc-Lys-OH.HCI (1.00 g, 2.46 mmol) was
o dissolved in 20 mL of ethanol, before 1 mL of
o R
O O\n/ -~ “OH acetone was added. NagEN (170 mg, 2.2 eq.)
0 z

was then added portion-wise to the mixture and
the reaction was left at room temperature. After
YNH 2 hours, 1 drop of concentrated HCI was added

to the mixture and the solvent was remowed/acuo The product was then
extracted into dry acetone and the remaining pitatg was removed by
filtration. Removal of solvent after reacidificatiowith HCI in vacuo and
subsequent trituration in diethyl ether afforded groduct (as a hydrochloride)
as a white solid (900 mg, 82 %). mp 95 °G]°], +34 (c = 0.01 g mit,
MeOH); IR vmax 1693, 1449, 1208H NMR (400 MHz, DMSO-¢) §(ppm) 1.22
(d, J = 6.5 Hz, 6H, NCH(El3),), 1.31-1.44 (m, 2Hy-lys), 1.54-1.78 (m, 4HB-
lys, 6-lys), 2.77-2.88 (m, 2H-lys), 3.23 (m, 1H, NE(CHz),), 3.94 (m, 1Hpo-
lys), 4.18-4.32 (m, 3H, O&,CH, OCHCH), 7.33 (t,J = 7.5 Hz, 2H,
2xFmocGH), 7.42 (t,J = 7.5 Hz, 2H, 2xFmocstl), 7.67 (d,J = 8.0 Hz, 1H,
NHCHCOOH), 7.73 (ddJ; = 3.0 Hz,J, = 7.5 Hz, 2H, 2xFmoc), 7.89 (d,J
= 7.5 Hz, 2H, 2xFmocH), 8.79 (br s, 2H, CBNHCH(CH),); *C NMR (101
MHz, DMSO-d) §(ppm) 18.9 (NCHCH3),), 23.1 ¢-lys), 25.5 §-lys), 30.6 f-
lys), 43.8 &lys), 46.9 (OCHCH), 49.6 (NCH(CHs)), 53.9 ¢-lys), 65.9
(OCH,CH), 120.4 (FmocgH), 125.6 (FmocgH), 127.3 (FmocgH), 128.0
(FmocGH), 141.6 (ArQ, 144.7 (ArQ, 157.1 (NH®O), 175.1 (©OH),
HMBC correlation observed between the M(CHzs), protons and the-lysyl
carbon; HRMS (ESI+) m/z calcd for,131N-04 (M+H)": 411.2278. Found
411.2272.
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e) Fmoc-Lys(MeiPr)-OH

Fmoc-Lys(Me,Boc)-OH (1.00 mg, 2.13 mmol)
O o) was dissolved in trifluoroacetic acid (10 mL)
‘ 0 H\)k . .
O 3 Y OH containing triisopropylsilane (0.48 mL, 1.1 eq.)
© \H and the solution was left stirring at room
! temperature for 1 hour. The solvent was then
Y h removedn vacuoand the resulting product was
then redissolved in 20 mL of ethanol. Acetaldehy@®7 mL, 5 eq.) and
NaBH;CN (147 mg, 1.1 eq.) were added and the mixturelefagor 3 hours at
room temperature. Then, 1 drop of concentrated W3 added and the solvent
was removedn vacuo The product was extracted into dry acetone amd th
remaining precipitate was removed by filtration.nieal of solvent after
reacidification with HClin vacuoand subsequent trituration in diethyl ether
afforded the product as a white solid (609 mg, §7rép 90 °C; §]*°p +22 (c =
0.01 g mL*, MeOH); IRvmax 1681, 1602, 1206H NMR (400 MHz, DMSO-g)
§(ppm) 1.10 (dJ = 7.5 Hz, 6H, NCH(Els),), 1.24-1.32 (m, 2Hy-lys), 1.49-
1.80 (m, 4H,B-lys, 8-lys), 2.41 (s, 3H, NCH), 2.64-2.77 (m, 2Hg-lys), 3.23
(m, 1H, NQH(CHs),), 3.75 (m 1H,o-lys), 4.17-4.33 (m, 3H, OE.CH,
OCH,CH), 6.87 (d,J = 7.5 Hz, 1H, MICHCOOH), 7.33 (tJ = 7.5 Hz, 2H,
2xFmocGH), 7.41 (t,J = 7.5 Hz, 2H, 2xFmocsl), 7.65-7.72 (m, 2H,
2xFmocGH), 7.88 (d,J = 7.5 Hz, 2H, 2xFmocsH); *C NMR (101 MHz,
DMSO-as) d(ppm) 16.7 (NCHCHa),), 23.2 §-lys), 24.8 §-lys), 31.4 B-lys),
35.8 (NCH3), 47.0 (OCHCH), 52.4 ¢-lys), 54.8 (NCH(CHs),), 55.4 -Lys),
65.6 (QCH,CH), 120.3 (Fmoc@H), 125.6 (FmocgH), 127.3 (Fmoc€H), 127.7
(FmocGH), 141.6 (ArQ, 144.8 (ArQ, 156.5 (NH@O), 175.9 (©OH),
HMBC correlation observed between the MCH3), protons and the-lysyl
carbon; HRMS (ESI+) m/z calcd for,43:N,O, (M+H)™: 425.2435. Found
425.2432.
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f) Fmoc-Orn(Meg)-OH hydrochloride

0.5 mL of aqueous HCHO (37 % i@, 6 eq.)
9 e was added to a ethanolic solution of Fmoc-Orn-
O O\H/N\.)LOH OH.HCI (500 mg, 1.28 mmol). NaBEN (170
© \L mg, 2.2 eg.) was then added portion-wise to the
N” mixture and the reaction was left at room
temperature for 1 hour. After this time, 1 dropcohcentrated HCI was added
and the solvent was removadvacuo Removal of solvent after reacidification
with HCI in vacuo and subsequent trituration in diethyl ether aféafdthe
product as the hydrochloride salt (as a yellow-a/lsiblid,150 mg, 28 %). mp
145 °C; 1]*°p +30 (c = 0.01 g mt, MeOH); IR vmax 1699, 1524, 1448, 1202;
'H NMR (400 MHz, DMSO-g) 5(ppm) 1.50-1.80 (m, 4H, K,CH,CH:N,
CH,CH.CH,;N), 2.71 (d,J = 4.5 Hz, 6H, N(CH),), 2.95-3.06 (m, 2H,
CH,CH,CH,N), 3.97 (m, 1H, NHEICOOH), 4.18-4.36 (m, 3H, Q&CH,
OCH,CH), 7.34 (t,J = 7.5 Hz, 2H, 2xFmocg), 7.42 (t,J = 7.5 Hz, 2H,
2xFmocGH), 7.68-7.76 (m, 3H, 2xFmogH, NHCHCOOH), 7.90 (d,J = 7.5
Hz, 2H, 2x FmocGH), 10.20 (m, 1H, CENH(CHs),); **C NMR (101 MHz,
DMSO-¢) &(ppm)  21.1 (CHCH,CH;N), 28.2 CH,CH,CH.N), 42.3
(N(CHs),), 46.7 (OCHCH), 53.6 (NHCHCOOH), 56.4 (CHCH,CH,N), 65.9
(OCH,CH), 120.4 (FmocgH), 125.6 (FmocgH), 127.4 (FmoceH), 127.9
(FmocGH), 141.6 (ArQ, 144.7 (ArQ, 157.1 (NH@O), 175.1 (©OH),
HMBC correlation observed between the N@BH protons and the
CH,CH,CH,N carbon; HRMS (ESI+) m/z calcd for 21,7N,O, (M+H)™
383.1965. Found 3863.1959.
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g) Fmoc-Orn(Ef)-OH hydrochloride

Fmoc-Orn-OH.HCI (500 mg, 1.28 mmol)
O 0 was dissolved in 20 mL of ethanol, before

‘ o N_J
O hig OH acetaldehyde (0.36 mL, 5 eq.) was added to

o) .
\L the solution. NaBECN (170 mg, 2.2 eq.)
N7

was then added portion-wise to the mixture

and the reaction was left at room temperature
for 3 hours. 1 drop of concentrated HCI| was addetlithe solvent was removed
in vacuo The product was then extracted into dry acetarte the remaining
precipitate was removed by filtration. Removal olivent after reacidification in
HCIl in vacuoand subsequent trituration in diethyl ether aféartéhe product (as
the hydrochloride) as a white solid (450 mg, 79 ). 180 °C; §]*5 +43 (c =
0.01 ¢ mL?, MeOH); IR vmax 1744,1714, 1518, 1444H NMR (400 MHz,
DMSO-d) 8(ppm) 1.19 (t,J = 7.5 Hz, 6H, N(CHCHa),), 1.59-1.84 (m, 4H,
CH,CH,CH;N, CH,CH,CH:N), 2.91-3.10 (m, 6H, C§H,CH.N,
N(CH,CHs),), 3.99 (m, 1H, NHEICOOH), 4.18-4.36 (m, 3H, Q&CH,
OCH,CH), 7.33 (t,J = 7.5 Hz, 2H, 2xFmoc), 7.42 (t,J = 7.5 Hz, 2H, 2x
FmocGH), 7.73 (app tJ = 7.5 Hz, 3H, 2x FmocEl, NHCHCOOH), 7.89 (dJ
= 7.5 Hz, 2H, 2x FmocfH), 10.38-10.50 (br s, 1H, GNH(CH,CHs),); **C
NMR (101 MHz, DMSO-g) §(ppm) 8.5 (N(CHCHs),), 20.1 (CHCH,CH;N),
28.2 (CH,CH.CH:N), 46.3 (NCH,CHs),), 46.8 (OCHCH), 50.1
(CH,CH,CH.N), 53.4 (NHCHCOOH), 65.9 (@H.CH), 120.4 (FmocgH),
125.5 (Fmoc@H), 127.4 (FmocgH), 127.8 (FmocgH), 141.6 (ArQ, 144.7
(ArC), 157.1 (NH®O), 175.1 (©OH), HMBC correlation observed between
the N((H.CHj3), protons and the CIEH,CH,N carbon; HRMS (ESI+) m/z
calcd for G4H31N>O4 (M+H)™: 411.2278. Found 411.2276.
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h) Fmoc-Lys(CDR3),)-OH hydrochloride

O Fmoc-Lys-OH.HCI (500 mg, 1.23 mmol)

0 was dissolved in 10 mL of deuterated

(o K
O._N
O hig \;)kOH MeOH, before 0.5 mL of 20 % deuterated

© \ HCHO (HCHO-3, 3.2 eq) was added.
! NaBDsCN (171 mg, 2.1 eq.) was then added
DsC™ "CDs portion-wise to the mixture and the reaction
was left at room temperature. After 2 hours, 1 dobmoncentrated HCI was
added to the mixture and the solvent was remawedchcuo The product was
then extracted into dry acetone and the remainnegipitate was removed by
filtration. Removal of solvenin vacuoand subsequent trituration in diethyl
ether afforded the product as a white solid (466 &%), which was deemed
suitable for SPPS. Comparison of crd#eNMR and IR spectra with those of
an authentic sample of non-labelled Fmoc-Lys{M@H (GL Biochem
(Shanghai) Ltd.) revealed resonances consisteht fartmation of the product.
HRMS (ESI+) m/z caled for £H23DeN,O, (M+H)™: 399.2189. Found
399.2195. The'H NMR spectrum of the'®C-labelled peptide (after
incorporation of the product) possessed identiesbmances to the non-labelled
peptide (except those from thE&-methyl groups), thus confirming formation of

the correct species.
10.4 Peptide Synthesis

Solid phase peptide synthesis (SPPS) was carrigdusing automated peptide
synthesisers (CS336S and CS336X synthesisers, @SHiptides were synthesised in
a sequential manner from thél¥termini, using standard Fmoc-based SPPS protdeol.
(2',4'-Dimethoxyphenyl-Fmoc-aminomethyl)-phenoxyac@do-norleucyl-MBHA

resin (100-200 mesh) was reacted withFmoc protected amino acids, which were
preactivated with diisopropylcarbodiimide and hyddeenzotriazole (incubation for 30
min) before addition to the resin. After incubatiwith shaking for 3 hours, the solution

phase reactants were drained from the reactiorelvassl the resin was treated with a
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solution of 20 % piperidine in DMF to remove th-Fmoc group. Then, the next
activated amino acid was added. After the finalramacid was attached (and tNe
terminal Fmoc group had been removed by piperitie&ment), the resin was washed
and stored in a dessicator overnight. The peptide then cleaved from the resin by
treatment with 4 mL of cleavage mix (97.5 % TFA5 26 triisopropylsilane) for 3
hours (the side protecting groups were also clealethg cleavage mix treatment).
After cleavage, the peptide was precipitated froim ¢leavage mix with diethyl ether
and the resultant solid was redissolved gOHRemoval of solvent by lyophilisation

resulted in the isolation of the crude peptide aslal.

All amino acids used were purchased from eitherBi&Sor Novabiochem. Typically,
amino acids were added in large excess (10 e@ngare efficient coupling. However,
addition of valuable amino acids (such as methglatsines and arginines) occurred at
lower excesses (3-5 eq.) for cost efficiency reasdéhperidine was purchased from
Merck Chemicals. Diisopropylcarbodiimide and trdtoacetic acid were purchased
from Aldrich. Hydroxybenzotriazole was purchaseahirAGTC Bioproducts. Solvents
(DMF, dichloromethane, dimethylsulfoxide) were puased from Rathburn Chemicals,

Aldrich and Merck Chemicals respectively.
10.5 HPLC Purification of Peptides and GSH-HCHO Acid

Purification of peptides after synthesis was adkiewn multiple HPLC systems.
Predominantly, purification was carried out on agilént technologies 1200 series
HPLC system attached to an Agilent Technologie&jizadrupole mass spectrometer
for mass-directed fraction collection. Samples waugfied through a SunFif¥ Prep
column (C18, 5 um, 150 mm length, 10 mm internahditer). Samples were eluted by
a gradient of acetonitrile inJ@ (typical gradient on the Agilent system was 50730

% acetonitrile over 15 min). The elution solvenitsoacontained 0.1 % trifluoroacetic
acid to improve resolution. After collection of ¢teons containing the purified
peptides, the solvent was removed by lyophilisatidhpeptides used for NMR studies
were over 95 % pure. Purification of BigBnd PGF (Chapter 8) was achieved on a

1525u HPLC system (Waters Corporation) attached Quattro Micrd" APl mass
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spectrometer (Micromass), using a Grace/Vydac 21818 column (C18, 10-15 um,

250 mm length, 22 mm internal diameter).
10.6 Enzyme Assays

10.6.1 MALDI-TOF Demethylation Assay

Samples were mixed in either eppendorf tubes ov@6plates to a final volume of 20
pL. Firstly, two pre-solutions were prepared; stdist mix — containing substrate
peptide (10 uM) and 20G (50 uM), and enzyme miortaining enzyme (1-8 uM),
ascorbate (100 uM) and ferrous iron (10 pM). The selutions were then mixed and
the samples were transferred to a 37 °C incubatdrleft for 30 minutes — 1 hour
before quenching with 20 puL of methanol. The sasiplere then spotted directly onto
MALDI plates (see Section 10.7.1). Time course expents by MALDI (Chapters 3
and 4) were carried out at 25 °C in order to featiéi quenching of the samples under
comparable conditions. All reagents were prepanc8d mM HEPES buffer pH 7.5,
except the ferrous iron, which was prepared a®eksiolution (100 mM) in 20 mM
aqueous HCI. This stock was then diluted in waketperiments with PHF8 were

conducted in 100 mM HEPES 500 mM NacCl buffer solugpH 7.5.
10.6.2 FDH Demethylation Assay

A sample containing a 20G demethylase (2 pM), FDH @nit), NAD (500 uM),
ascorbate (100 uM), peptide substrate (10 uM) amadds iron (10 uM) was incubated
at 37 °C and were monitored by fluorescence ev@rgegonds (355 nm excitation, 460
nm emission) using an EnVisiBh 2104 Multilabel Reader (Perkin Elmer). Samples
were prepared in 50 mM HEPES buffer pH 7.5, exdeptous iron, which was
prepared as described in Section 10.5.1. All kinetnalyses were carried out in

triplicate.
10.6.3 Zinc Ejection Assay

10 pL of 10 uM stock IMID2A (wild type or K241 vamis) in 50 mM HEPES buffer
pH 7.5 were added to 85 pL of the same buffer Grainer u Assay 384 well plate.
Then, 5 pL of 500 uM Ebselen in DMSO was addedthednixture was monitored at
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30°C by fluorescence every 40 seconds (485 nmadiarnt 520 nm emission) using a

Novostar Plate Reader (BMG Labtech).

10.7 NMR Experiments

All NMR experiments (except those described in ®act0.2.2) were conducted on a
Bruker Avance AVIII 700 MHz spectrometer with arvamrse TCI cryoprobe optimised
for *H observation, and installed with TOPSPIN 2 sofewvakll samples were prepared
in eppendorf tubes before being transferred to 2 MR tubes (Wilgenberg) for

analysis. The solvent deuterium signal was usedhasinternal lock signal. The

spectrometer conditions were optimised before eagberiment and spectra were
processed using automated routines. All spectra vaeguired at 25 °C, except the

waterLOGSY analyses, which were conducted at 7 °C.
10.7.1'H NMR Time-Courses

Time course experiments were run according to aatedroutines. The samples were
first prepared as two solutions (see preparationM#LDI demethylation assay
samples, Section 10.5.1) and then were mixed irereggrf tubes. Immediately after
mixing, the samples were transferred to 2 mm Brud&TCH NMR tubes (75 pL
capacity) for NMR analysis. The total lag time beén mixing and the first NMR
analysis was 300-800 sec. The duration of indiideNMR experiments varied for
each experiment (between 89 and 350 sec). In s@wesc water suppression was
achieved either via presaturation at the watem@sce, or by excitation sculpting using

a sinc pulse. All kinetic analyses were carriediodtiplicate.
10.7.2 1D HSQC Method

The 1D HSQC method used to det€@-HCHO release (Chapter 2) was adapted from
a standard 2D HSQC sequence. For these experintieatsperiod and*C-decoupling
were removed during data acquisition, and thddl/Belays were optimised fddcy of
145 Hz. Each 1D experiment accumulated 8 transigori®sponding to 39 seconds of

total acquisition time.
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10.7.3 EXSY Methods

EXSY experiments utilised 1D and 2D NOESY pulseuseges using selective
refocusing with Gaussian and CHIRP pulses. FoRihetudies, experiments were run
accumulating 32 transients with @ of 400 ms. 1D experiments accumulated 64

transients with a,, of 80 ms (selected after an initial screen).
10.7.4 STD NMR Method

STD experiments were run according to a standagliesee, in which selective
saturation of the protein was achieved by a trdi@aussian shaped pulses (50 ms). A
sinc pulse was employed for water suppression. dineesonance was selected at
565.92 Hz and the off-resonance was 35000 Hz. Hheration time and relaxation

delay were 10 s and 18 s respectively.
10.7.5 WaterLOGSY NMR Method

WaterLOGSY NMR was carried out using a standardisege with a 16 ms square
pulse. The relaxation delay was 2 s and the mitimg was 1 s. A 2 ms sinc pulse was

used for water suppression. Each experiment acaietlb4 transients at 280 K.
10.8 Mass Spectrometry Experiments

10.8.1 MALDI-TOF Mass Spectrometry

MS analysis of peptide assays was carried out usifdALDI Micro MX™ mass

spectrometer (Waters Corporation). Samples wengapee by mixing 1 pL of peptide
sample (in HO or in assay buffer) with 1 pL af-cyano-4-hydroxycinnamic acid
(CHCA) matrix (LaserBioLabs), and then spotting thixture on a 12 x 8 target plate
(Waters Corporation). The sample was then leftriolafore analysis in the positive
ion reflectron mode with flight tube and reflectrenltages of 12000 V and 5200 V

respectively. Data was processed using MassLynzgaftvare.
10.8.2 Non-Denaturing Mass Spectrometry

Protein mass spectra under non-denaturing conditveere recorded using a Q-TOF

mass spectrometer (Q-TOF micro, Waters Corporatiattdched to a Nanomate

304



Chapter 10. Materials and Methods

(Advion Biosciences) with a chip voltage of 1700 \amples were prepared in 364
well plates and placed in the Nanomate, from wiadicpiots were injected into the MS
at a delivery pressure of 0.25 psi. Processinghef dpectra was carried out using

MassLynx 4.0 software.
10.9 Circular Dichroism

0.5 mL of 0.5 mg/ml protein in buffer (50 mM HEPRSH 7.5 for the JMJD2A variants,
50 mM tris pH 7.5 for GFA) was injected into a 1 npatth length cuvette. The cuvette
was then placed into a chirascan circular dichroismectrometer (Applied
Photophysics) and scanned every 0.5 nm in the rah80-300 nm. Each experiment
was repeated three times and the results weregacrdhe path length was set to 10

and a bandwidth of 1 nm was used.
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