Mechanistic and inhibition studies
on y-butyrobetaine hydroxylase

DOMI § MINA
NVS TIO
1LLV MEA

A thesis submitted to the Board of the Faculty of Physical
Sciences of the University of Oxford in partial fulfilment of the
requirements for the degree of Doctor of Philosophy

Anna M. Rydzik
Merton College, University of Oxford
Hilary Term 2014






Abstract

Carnitine is an essential metabolite in the human body. It carries out several roles in human
metabolism, including that in fatty acid metabolism. y-Butyrobetaine hydroxylase (BBOX) is an
Fe(Il) and 2-oxoglutarate dependent oxygenase, which catalyses the final step of carnitine
biosynthesis, i.e. hydroxylation of y-butyrobetaine (GBB) to carnitine. Inhibition of BBOX has
potential in the treatment for cardiovascular diseases.

The work described in this thesis focussed on mechanistic and inhibition aspects of BBOX
catalysis. Firstly, a set of analytical tools for BBOX activity measurements was developed. The
synthesis of fluorinated substrate analogues provided the basis for development of two assays for
use in vitro with the isolated protein and in lysates, with detection by fluorescence or **F NMR,
respectively. Furthermore, the use of ®F NMR to monitor protein-ligand interactions was
exemplified with the work on metallo-B-lactamases.

The developed fluoride-release assay was then used to screen a library of small molecules
and led to recognition of scaffolds with potential applications as inhibitors. Further structure-
activity relationship studies led to the identification of potent BBOX inhibitors, which were then
evaluated for their activity in cells. The crystal structure of human BBOX with one of the lead
inhibitors revealed that BBOX can undergo significant conformational changes, involving a
movement of an active site loop. BBOX conformational flexibility may have a role in the GBB
mediated substrate inhibition observed both with isolated protein and in cells.

In addition to the mechanistic and functional studies, the potential of BBOX as a
biocatalytic tool was examined. BBOX has been shown to catalyse a hydroxylation of the
symmetrical dialkyl piperidine carboxylic acids, leading to formation of up to three stereocentres in
one reaction.

In the last part of this work properties of human BBOX were compared to BBOX from
Pseudomonas sp. AK1, revealing differences in kinetic behaviour and substrate specificity. Novel
substrates for bacterial BBOX were identified. Pseudomonas sp AK1 BBOX was shown to

hydroxylate amino acid analogues leading to formation of 1,2-amino alcohols.
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Chapter 1

Introduction

Abstract

Chapter 1 provides an overview of the literature describing the physiological roles and
metabolism of carnitine in animals, including humans. The current knowledge about enzymes
involved in carnitine biosynthesis in animals is described, with a particular focus on
trimethyllysine hydroxylase (TMLH) and y-butyrobetaine hydroxylase (BBOX), which are 2-
oxoglutarate dependent oxygenases that catalyse the first and the last step in carnitine

biosynthesis. The role of carnitine in human metabolism is also discussed.
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Chapter 1 Introduction

1 Carnitine — general information
1.1 Carnitine structure

L-Carnitine ((3R)-hydroxy-4-N,N,N-trimethylamino butyrate) is a low molecular weight molecule
with high polarity and water-solubility. Carnitine was first characterised from muscle extracts in
1905 and is named after the Latin carnis (flesh). In 1962, the stereochemistry of the
physiologically active form of carnitine was assigned as the L-(-) stereoisomer® (Fig. 1). Since
then carnitine has been found to occur in most animals, some plants, yeast and microorganisms.
The hydroxyl group of carnitine is of a great physiological relevance. The hydroxyl group can be
O-acylated with acyl-coenzyme A activated derivatives in a carnitine acyltransferase catalysed
process. In animals this process is essential as it facilitates fatty acid transport and the
maintenance of acetyl group homeostasis. In healthy human, around 80% of carnitine is present
in a free form in plasma.’

(@] OH |

N
HO ~

Figure 1 Structure of L-carnitine
1.2 Source of carnitine

Carnitine is considered to be a non-essential nutrient because it can be synthesised in vivo
through a biosynthetic pathway, which is highly conserved across animals. However, in humans
around 75% of the total carnitine is estimated to come from the diet and around 25% from
endogenous biosynthesis.>® The main food sources of carnitine include meat and dairy products.*
In the case of those on a vegetarian diet, the blood serum concentrations of carnitine are lower
than in the meat eating reference population.>® Collectively, carnitine homeostasis is maintained
through biosynthesis, dietary intake and reabsorption in the kidney.* Carnitine absorption is

processed through active transport and diffusion.’

1.3  Tissue distribution and concentration

Carnitine is mainly found in heart and muscle tissue in animals including rats and pigs. Lower
levels of carnitine are found in kidney, brain and testis.®>® The carnitine plasma concentrations in
animals have been found to be sex and age dependent. In humans, carnitine plasma levels
increase through the first year of life and stabilise until puberty at the level of 40 uM.'*
Subsequently, carnitine plasma levels increase in males, but not females, to reach adulthood
levels of around 50 uM in males, which may suggest a role of sex hormones in the regulation of
carnitine plasma levels."***** In rats there are even more pronounced differences, with carnitine
concentrations in males being almost twice as high as in females.'®
3



Chapter 1 Introduction

2  Carnitine biosynthesis

A fully functional carnitine biosynthesis pathway has been identified in mammals, i.e. humans,
mice and rats.>*® Sequence analyses indicate that Drosophila melanogaster and Caenorhabditis
elegans have orthologs of the carnitine biosynthesis genes.® In some yeasts, i.e. Nerosporra
crassa’’ and Candida albicans®®, a fully functional carnitine biosynthesis pathway has been
characterised, while baker’s yeast Saccharomyces cerevisiae is unable to biosynthesise carnitine
endogenously, but can metabolise carnitine in growth media. Recently, evidence for carnitine
biosynthesis in plants, i.e. Arabidopsis thaliana has been demonstrated.’*® To date there is no
report of a full carnitine biosynthesis pathway in bacteria, however some species including
certain Pseudomonas strains have been shown to contain the final enzyme of carnitine

21-24

biosynthesis pathway — y-butyrobetaine hydroxylase.

; +
. )JNME:‘ o TMLH o oH

. " +
B N GNP L LI LI G (PN
. b = - 7 ™ - e 7
degradation = I ¥ =
NH: 20G succinate NH, ) )
trimethyllysine 0, co, 3-hydroxytrimethyllysine
PLP
HTMLA dependent
BBOX TMABA-DH
T EC 1.14.11.1 ? + EC 1.21.47 Q +
1 i I
HO™ \/».\V,NMe-j — HO" \,_,-”\_/NMEL; - H/'\u/-xv,NMevj
N : NAD+ ; ;
~ i | ] whutyrobetaine frimethylaminobutyraldehyde
(3R)-carnitine 20G  succinate Febuty dependent '
0, COy glycine

Figure 2 Enzymology of carnitine biosynthesis pathway.

Carnitine biosynthesis proceeds in four enzymatic steps, starting from N°,N°,N°-trimethyllysine
(TML) (Fig. 2). The first step is catalysed by trimethyllysine hydroxylase (TMLH) and involves
2-oxoglutarate (20G) and Fe(Il) dependent hydroxylation of TML to 3-hydroxytrimethyllysine
(TML-OH). TML-OH then undergoes aldolytic cleavage catalysed by pyridoxal-5'-phosphate
(PLP) dependent hydroxytrimethyllysine aldolase. The resulting 4-trimethylaminobutyraldehyde
(TMABA) is then oxidised to give y-butyrobetaine (GBB) by NAD® dependent 4-
trimethylaminobytyraldehyde dehydrogenase (TMABA-DH). The final step of carnitine
biosynthesis involves hydroxylation of GBB to carnitine catalysed by the 20G and Fe(ll)
dependent y-butyrobetaine hydroxylase (BBOX).
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2.1 Precursors

Carnitine biosynthesis originates from the essential amino acids lysine and methionine. It was
shown that the N-methyl groups of carnitine originate from methionine,?® which is used as a
methyl donor in S-adenosylmethionine (SAM) dependent lysine methyltransferase.?® The carbon
backbone of carnitine was shown to originate from lysine.?”?® In mammals, the main precursor of
carnitine biosynthesis is N°,N¢,N*-trimethyllysine (TML),?** which is believed to originate from
protein degradation. The availability of TML has been identified as the rate limiting step in
carnitine biosynthesis.! Recently, it was reported that plant derived food contains substantial
quantities of TML, and thus the dietary intake is likely the main source of TML in mammals.*
However, previous observations suggested that endogenous TML is mainly excreted in the urine
(>75%) and exogenous TML was not considered an efficient precursor of carnitine
biosynthesis.**** In line with those observations it is believed that TML is synthesised
intercelluraly and converted into carnitine in the tissue of origin.’® An interesting hypothesis
arises from the identification of free lysine methyltransferase in Neurospora crassa,® although
not yet identified the presence of a homologue of this enzyme in animals would enable
conversion of free lysine to TML.

2.2  Tissue distribution of carnitine biosynthesis enzymes

The first three enzymatic steps of carnitine biosynthesis have been shown to occur in all studied
human tissues, e.g. liver, brain, kidney, heart and skeletal muscle. However, the activity for y-
butyrobetaine hydroxylase has only been reported in the liver, kidney and to lesser extent in the
brain.* The activity of y-butyrobetaine hydroxylase in the liver was found to be age-dependent,
with lower levels being observed in infants rising to maximal quantities in adult men. In contrast,
activity of y-butyrobetaine hydroxylase in the kidney did not depend on the age of subject as
infants displayed adult levels of activity.*” The other enzymes studied did not display age-

dependency.
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2.3 Trimethyllysine hydroxylase (TMLH)

Trimethyllysine hydroxylase (TMLH, E.C. 1.14.11.8) is the first enzyme of the carnitine
biosynthesis pathway and is responsible for hydroxylation of N°,N°,N°-trimethyllysine (TML) to
give 3-hydroxy-N°,N°,N°-trimethyllysine (TML-OH) (Scheme 1). TMLH belongs to the
superfamily of 2-oxoglutarate (20G) dependent oxygenases®**° and requires 20G, Fe(Il) and

oxygen for catalytic activity.***

20G CO,
TML 0, succinate TML-OH

Scheme 1 TMLH catalysed hydroxylation of TML.

2.3.1 Discovery

TML was shown to be metabolised to give carnitine biosynthesis intermediates, i.e. y-
butyrobetaine aldehyde (TMABA) and y-butyrobetaine (GBB) in whole rats* and in the isolated

liver slices®®*

in the early 1970s. The first observation of activity of semi-purified TMLH was
described by Hulse and co-workers*® who demonstrated that rat liver mitochondria were able to
efficiently convert TML to 3-hydroxy-TML (TML-OH) in the presence of 20G, Fe(ll) and
ascorbate. No enzymatic activity of this kind was found in the soluble fractions of the liver

isolate.

2.3.2 Product identification

The identity of the product of TMLH catalysis was confirmed by periodate mediated oxidation of
the hydroxylated compound, which yielded TMABA. Furthermore, a reaction of TML-OH with
serine transhydroxymethylase (E.C. 2.1.2.1) also yielded TMABA and glycine as a second
product.*® The stereochemistry on the C-3 of TML-OH was not then directly assigned. However
NMR work on 3-hydroxylysine diastereomers,*’ suggests the formation of the erythro isomer —
(2S, 3S)-3-hydroxy-trimethyllysine.

2.3.3 Tissue distribution and localisation

TMLH activity has been found in human and rat liver, skeletal muscle, heart and brain tissues,
with the highest activity being measured in kidney.**** TMLH has been reported to be localised

4245 and subcellular

in the mitochondria as shown by differential centrifugation experiments
fractionation using density gradient analyses.*® Analysis of TMLH sequence has revealed the
presence of N-terminal mitochondrial targeting sequence
(MWYHKLLHQQSRLQNLMKRGDIAHGLRLSG).*” The mitochondrial localisation of TMLH

makes it unique among other carnitine biosynthesis enzymes, which otherwise are all localised in
6
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the cytosol. Follow-up work has shown TMLH to be localised in the mitochondrial matrix.*
TML-OH formation was shown to be limited by TML transport across the mitochondrial inner
membrane and the existence of putative mitochondrial TML/ TML-OH transport system has been
proposed.*® Flux through carnitine biosynthesis pathway must be regulated, because the capacity
of the carnitine biosynthesis exceeds a need for daily carnitine production.®®** The availability of
TML is rate limiting for carnitine biosynthesis.***® The presence of proposed TML/ TML-OH

transport system could serve as an additional way of regulating carnitine biosynthesis.

2.3.4 Gene analysis

In humans the TMLH gene is located on the chromosome X (X028 region, between nucleotide
positions 154495791 and 154372967) and is split into 8 exons.>* Two alternatively spliced
variants of TMLH, which are apparently ubiquitously expressed in humans have been cloned and
expressed, to give proteins of 421 and 399 amino acids, respectively. Interestingly, in one of the
splicing variants, one of the active site Fe(ll) binding site residues appears to be mutated
(H389R), which leads to loss of the hydroxylase activity.>® Co-expression studies in HEK 293T
kidney embryonic cells suggest that the non-active TMLH variant may act as a negative regulator
of TMLH activity.”

2.3.5 Biochemical characterization of TMLH

TMLH initially was purified from rat kidney; subsequently cDNA encoding for rat TMLH was
identified.”® Based on this human and mouse cDNA TMLH homologues were identified. Human
and rat TMLH have been produced in COS cells. Expression trials in yeast and E. coli were
unsuccessful.

The gene encodes for a 405 amino acid protein with mass of 47.5 kDa, however the protein
obtained from COS cell purification was found to have an apparent mass of 43 kDa. Inactive
TMLH protein obtained from S. cerevisiae was found to have a mass of 47.5 kDa. It was
therefore suggested that TMLH is expressed as a 47.5 kDa precursor, which is then processed to
give a shorter product of 43 kDa upon transport to the mitochondria. Gel filtration and native gel
electrophoresis analyses demonstrated protein with mass of 87 kDa, indicating that TMLH,
similarly to BBOX, exists in a solution as a homodimer.*® TMLH was found to have a broad pH
optimum (6.5-7.5). The cofactor (i.e. TML, 20G, Fe(ll) dependencies of TMLH have been

investigated by different groups. The results are summarised in Table 1.
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Table 1 Ky values for TML, 20G and Fe(ll) as measured with TMLH from rat, mouse and N. Crassa.

Km values (mM)

TMLH source

™ML 20G Fe(ll)
Recombinant® rat TMLH*® 1.1 0.109 0.054
Mouse liver homogenate®® 0.164 0.605 0.004
Partially purified® TMLH from rat kidney*? 0.10° 0.48 0.021
Partially purified” TMLH from rat liver* 0.10° 0.48 0.020
Partially purified® TMLH from rat heart® 0.13° 0.46 0.022
Partially purified® TMLl;; from rat skeletal 012° 053 0.024
muscle

Rat kidney homogenate* 1.6 - -

Recombinant® Neurospora Crassa TMLH®’ 0.33 0.133 0.46

® Recombinant rat TMLH expressed in COS-1 cells, > ammonium sulphate fractions were used, ¢ The assay
uses D,L-TML as a substrate ® Neurosporra crassa TMLH expressed in Saccharomyces cerevisiae.

2.3.6  Inhibition of TMLH

Basic work on the influence of various substrate analogues and metals on BBOX was described
by Stein et al.”® The data for 20G, TML and Fe(ll) substitutes are summarized in Tables 2, 3 and
4, respectively. Measurements were performed with partially purified TMLH from rat kidney

homogenates.

Table 2 Inhibition of TMLH from rat kidney by 20G analogues.

Inhibitor Ki
Succinate 3.0mM
Citrate 3.9mM
Oxalacetate 5.04 mM

Table 3 Inhibition of TMLH from rat kidney by TML analogues.

Inhibitor Ki
2-N-Acetyl-6-N-trimethyl-L-lysine 0.2 mM
6-N-dimethyl-L-lysine 0.3mM
6-N-monomethyl-L-lysine 0.45 mM
6-N-trimethyl-D-lysine 20 mM
L-Carnitine 3.5mM
4-N-Trimethylaminobutyric acid 3.75 mM
3-Hydroxy-6-N-trimethyl-D,L-lysine 4.23 mM
L-Lysine 5.43 mM
Acetyl- L-Carnitine No effect
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Table 4 Inhibition of TMLH from rat kidney by Fe(Il) analogues.

Inhibitor Ki
ZnCl, 2.86 UM
CoCl, 5.8 uM
CdcCl, 15.63 uM
NiCl, 18.57 uM
MgCl, No effect
CaCl, No effect

2.3.7 TMLH in disease

Meta-data analyses have shown that mutations in the TMLH gene are linked to autism.®*® As

mentioned previously, TMLH is localized on the X chromosome in a highly unstable region.>**

Therefore, mutations in the TMLH gene have been found to affect male population to a higher

extent.®

Several defects in the TMLH encoding gene region have been identified®®* and linked

with autistic phenotype of male subjects.®® Some of those mutations were shown to lead to loss of

TMLH function and impaired carnitine biosynthesis, with higher levels of TML detected in

patients.®
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2.4 Hydroxytrimethyllysine aldolase (HTMLA)

Hydroxytrimethyllysine aldolase (HTMLA) catalyses the aldolytic cleavage of TML-OH to yield
y-trimethylaminobytyraldehyde (TMABA) (Scheme 2). The process, like in the case of many
other aldolases, appears to be dependent on pyridoxal 5'-phosphate (PLP), a derivative of
pyridoxine (vitamin Bg).!* The involvement of the PLP dependent enzyme in carnitine
biosynthesis is supported by the observation that carnitine biosynthesis is inhibited by 1-amino-
D—proline,63 antagonist of vitamin Be.%* It was also shown that a diet low in vitamin Bg leads to

lowered carnitine levels in rat.%%

_0
O OH | o} HO OH
)J\/K/\/N+/ HTMLA Q | )-H HO SN \P/\
~ — <+ -
HO : HJJ\/\/NJr\ HO | o0
NH, NH, N
TML-OH TMABA glycine PLP

Scheme 2 HTMLA catalysed aldolytic cleavage of TML-OH. HTML is a PLP dependent enzyme.

2.4.1 Localization and tissue distribution

HTMLA is most likely a cytosolic enzyme, as its activity has been found almost exclusively in
soluble fractions of cellular extracts. HTMLA activity can be detected in several human tissues,

including liver, brain, kidney, heart and skeletal muscle homogenates.*

2.4.2 ldentification

The gene encoding for HTMLA has not been yet identified in mammals, including humans.
Serine methyltransferases are PLP-dependent enzymes, which catalyse conversion between
serine and glycine. It was previously speculated that HTMLA might be similar to serine
hydroxylmethyltransferase (SHMT), as an isolated SHMT was shown to convert TML-OH to
TMABA.®" Threonine aldolases, a PLP-dependent class of enzymes catalysing interconversion of
threonine to glycine and acetaldehyde have been proposed as likely candidates for HTMLA

homologues.
2.4.2.1 C.albicans HTMLA

The complete carnitine biosynthesis pathway was assigned in yeast Candida albicans.'® The
studies have shown that one of two genes encoding threonine aldolase orthologs was encoding
protein with HTMLA activity. However, even though disruption of any other gene from the
carnitine biosynthesis pathway led to a block of carnitine biosynthesis, in the strains with the
HTMLA gene disrupted some aldolytic cleavage of TML-OH could still be detected. Therefore,
it was proposed that the conversion of TML-OH to TMABA might be promiscuous and can

likely be catalysed by more than one enzyme.

10
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2.5 Trimethylaminobutyraldehyde dehydrogenase (TMABA-DH)

Trimethylaminobutyraldehyde dehydrogenase (TMABA-DH, E.C. 1.2.1.47) is a NADH
dependent enzyme, which catalyses the oxidation of TMABA to y-butyrobetaine (GBB) (Scheme
3).

o | TMABA-DH o |
+7 +7
HJJ\/\/N\ 7_T HO)J\/\/N\
TMABA NAD* NADH GBB
H,0 H*
(0] (0]
o N o N
| |
O:P*OT 0 OZP*OT o
OH OH reduction OH OH
% NH, - 0 NH,
oxidation N
~N ~N
% %
<N ‘ N/) <N ‘ N/)
O:FT’*O o O:FT‘*O o
o o NADH
+
OH oH  NAD OH OH

Scheme 3 TMABA-DH catalysed oxidation of TMABA to GBB. TMABA-DH is a NAD" dependent
enzyme — structure of cofactor given below.

2.5.1 Tissue distribution and localization

In human tissues, the rate of TMABA dehydrogenation is highest in the liver, substantial in
kidney, but lower in the brain, heart and in muscles.*® TMABA-DH is localised in the cytosol. It
has been first isolated from bovine liver.®® Subsequently, TMABA-DH was purified from the rat
liver, and after identification of the gene encoding for TMABA-DH, it was produced in E. coli as
a MBP (maltose binding protein) fusion construct.®® Recently, also TMABA-DH homologues

from Pseudomonas sp. 13CM have been purified and characterised.”®"

2.5.2 Gene identification

The isolation and purification of rat liver TMABA-DH led to identification of the gene encoding
for TMABA-DH in rats. The rat cDNA encodes a polypeptide of 494 amino acid residues, with
calculated mass of 55 kDa.”* BLAST analyses identified human aldehyde dehydrogenase 9
(ALDH9, E.C. 1.2.1.19) as a close homologue to rat TMABA-DH, with 92% sequence identity.*®
Subsequently, ALDH9 was reported to convert TMABA to GBB. Further kinetic analyses
revealed similar parameters for rat TMABA-DH and human ALDH9, with high substrate
specificity towards TMABA. Therefore, ADLH9"*™ is the most likely candidate for TMABA-
DH in humans.
11
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2.6 y-Butyrobetaine hydroxylase (BBOX)

y-Butyrobetaine hydroxylase (BBOX, E.C. 1.14.11.1) catalyses the final step of carnitine

biosynthesis, i.e. stereoselective’™ conversion of y-butyrobetaine (GBB) to carnitine (Scheme 4).

(0]

|- BBOX | -
HO)J\/\/ N+ HO)J\/k/ N+

GBB 20G co, CAR
0, succinate

Scheme 4 BBOX catalysed hydroxylation of GBB to CAR.

2.6.1 Ildentification

1,222 which is a

In pioneering work, BBOX was partially purified from Pseudomonas sp. AK
bacterial strain capable of growing on GBB as a sole source of carbon and nitrogen.
Subsequently, BBOX was purified from rat” and calf liver’’, human kidney™ and Pseudomonas
cells. Recombinant human BBOX has been produced in E. coli” and baculovirus infected insect

cells.®

2.6.2 Tissue distribution and localisation

BBOX is localised in the cytosol as suggested by various reports.”®®# paul et al.®** have
reported BBOX activity to be present in peroxisomes, however those results could not be
reproduced and require further validation.”® In mammals, expression of the gene encoding for
BBOX is tissue specific. BBOX has been found in kidney, liver, brain and possibly in testis.*
Significant levels of BBOX activity can be found in kidney or liver, depending on species
studied; BBOX activity in humans is found mainly in the kidney, while in rat and mouse kidney
activity has not been detected, with the liver being the main site of carnitine production.®>® It
also appears that BBOX expression is developmentally regulated. Liver BBOX activity increases
until reaching adulthood in rat liver.!”® In humans, BBOX liver activity is lower at early stage of

development, however BBOX activity in the kidney is already present at birth.*

2.6.3 Gene identification

cDNA encoding for human BBOX comprises of an open reading frame (orf) of 1161 bp,” which
encodes for a polypeptide of 387 amino acids and mass 44.7 kDa. The BBOX1 gene is localised
on chromosome 11ql14-15. Furthermore, a cDNA encoding for rat liver and mouse small
intestinal enterocytes™ BBOX was identified and characterised.*” The transcription of the
BBOX1 gene has been studied in the main sites of carnitine production in humans, i.e. the
kidney, liver and brain. It has been shown that BBOX1 gene expression undergoes tissue specific
regulation and that this regulation can occur during transcription initiation and mRNA

maturation. Transcription initiation of the BBOX gene is regulated by 3 different promoters and
12
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results in mRNAs, which differ in their 5° UTR, while mRNA maturation can be regulated by
different polyadenylation mechanism, resulting in mMRNAs with variations in their 3' UTR
structure.®? Recently, it has also been shown that maturation of BBOX1 mRNAs in rat liver is
diet-dependent and affects carnitine levels in cells, i.e. high fat diet leads to different

polyadenylation patterns and increased carnitine levels in liver.*

2.6.4 BBOX biochemical and structural characterisation

2.6.4.1 2-Oxoglutarate dependent oxygenases family introduction

Non-haem/ Fe(ll) 2-oxoglutarate (20G) dependent oxygenases form a large superfamily of
enzymes, which in animals catalyse hydroxylations and N-demethylations (via N-CH;

%9 and are involved in a wide variety of biologically important processes,*

hydroxylation)
including posttranslational chromatin modifications (histone demethylases), oxygen sensing (HIF
hydroxylases), nucleic acid modifications or fatty acid metabolism. In plants and micro-
organisms the range of 20G oxygenase catalysed reactions is even broader and includes ring
expansions and closures or desaturations.” 20G oxygenases use 20G as a co-substrate and
couple its oxidative decarboxylation to two-electron oxidation of a substrate to give hydroxylated
product, succinate and carbon dioxide. Fe(ll) is an essential cofactor, which facilitates catalysis
via formation of Fe(IV)-oxo species (Fig. 3). Structurally 20G oxygenases contain a double-
stranded B-helix (DSBH, jelly roll) fold that supports highly conserved Fe(ll)-binding motif
(HXDIE. . .H)*%*" (Fig. 4). The carboxylate and oxo group of 20G chelates metal in a bidentate
manner and 20G C-5 carboxylate is bound inside the active site pocket, including by electrostatic

interactions.

R'

R' R
| o
O%O OYQ‘O \\\A 0 O%\o
l +RH, - H,0 0 1 \ © .
il i~ o/,

On .His y .wHis 01/ ||n wHis 0=c=0 | \His
“Fell /" Eell —_— / Fe . —_— R e d e
H20/ | ~his then+0, . | “His - O’/ | “His O//FT\HiS
Glu/Asp Glu/Asp Glu/Asp RH Glu/Asp
+ succinate, - H,0 R - -CO,
R
H,O O%\O O%\O e "
Hzo\ F(£" wHis - R'CO;, - ROH F\ I . His | His | Hi
) - e e - m w - WAIs
Ho " | “His  +H0 | ~His A0~ A
Glu/A ROH R+ HO” | "His Z | ““His
u/Asp Glu/Asp Glu/Asp RH O GhuiAsp

R' = CH,CH,CO,H } |

Figure 3 Proposed mechanism for hydroxylation, as catalysed by 20G oxygenases. Picture from Kershaw
etal.®
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Figure 4 General structural architecture of 20G oxygenases, as presented by two-dimensional topology of
20G oxygenases and on three dimensional structure of AlkB (PDB id: 3BIE). Figure from Aik et al.”

2.6.4.2 Homology

There is a high sequence similarity (26%)% between BBOX and TMLH® (Fig. 5). BBOX, like
TMLH belongs to the superfamily of 20G dependent oxygenases and requires 20G, Fe(ll) and

oxygen for catalysis.

HSBBOX : === e e e e e e e e e e e I ALDGAHLMQI| EEES 29

HsTMLH : MWYHRLSHLHSRLODLLKGGVIYPALPQPNFKSLLPLAVHWHHTAEKSLTC,WQQHEDH 71
%

HsBBOX : PAUTEEINGECS S, ;; 1 : 100

HSTMLH : DY URwHERSASGNSKTHOISIEDTASYS K 1 142

HsSBBOX : 0 PECONWGSIILSIRE SR8 FIoiD D ST GASDKPGEVS! TWGF : 171

HSTMLH : Q B0 -\OVPSVD eOS PTQEH! SL : 211
g ] * %

HsBBOX : QDKID; GKils V812 P)2GVQLISHC T Ko} 1 242

HSTMLH : I YEFTSDFSRGYT: ¥0'¢200)5 P&GIQVIFHCLKI:I: Y I : 282

HsSBBOX : KNNIFOAIYISRISTEUDET, —io FSJQSK DK -Gy VR 2D W pw : 311

HSTMLH : QKAIZOEIYNRRIE IGIG VR): p R : 353

% m]

HsBBOX : LM B ES SIS KMIPGV TR aDNWRLLHGRY GTEISH WWZUSRLESSIROR : 382

HsSTMLH : TLHITLTI 2B FOYK L PGV L DNWRVLHGR 2 F) {e Iy LTRS LO : 420

HsBBOX : VENGN 387

HsTMLH : A---- : 421

Figure 5 Sequence alignment of human BBOX (hBBOX gi|4502369) and human TMLH (hTMLH
0i|8922625). Fe(ll) ligating residues are indicated by green stars, Zn(Il) ligating residues are indicated by
yellow stars; the 20G C5 interacting arginine is indicated by a red star, ‘aromatic cage’ residues involved
in binding the MesN+- group of GBB are indicated by blue circles; GBB carboxylate interacting residues
are indicated by magenta pentagons. The figure is adapted from Leung et al.*
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2.6.5 Biochemical characterisation

BBOX isolated from rat liver, bovine liver and Pseudomonas sp AK1 as well as recombinant
human BBOX (purified from either Baculovirus infected insect cells or E. coli) was found to

237980 similarly to TMLH. Some early reports suggest that

exist in a solution as a homodimer,
human BBOX purified from kidney can exist as 3 isoforms.* BBOX catalysis depends on 2-
oxoglutarate (20G), Fe(Il) and oxygen — which is characteristic for enzyme belonging to the
20G dependent oxygenase superfamily. The oxygen dependence of BBOX was reported by
Lindstedt et al. for human kidney BBOX (K, for O, was 5.5% vol). The reported Ky, values for

GBB and 20G from different sources are summarised in Table 5.

Table 5 Kinetic parameters of BBOX from Pseudomonas sp AK1, rat liver and human.

Km [mMM]
BBOX source remarks
20G GBB
Pseudomonas sp AK1 ~ 0.018 - Ng et al.*®
Pseudomonas sp AK1 0.5 2.4 Lindstedt et al.**
- 101. T
Rat liver 0.05 0.029 Wehbie et al.”~; GBB substrate inhibition
observed over 0.2 mM
Rat liver 0.5 - Lindstedt et al.'%
Galland et al.”; substrate inhibition was observed
Rat liver 0.125 0.08 above 0.2 mM concentration of GBB and 1 mM
20G
Human kidne 0.10, 0.13, 0.11, Lindstedt et al.*®; Ky, values are given for 3
y 0.13,0.11 0.13 different BBOX isoforms idetified
. 78. . o) sgs
Human kidney 03 0.2 Lindstedt et al.”; GBB substrate inhibition

observed after 0.5 mM

Tars et al.””; BBOX expressed in E. coli; no GBB
- 0.0275 substrate inhibition observed (concentrations
measured were up to 0.3 mM)

Recombinant human
BBOX

BBOX activity was found to be stimulated by ascorbate and to a lesser extent by other reducing
agents.”®®#1% Thjs js in agreement with the previously observed ascorbate-dependent activation
reported for many other 20G dependent oxygenases. Moreover, the carnitine biosynthesis has

been shown to be dependent on ascorbate,"**

which is likely due to stimulation of activity of 20G
dependent oxygenases involved in carnitine biosynthesis, i.e. BBOX and TMLH. BBOX
catalysis has been also reported to be stimulated by the presence of catalase.'®'% Catalase
catalyses decomposition of hydrogen peroxide to give water and oxygen. Stimulation of 20G
dependent oxygenases by catalase has been known and is attributed to its protective properties
against reactive oxygen species, which might be generated either enzymatically or non-
enzymatically in the enzyme active site. A similar effect on BBOX activity was observed with

glutathione peroxidase.'”’
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The inhibition of BBOX and its role in disease is further discussed in the introduction to Chapter
5 — Inhibition of BBOX.

2.6.6 Structural characterisation

Recently, crystal structures of human BBOX in the absence (PDB id: 3N6W)" and the presence
of metal and substrate analogues (PDB id: 302G, 3MS5)® have been solved. The BBOX
substrate structure was obtained as complex with Zn(ll) (an Fe(ll) surrogate), NOG (N-
oxalylglycine, a close structural mimic of 20G, which does not undergo decarboxylation) and
GBB at a resolution of 1.82 A (PDB id: 302G).® The structure revealed a homodimer, which is
in agreement with previous in solution analyses. Each of the monomers comprised of N- and C-
terminal domains linked by a-helix. The dimerisation occurred via N-terminal domain, which is
unprecedented for 20G dependent oxygenases. The C-terminal domain has a DSBH fold, which
is characteristic for 20G dependent oxygenases. The N-terminal domain contains contained
unexpected zinc binding site, where Zn(Il) was chelated by 3Cys-1His binding motif (Cys38,
Cys40, Cys 43 and His 82). The active site metal is coordinated by three ligands: His202, Asp204

and His347 — a motif characteristic to most 20G dependent oxygenases.'®

NOG is binding active
site metal in a bidentate manner by one on the oxygens from C-1 carboxylate and the carbonyl
oxygen. The C-5 carboxylate of NOG interacts with Arg360 as observed for other 20G
oxygenases. GBB is binding next to the metal, such that pro-R C-H bond at C-3 projects towards

metal (in agreement with the R-stereochemistry of hydroxylation product — carnitine).

A C-terminal domain B P o
, . 2 Active site ] ""f}" \ ASTZQZ
_ p14"V-B19" insert A'\ '\I w
e~ A
; il | ] S \
> I} cee= O T
) L5 o= J zf:q:~~ Asp204 y
»\ H\\’\ N e X o
' /
7 BB[THP :
" \ \’ ! Gln21$l * ! Mnm
) r X;gaeo o
y\r_ N\ N
\F Tyr194

Trp181° Tyr177

Figure 6 Views from a crystal structure of human BBOX in complex with Zn(Il), GBB and NOG. A — The
general fold of BBOX reveals a homodimer. Each of the monomers contains C-terminal domain with
DSBH fold, containing active site and N-terminal zinc binding domain. B — View from active site of
hBBOX with key residues responsible for metal and substrate binding. Figure adapted from Leung et al.*

16



Chapter 1 Introduction

3 Physiological role of carnitine
3.1 Role of carnitine in fatty acid metabolism

In animals fatty acids play an essential role as a primary energy source in many tissues, including
in heart and skeletal muscles. Fat obtained from the diet is stored in the form of triglycerides,
which can be hydrolysed to free fatty acids when needed to use as an energy source. Fatty acids
are metabolized by the B-oxidation process in mitochondria. Carnitine is responsible for the
transport of fatty acids through mitochondrial membrane.”'***° The fatty acids, activated as acyl-
CoA esters, undergo trans-esterification catalysed by carnitine palmitoyl transferase | (CPT 1) to
form O-acylated carnitine derivative.""**? The O-acylated carnitine is further transported through
inner mitochondrial membrane by carnitine-acylcarnitine translocase (CACT)."***** Inside the
mitochondrial matrix acyl-carinitine is a substrate for carnitine palmitoyl transferase Il (CPT I1),
which catalyses hydrolysis of the acyl-carnitine esters with subsequent release of fatty acids and
free carnitine."® The free carnitine can then be transported into the cytosol by the action of
CACT and acyl-CoA enters B-oxidation." Carnitine present in mitochondria can be also
converted to short and medium chain length (C1-4) acyl-carnitines, through the action of
carnitine acetyltransferase (CAT).**™® Pproducts of CAT can then be transported into

mitochondrial intermembrane space and cytosol via CACT.

CoASH

Acetylcarnitine @

Carnitine

B-oxidation
(u ASH
Long-chain Acyl-CoA

Acetylcarnitine

ha

Acetyl-CoA

Carnitine -=

Long-chain
Acyl-CoA

CoASH

Long-chain
Acylcarnitine

Long-chain
Acylcarnitine

Mitochondrial
Matrix

Figure 7 Enzymology of the carnitine-mediated transport of long-chain fatty acids into mitochondria. CPT
I — carnitine palmitoyl transferase | — an enzyme located on the outer mitochondrial membrane, which
catalyses the trans-esterification of acyl-CoA to give O-acyl carnitine esters. CACT - carnitine-
acylcarnitine translocase is localized on the inner mitochondrial membrane and acts as a shuttle between
mitochondrial matrix and intermambrane mitochondrial space for acyl-carnitine, carnitine and acetyl-
carnitine. CPT Il — carnitine palmitoyl transferase Il is present in the mitochondrial matrix and is
responsible for trans-esterification of acyl-carnitine to give acyl-CoA, which can enter the p-oxidation
pathway. CAT — carnitine acetyl transferase is an mitochondrial enzyme with the ability to convert
intramitochondrial carnitine to short and medium chain length (1-4 carbons) acyl-carnitines. Picture from

Vaz et al.™™®
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3.2  Modulating of acyl CoA-CoA ratio

Carnitine can be reversibly acylated with acyl groups derived from acyl-CoA pool. It has been
shown that carnitine can act as a ‘reservoir’ of activated acyl units and modulate the ration of
acetyl-CoA/ CoA.™¥*? In mitochondria free CoA plays various functions, including participation
in the TCA cycle and in fatty acid p-oxidation, therefore decrease in free CoA levels can limit
mitochondrial capacity for energy production (in particular, a high acyl-CoA/CoA ratio leads to
inhibition of pyruvate dehydrogenase).'?2** Carnitine induced decrease in acyl-CoA/ CoA ratio
has been shown to activate pyruvate dehydrogenase and subsequently improve glucose

metabolism in patients with diabetes.***

3.3 Metabolism of acyl groups

The O-acylation of carnitine is not limited to the acetyl group metabolism modulation.”**?* The
presence of the certain carnitine esters in blood of patients with metabolic disorders can be
indicative of the disease and serve as a diagnostic tool.”®*® In addition to inborn metabolic

131 As an

defects, carnitine homeostasis can be perturbed by several xenobiotics, e.g. drugs.
example can serve pivalic acid which is often used to modify drugs to improve their absorption.
However, metabolism of pivalic acid leads to formation of stable pivalic acid — CoA ester, which
cannot be further oxidised. Formation of a non-metabolizable acyl-CoA adduct is a typical step in
the biotransformation of pivaloyl antibiotics.****** The non-metabolizable pivaloyl esters can be
transferred into carnitine and then transported out of the tissue and excreted with urine. It is
proposed that analogous mechanism leads to a decrease in carnitine levels in the long term

therapy with the anti-convulsant drug sodium valproate.*****

3.4 Role of carnitine in peroxisomal fatty acid oxidation

Peroxisomal fatty acid oxidation is responsible for interconversion of long-chain and branched
chain fatty acids into their chain-shortened forms with incomplete f-oxidation. Peroxisomes have
been shown to oxidise long-chain fatty acids in a carnitine — dependent mechanism."**'** The
medium-chain acyl-CoA products of peroxisomal oxidation have to be transported into
mitochondria, where they can undergo complete oxidation. It has been demonstrated that
carnitine (in the form of acyl-carnitine esters) plays a role in the transport of fatty acids between

mitochondria and peroxisomes.*****
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4  Research outline

The research presented in this thesis focuses broadly on the last enzyme of the carnitine
biosynthesis pathway — y-butyrobetaine hydroxylase (BBOX). Work described in this thesis was
aimed at:

o Developing analytical tools to enable measurements of BBOX activity in vitro. Chapter 2
describes development of two new assays employing fluorinated GBB analogues, which
allow observation of BBOX activity both with isolated protein and in cell lysates.

e Broadening the scope of *F NMR based methodologies in protein-ligand interaction
studies. Chapter 3 presents how fluorinated proteins (as opposed to fluorinated ligands) can
be used for monitoring protein ligand — interactions on the example of New Delhi Metallo-f3-
lactamase | and the series of identified inhibitors.

e Investigating the potential of BBOX as a tool for biocatalysis. Chapter 4 describes
identification of novel cyclic substrate for BBOX, which upon hydroxylation undergoes
dessymetrisation with subsequent formation of up to three new stereocentres.

¢ ldentification of small molecule scaffolds for use as BBOX inhibitors. Chapter 5 focuses
on medium throughput screening of small molecules libraries and identification of lead
inhibitor compounds and their evaluation for activity in cells.

e Comparison of properties of BBOX from human and bacteria. Chapter 6 presents a
work on BBOX from Pseudomonas sp. AK1. The kinetic properties and substrate specificity
of both human and bacterial BBOX are compared.
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Chapter 2

Development of assays for BBOX activity in vitro

Abstract

Chapter 2 describes the development of assays to measure BBOX activity in vitro and in crude cell
lysates. An analogue of GBB fluorinated at C-3 (GBBF) was synthesised and determined to be a
good substrate for BBOX. GBBF was found to be oxidised by BBOX with subsequent release of
fluoride ions, which could then be quantified using a fluorescein based probe. The assay was
optimised to high throughput format for use in inhibitor discovery (as described in Chapter 5). The
second part of Chapter 2 describes the synthesis of fluoromethylated intermediates of carnitine
biosynthesis — fluoromethyl GBB (GBBNF) and fluoromethyl TML (TMLNF). GBBNF was
evaluated as a substrate for BBOX and its utility was exemplified by BBOX activity assays with

purified enzyme and in crude bacterial cell lysates as followed by **F NMR.
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1 Introduction

1.1  Assays for 20G dependent oxygenases

20G dependent oxygenases catalyse a wide range of reactions, some of high biological significance'
(as discussed in Chapter 1). Therefore a range of assays to measure 20G dependent oxygenases
activity have been developed.? These assays can be broadly divided into those measuring co-
substrate (20G, oxygen)/co-product (succinate, CO,) consumption/production and those where
measurement of oxidised product formation or substrate consumption is measured. The first
approach is general for all 20G dependent oxygenases as it relies on the conserved role of 20G and
oxygen as substrates and succinate and CO, as co-products of 20G dependent oxygenase catalysis.’
The most common assays are based on detection of [**C]-labelled CO, or succinate®’; however other
detection techniques have also been employed, including LC-MS,® spectroscopic®™ or
electrochemical assays.lz'13 In most cases, direct product detection is used, but indirect methods,
such as succinate detection by enzyme-coupled assays were also developed.*** The main drawback
of 20G decarboxylation assays is in the assumption of a direct correlation between 20G
decarboxylation and substrate oxidation. This can be a major problem, as it has been shown that
20G dependent oxygenases can catalyse 20G decarboxylation independent of substrate
hydroxylation (uncoupled turnover).’*** In some cases, this reaches significantly high values, e.g.
when poor substrate is used.*® Assays specific for particular 20G dependent oxygenases detect
substrate hydroxylation or other type of oxidation. In the case of histone demethylases,
formaldehyde, which is a product formed after N-CH; hydroxylation followed by elimination, can be
detected using a formaldehyde dehydrogenase coupled assay.*® Other assays for oxidised product
detection employ MS*? NMR™ or antibody based methods which rely on

fluorescence®®/luminescence?’ detection.

1.2 Assays for y-butyrobataine hydroxylase activity

As discussed in section 1.1, BBOX activity can be assayed using methods that are generic for 20G
dependent oxygenases, e.g. employing [**C]-labeled 20G.?** Since carnitine is a widely studied
metabolite, several methods for determination of its concentration in body fluids/tissue preparation
exist.*® Apart from detection of radiolabelled carnitine, methods using carnitine acetyl transferase
coupled with [*C]-acetyl-CoA are used.** One of the most convenient methods employs tandem
mass spectrometry, which has been extensively used to determine carnitine concentrations in
biological fluids.**** Activity of BBOX is usually measured using labelled GBB.*® As an alternative,
the activity of BBOX can be determined using a two-step procedure, where carnitine from non-

labelled GBB is measured employing a radioisotopic assay.>”*® Recently, NMR has also been used
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to determine BBOX activity.*® However, these techniques are often not high throughput (and
therefore not suitable for setting up a large inhibitor screening platform), require difficult to access
or expensive reagents (e.g. radiolabelled substrates), can suffer from background interference (e.g.
'"H NMR assays are usually difficult to use in cell lysates) or have to account for the possible
interference of the tested inhibitor with other assay components (this is especially important in the
case of coupled enzymatic assays). Therefore, the development of a BBOX assay that overcomes

these issues was undertaken.

1.3  Literature precedents on fluorinated substrates of 20G dependent oxygenases

Fluorinated substrate analogues have previously been used as probes to determine enzymatic
activity,”® and as mechanistic probes.** There are a few examples of the use fluorinated substrate
analogues to study 20G dependent oxygenases. Isopenicillin N synthase is a 20G dependent
oxygenase which catalyses the formation of bicyclic isopenicillin N from J-(L-a-aminoadipoyl)-L-
cysteinyl-D-valine (ACV), and is reported to eliminate hydrogen fluoride from a fluorinated ACV
analogue (Scheme 1). The reaction is proposed to occur through a novel catalytic mechanism, where
the enzyme acts as a Lewis acid (though a radical mechanism is also possible).*

Previous studies on the hypoxia-inducible factor prolyl hydroxylase domain containing enzyme 2
(PHD2)* and a collagen prolyl 4-hydroxylase (P4H)* have reported that these oxygenases can
accept substrate analogues that are fluorinated on the same carbon as that undergoing hydroxylation.
For both P4AH and PHD2, it was shown that peptides containing (4S)-4-fluoroproline are
hydroxylated to yield peptidyl-4-oxoproline concomitant with the release of a fluoride ion (Scheme
2).

SH  CO,H PNS CoH
4o / i

H (e}
HZNMN/"&NH/ H{ 206G co, HszN/,_ﬁNH %L
CO,H 0 O, succinate COLH o s :

SH ~ COH H  COH

Scheme 1 IPNS catalyse elimination of hydrogen fluoride from a fluorinated analogue of natural substrate

ACV.
OH
N N
oy oy
o P4H/PHD2 o)
F / V F, OH o]
20G Succinate 3
O, CO,
N N N
L ; G i o, H
o o + p O

Scheme 2 P4H and PHD?2 catalyse the hydroxylation of peptidyl-(4S)-4-fluoroproline to give peptidyl-4-
ketoproline with the concomitant release of a fluoride ion.
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2 Development of a fluoride release assay for BBOX

2.1  Fluoride detection

2.1.1 The choice of the probe

As described before, similarly to other 20G dependent oxygenases like PHD2 or P4H, BBOX can
catalyse turnover of a fluorinated substrate analogue (GBBF) with subsequent fluoride ion release.
To establish a functional assay an appropriate detection method for fluoride ions has to be chosen.
Detection of fluoride has, to date, attracted considerable attention, as fluoride is a common additive
in toothpaste and drinking water. There are several detection methods described in the literature,
including potentiometry, **F NMR and the use of chromogenic probes. Use of chromogenic or
fluorogenic probes presents easy to use and low cost methods of analysis.” Therefore, for these
studies fluorescein based probe (1) was chosen (Fig. 1). The TBS-protected spirolactone form of the
probe is non-fluorescent, however fluoride mediated desilylation yields an open-ring native
fluorescein and the rise of the fluorescence signal can be easily followed. The probe was previously
used to assign fluoride concentrations in toothpaste samples and was shown to have high sensitivity,
satisfactory tolerance to water content (up to 30%) and works well at pH 7.0, which would be
convenient for enzymatic assays. Initial tests of probe (1) on aqueous fluoride ion solutions
demonstrated that the fluorescence signal is proportional to the fluoride ion content in the solution
(Fig. 1).

TBSO l O l OTBS
—_—
O i
(0]

TBS-fluorescein (1)

Scheme 3 Cleavage of TBS-fluorescein probe (1) by fluoride ions.
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-1.00E+06
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Figure 1 Fluorescence signal is directly proportional to the fluoride concentration in the solution.
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2.1.2 Optimisation of fluoride detection

Conditions of fluoride detection by the TBS-fluorescein probe (1) were optimised for best
performance in the assay. The standard assay consisted of an aqueous solution containing fluoride
ions, which was incubated with a constant amount of probe in an organic solvent. After a fixed
incubation time, a reaction was quenched by addition of HEPES buffer pH 7.0 (reading buffer), prior
to fluorescence readout. Normalized fluorescence signal was calculated by subtracting the
fluorescence signal for a control solution (which did not contain fluoride ions) from produced
fluorescence signal.

Firstly, the type of aqueous solution containing fluoride ions was investigated. Detection of fluoride
ions in water or Tris-HCI buffer (50 mM, pH 7.0) was performed. Tris-HCI buffer was chosen as
this buffer was suitable for BBOX assays. The fluorescence background levels (solution with no
fluoride ion added) were found to be similar in water or Tris, suggesting that the buffer has little
influence on fluoride detection. In the buffered solution, the curve is steeper than in water alone and
saturates at lower fluoride concentrations; increased sensitivity of the probe with 0-20 uM of
fluoride is observed in Tris buffer (Fig. 2). Reaction of fluoride with the probe is carried out in an
organic solvent-water mixture.

Several organic solvents were tested as a media to initially dissolve the probe (Fig. 3). The best
results were obtained with DMSO, which gave highest fluorescence signal and less non-specific
probe decomposition (measured in a sample which did not contain fluoride ions and denoted as a
background signal). The ratio of aqueous solution containing fluoride ions to DMSO solution of a
probe was next determined. Generally, higher amounts of DMSO gave better results, however 70%
of DMSO still gave satisfactory results and mixtures containing >70% can be used in assays (Fig. 4).

7.00E+06
6.00E+06

5 5.00E+06

e

by
o
=]
m
=]
&

3.00E+06 - *+—water
TRIS

Fluorescence [A

2.00E+06 -

1.00E+06 -

0.00E+00 et . : : . :
0 20 40 60 80 100 120

fluoride concentration [nM]

Figure 2 Dependence of the fluorescence signal on fluoride concentration, when fluoride ions were in water or
50 mM Tris buffer.
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Figure 3 Dependence of fluorescence signal on the type of organic solvent used for incubations with TBS-
fluorescein probe (blue). Red bars represent non specific TBS-fluorescein probe deprotection, when no
fluoride ions are present in the solution.
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Figure 4 Dependence of the fluorescence signal on the amount of DMSO in the incubation mixture.

The incubation time of fluoride ions with the probe was investigated: longer incubation times gave
better results. However, incubation for too long led to an increase in the background signal,
originating from unspecific decomposition of the probe (Fig. 5). 50 mM HEPES pH 7.0 was chosen
as the reading buffer because of the low background signal obtained and a good signal/noise ratio
(Fig. 6). The amount of reading buffer does not seem to affect fluorescence signal (Fig. 7). Also,
increasing the temperature of the incubation from room temperature (25°C) to 37°C did not
significantly affect the efficiency of the deprotection reaction (Fig. 8).
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Figure 5 Dependence of fluorescence signal on incubation time.
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Figure 6 Dependence of fluorescence signal of fluoride containing sample (left) and sample without fluoride
(right) on the type and concentration of reading buffer used.
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Figure 7 Dependence of fluorescence signal on the amount of reading buffer (HEPES 50 mM pH 7.0) added.

2500000 +

2000000 -

1500000 -

1000000 -

Fluorescence [A. U.]

500000 -

Fluoride ion concentration [uM]

Figure 8 Dependence of fluorescence signal on fluoride ion concentrations for 25°C and 37°C incubations.
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2.2 Synthesis of fluorinated BBOX substrates

2.2.1 Substrate design

Based on previous work on PHD2 and P4H, fluorinated BBOX substrate which might undergo
BBOX catalysed fluoride release was determined to be (3S)-fluoro-GBB (GBBF, (2)) (Scheme 4).
During the BBOX catalytic cycle, the pro-(R) hydrogen is abstracted therefore the (3S)-fluoro-GBB
should be a preferential substrate over the (3R)-fluoro-GBB (R-GBBF, (3)).

GBBF (2) R-GBBF (3)

Scheme 4 Structure of fluorinated GBB analogues.

2.2.2  Synthetic approaches towards 3-fluoro carboxylic acid synthesis

The synthesis of B-fluorinated acid derivatives by direct fluorodehydroxylation can be challenging
because fluoride is a relatively strong base that induces elimination to give a,B-unsaturated
compounds. Several routes based on 3-hydroxy-4-aminobutyric acid derivatives were investigated.
Direct fluorodehydroxylation of suitably protected precursors resulted in either no fluorination
product being formed or loss of fluoride during deprotection. These attempts are summarised in
Scheme 5. Fluorination of carnitine ester (5) with diethylaminosulphur trifluoride (DAST) led to the
formation of the elimination product only (Scheme 5A). When the N-Cbz protected ester of 4-
aminobutyric acid (9) was used the desired fluorinated product (10) was obtained; however only a
small amount of the desired product could be detected (Scheme 5B). Treatment of the doubly N-Cbz
protected 4-aminobutyric acid derivative (12) with DAST gave the cyclised oxazolidinone product
(13) (Scheme 5C). Reaction of N-phthaloyl derivative (15) gave the desired fluorinated product
(16a) in a satisfactory yield, however the product of elimination (16b) could also be observed
(Scheme 5D). However, attempted deprotection of (16a) resulted in the loss of the fluoride. The

results for the attempted fluorination reactions of various derivatives are summarised in Table 1.
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Table 1 Fluorodehydroxylation of 3-hydroxy-y-aminobutyric acid derivatives.

Isolated yield %

DAST HF/pyr.

subst. X
(eq.) (e9.)  fluorination  elimination SEMG,
material
10
1 2 22
(15) 8 50 (E only)
(15) 0 8 0 0 quant.
36
1 2 4
(15) 0 6 (E:Z=1:1) 0
9) 2 8 2 - R
(12) 2 8 0 0 0
quant.
5 2 8 0 0
©) (E only)
A O OH o)
| i O OH | i |-
HOJ\/K/ NS \)\OJ\/K/ N \)\0)1\/\/“\
4) (3) (6)
B
Q  OH i Q OH i O OH ii o F
HOJ\/K/NH2 — NH, ——> \O)J\/K/NHCbz—’\O NHCbz
(7 (8) 9) (10)
C o
o OH i o oTtBS i o oS il o oA
\O)J\/K/NHCbZ \O)J\/K/NHCbZ \OJJ\/K/NCbZZ \O)J\/k/NCbZ
9) (11) (12) (13)
D o on o) . o)
i O OH i O OH i
HO)J\/K/NHZ HOJJ\/K/N \O)J\/K/N
) 18 Y 15 0o
o) o)
o F }? > o}
\O/U\)\/N * \O)J\/\/N
(16a) 0 (16b)y O

Scheme 5 Conditions: (A) i. 2-butanol, HCI, reflux; ii. (Diethylamino)sulphur trifluoride (DAST),
HF/pyridine; (B) i. MeOH, reflux, HCI; ii. Benzyl chloroformate (CbzCl), NaHCO3, H,O, EtOAc; iii. DAST,
HF/pyridine; (C) i. tert-Butyldimethylsilyl trifluoromethanesulphonate, pyridine; ii. CbzCl, LHDMS, THF,
HMPA. iii. DAST, HF/pyridine; (D) i Phthalic anhydride, toluene, Dean-Stark conditions; ii. MeOH, HCI, iii.
DAST, HF/pyridine.
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In addition to the persisting problem of HF elimination to the corresponding o,B-unsaturated
carboxylic acid derivative, the approaches described above would not allow for stereoselective
introduction of fluoride. A single enantiomer of GBBF is required for enzymatic assays, as the
potential inhibitory properties of R-GBBF could complicate data analysis. Therefore a route where
fluoride is introduced prior to the carboxylic acid was investigated (Scheme 6). Starting from (R)
and (S)-phenylalanine, (3S)-fluoro-GBB (2) and (3R)-fluoro-GBB (3) were prepared. In this
synthetic route, ring opening of an aziridinium ion intermediate by a fluoride ion to give
regioisomers (20) and (20') was utilised.*® A carboxylic acid functionality was introduced at a late
stage of the synthetic route by ruthenium mediated oxidative degradation of the phenyl ring. The
final products GBBF and R-GBBF were obtained by exhaustive N-methylation of amino acids (24a)
and (24b) respectively. Final transformation quantitatively yielded the desired products, as judged
by 'H NMR spectroscopy, which were desalted by HPLC.

Ry R
o R1__R2 o o 12 oBn i Ri R, i Ri Ry Ri R
N N P M _on T e MNUF o+ en X nen,
o O
(17a): Ry=NH,, Rp,=H (18a): R1=NBnjy, Ry=H (19a): R;=NBnj, Ry=H (20a"): R=NBny, R;=H  (20a): R=H, Ry=F
(17b): Ry=H, Ry=NH, (18b): R4=H, R,=NBn, (19b): R4=H, R,=NBn, (20b°): Ry=H, Rp=NBn,  (20b): R4=F, Ry=H
l iv
Ri Ry
O RiR, | vii QO Ry R, vii O RyR, vi Ri R v s
N —— 2 - 2 - s «~— Ph NH,
HOJK)\/NK HOJK/\/NHZ HO NBoc, Ph\)\/NBocz \)\/
(2): R4=H, Ry=F (24a): R4=H, R,=F (23a): R4=H, R,=F (22a): R4=H, R,=F (21a): Ry=H, R,=F
(3): R4=F, Ry=H (24b): R4=F, Ry=H (23b): R{=F, Ry=H (22b): R4=F, Ry=H (21b): Ry=F, Ry=H

Scheme 6 Synthesis of (3S)-3-fluoro-GBB (GBBF, (2)) and (3R)-3-fluoro-GBB (R-GBBF, (3)). Reagents and
conditions: i. BnBr, K,COs;, EtOH, H,0, 62%; ii. LiAlH,, THF, 76%; iii. Deoxo-Fluor™, CH,Cl,, 46%; iv. H,,
Pd(C), MeOH, 84%; v. Boc,0O, DMAP, MeCN, 88%; vi. RuCl;, NalO,, CCl,/MeCN/H,0, 52%; vii. CH,ClI,,
HCI, 54%; viii. CHsl, K,CO3, MeOH, 11%.
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2.3 Evaluation of GBBF as a BBOX substrate

GBBF was evaluated by *H NMR for BBOX catalysed oxidation and was found to be a substrate
(Fig. 9). 'H NMR studies revealed the formation of 3-keto-4-(trimethylammonio)butanoate (25) with
subsequent decarboxylation leading to N,N,N-trimethylamino acetone (26) (Fig. 9). “F-NMR
analyses revealed that the only detectable fluorine containing species formed in reaction of (S)-
GBBF with BBOX are fluoride ions (Fig. 9B). This observation is consistent with previous studies
in which BBOX was shown to catalyse the hydroxylation of (S)-carnitine, an analogue of (S)-GBBF,

to give 3-keto-4-(trimethylammonio)butanoate (25) and water.*
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Figure 9 BBOX catalysed oxidation of GBBF as observed by 'H (A) and °F (B) NMR. 'H (blue) and **C
(red) assignments of GBBF oxidation products (C).

In contrast, (R)-GBBF was found to be a poor BBOX substrate (<5% conversion after 3 hours under
standard assay conditions, as monitored by *H and *°F NMR). Products of the reaction of (R)-GBBF
were observed to be the same as for the reaction of its enantiomer, as judged by ‘H and “°F NMR
analyses. The observation that GBBF (2) is a BBOX substrate is consistent with crystallographic
studies revealing that the pro-(R) C-H bond of GBB is directed towards the iron centre which is
responsible for hydroxylation to give (R)-carnitine.*® Assuming this reaction proceeds via C-H bond
oxidation, the observation that R-GBBF (3) is a substrate (albeit a poor one) implies that R-GBBF
(3) can adopt catalytically productive arrangements other than those observed in the reported

BBOX-GBB complex crystal structure.*
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2.4 Use of fluoride release assay

{ |
/| incubate {
|

—» READ

run reaction add probe add reading buffer
Scheme 7 Flow chart of fluoride release assay.

As discussed before, the fluoride release assay (Scheme 7) can be used to follow BBOX catalysed
GBBF oxidation and to obtain kinetic parameters. The Ky values obtained for 20G and GBBF (2)
were 0.3 mM and 28 uM respectively (Table 2), which are comparable to the values obtained by
NMR using GBB under similar conditions (Fig. 10).*

Table 2 Kinetic parameters of BBOX catalysed GBBF oxidation and 20G turnover as observed by fluoride
release assay and "H NMR.

Fluoride release assay NMR assay
Kw [UM]  Vinax [UM/s] Keat [1/5] Ku [HM] Vi [UM/S] Koy [1/5]
20G 470 0.055 0.55 150 0.039 0.39
GBBF (2) 83 0.062 0.62 12 0.010 0.10

0.046 0.042
_0.0s8 _ 0.034F
4 L C
s 003 S 002F
= 0.022 = -
= L 0.018f
s  0.014 c a
0.006 0.01;
-0.002 0002 4+ 1+ 4+ v 4 141y
0 120 0 1200
GBBF concentration [uM] 20G concentration [uM]

Figure 10 Curve fit for kinetic parameters of BBOX catalysed GBBF oxidation measured with fluoride release
assay. Data fitted with Michaelis-Menten model.

Previous kinetic studies have shown that the activity of human BBOX is stimulated by potassium
ions and reducing agents.*® The results obtained with the fluoride release assay reveal that human
BBOX has the same requirements when GBBF is used; potassium ions and reducing agents such as
ascorbate increase activity (Fig. 11). Thus, high-throughput and quantitative determination of

enzyme kinetics for BBOX appear feasible with the fluorinated substrate analogues.
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Figure 11 Effects of ascorbate, KCI and Fe(ll) on BBOX activity as measured by fluoride release assay. (A)
Ascorbate stimulates (S)-GBBF turnover (Ky = 18.5 uM); (B) KCI stimulates BBOX activity (Ky = 35.5 uM);
(C) Fe(ll) dependence (Ky, = 0.68 uM).

The next step was to investigate the applicability of the assay to inhibitor screening. Therefore, 1Cs
values for potential inhibitors of BBOX were determined. By monitoring the change in fluorescence
intensity at different inhibitor concentrations, sigmoidal curves for inhibition were observed.
Initially, BBOX inhibition by 3-(2,2,2-trimethylhydrazine)propionate ((THP)*, which is marketed
as cardioprotective drug targeted at BBOX) and N-oxalylglycine (NOG, which is a generic 20G
oxygenase inhibitor) was evaluated. 1Cs, values of 30 uM and 315 uM for THP and NOG
respectively were obtained using the fluoride release assay and were consistent with the values
obtained previously by NMR using recombinant human BBOX.* Aromatic inhibitors such as
pyridine 2,4-dicarboxylate (2,4-PDCA) and a bicyclic isoquinolinyl inhibitor (BIQ)>*°, which is
being investigated as an inhibitor of human prolyl-4-hydroxylases, were then tested. Using the
fluoride release assay, it was found that they are also inhibitors for BBOX, with ICs, values of 100

uM and 14 pM, respectively (Fig. 12).
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Table 3 Inhibition of BBOX as measured by fluoride release and *H NMR assays

ICs fluoride ICs0 NMR
Name Structure assay [LM] assay [LM]
OH O
OH
BIQ T H/\lor 18 22
Cl
o , ©
NOG HO)J\H/N\)J\OH 390 124
o]
Oy OH
2,4- X
PDCA | 1 on 82 )
N
o]
o |
THP HoAe NS 65 34
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A | B 120 -
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2z 90 e f L) 2 80 %3 §
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Figure 12 BBOX inhibition by BIQ, 2,4-PDCA, THP and NOG. Data fitted with 4-parameter logistic model
(dose-response).
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2.5 Application of the fluoride release assay for other enzymes

Use of the fluoride release assay was investigated for PHD2, which, as mentioned previously, was
reported to accept a fluorinated peptide analogue as a substrate to yield the 4-oxoprolyl product
(Scheme 2)*. The reaction of PHD2 with an appropriate peptide substrate bearing a cis-4-
fluoroprolyl residue at the canonical hydroxylation site was carried out. The amount of fluoride
released could be quantified by using the chemical probe (Fig. 13). Therefore, the utility of the
fluorescence-based fluoride detection assay was demonstrated for 20G-dependent oxygenases other
than BBOX, accepting oligomeric substrates, and presents an alternative for available PHD2

screening platforms.

25

20 -

sl
=
e

Fluoride concentration [uM]

-

0 5 10 15 20 25
time [min]

Figure 13 Fluoride is released when 4-fluoro Pro CODD peptide (F-CODD) is reacted with human PHD2*".
The reaction mixture contained: 4 uM PHD2, 50 uM Fe (11), 200 uM F-CODD, 300 puM 20G, 500 uM
ascorbate, 50 mM Tris pH=7.5. The sequence of F-CODD is DLDLEMLAXYIPMDDDFQL where X is a 4-
fluorinated prolyl residue.
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3 Fluoromethylated intermediates of carnitine biosynthesis

Organofluorine compounds are widely used in chemistry and chemical biology. Their applications
include the modification of physicochemical and conformational properties of small molecules, and
uses in radiomedicine® as tracers or labels for NMR studies.®*>* **F NMR is emerging as a valuable
tool for studying biochemical processes in vitro and in vivo.>* The principle advantage of **F NMR is
the absence of endogenous fluorinated species in most living organisms eliminates the problem of
background interference and signal overlap. However, the use of F NMR is often limited by the
availability of appropriately labelled fluorinated compounds. In this section, synthesis and
evaluation of fluorinated intermediates of carnitine biosynthesis, in particular GBB, are discussed.

3.1  Synthesis of monofluoromethylated GBB and TML

Various approaches to the incorporation of fluorine into small molecules are available, however
reagents for electrophilic monofluoromethylation are limited.> Prakash et al. reported an air and
moisture stable electrophilic fluoromethylation reagent (27) (Fig. 14) that reacts under mild

conditions® with various nucleophiles, including amines.*®**’

o8

Figure 14 Structure of fluoromethylating reagent (27).

Reagent (27) was used in the preparation of fluoromethylated GBB (GBBNF, (29)) and
trimethyllysine (TMLNF, (31)), starting from appropriately protected N,N-dimethylated precursors,

as shown in Scheme 8.

1. (27), Cs,CO; o

0 | |
MeCN, 60°C -

2. LiOH
THF/H,0
(28) (29) GBBNF
j\/\/\/| 1.(27), Cs,CO;4 0 |
N i J\/\/\/ <
HO™ ™ N MeCN, 60°C HO™ N_F
NHBoc 2. LiOH NH,
THF/H,0
(30) 3. HOUELO (31) TMLNF

Scheme 8 Preparation of N-CH,F derivatives of GBB and TML.
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3.2 Evaluation of GBBNF as a BBOX substrate

The fluoromethylated GBB analogue (GBBNF, (29)) was evaluated using NMR in reaction with
purified recombinant human BBOX (hBBOX) in vitro. GBBNF (29) was found to be an hBBOX
substrate, as demonstrated by *H NMR analyses (Fig. 15), undergoing hydroxylation at the C3

position to give a fluoromethylated carnitine analogue (32).
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Figure 15 Assignments of BBOX catalysed GBBNF (27) hydroxylation. A — *H (blue), *°F (green) and *C
(red). B — 'H NMR spectra of GBBNF (27) and enzymatic reaction mixture. C — *H-"*C HSQC spectra of
GBBNF (27) and enzymatic reaction mixture.
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The kinetic parameters reported in this section were obtained using ‘H NMR. Comparison of the
initial rates of hydroxylation of GBB, GBBNF (29) and GBBF (2) by BBOX revealed that GBBNF
(29) is a better substrate than GBBF (2) (Table 4, Fig. 16). The initial hydroxylation rate of GBBNF
(29) is ~65% of the initial hydroxylation rate of GBB, while GBBF (2) is hydroxylated at ~20% of
the initial rate of GBB. The Ky and kg values also reveal that the properties of GBBNF (29) as a
substrate are closer to those of GBB than GBBF (2) (Table 4).

Levels of ‘uncoupled’ 20G turnover for GBB and its fluorinated analogues were examined by
comparing the rates of succinate formation with the rate of hydroxylation. The results showed
GBBNF (29) to be similar to GBB (ratio of succinate formation to hydroxylation 1.1 for GBB vs 1.3
for GBBNF), whereas with GBBF (2), the ratio of uncoupled/coupled turnover was around two
(Table 4). As for GBB, GBBF (2) displays substantial substrate inhibition (apparent K; values in the
micromolar range — see Table 4). Interestingly, the extent of substrate inhibition by GBBNF (29)
was much less than for GBB or GBBF (2) (Fig. 17). The mechanism of substrate inhibition of
hBBOX is unknown, but is of interest as it may be involved in regulating carnitine biosynthesis in
cells, which is further discussed in Chapters 5 and 6.

Table 4 Kinetic parameters of fluorinated GBB analogues.

GBB GBBF (2)  GBBNF (27)
‘ Hydroxylation 0.123 0.027 0.083
rate -
[HM/s] Succingte 0.162 0.063 0.097
formation
Ratio of succinate
formation to hydroxylation 11 2 13
Km [UM] 4.2 19.8 16.6
Kinetic
parameters Keat [1/5] 0.83 0.14 0.30
Ki[uM] 245 135 -
E.,m' -» GBB
S 80 o % GBBF
= - GBBNF
‘E 60
£ 40 .
- .
S 204
o
2 .
o v T T 1
0 500 1000 1500
time [s]

Figure 16 Time courses of BBOX catalysed oxidation of GBB, GBBNF (27) and GBBF (2) obtained by
NMR.
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Figure 17 Dependence of the initial rate of hydroxylation on GBB analogue concentration.

3.3  Application of GBBNF for **F NMR assays in vitro

BBOX catalysed GBBNF (29) hydroxylation can be followed by °F NMR. The fluorine chemical
shift of the product is distinctively different from the observed shift of the substrate. In these
compounds, the *F resonance appears with a 1:1:1 triplet fine structure, not as a singlet. This
structure arises from coupling of the fluorine to the adjacent quadrupolar N nucleus (I = 1, 99.6%
abundance) and is apparent because the highly symmetrical tetrahedral environment of the N
centre suppresses rapid quadrupolar relaxation that, in less symmetrical environments, leads to loss
of coupling fine structure. **F NMR was also employed for 1Cs, measurements. BBOX inhibition by
THP®, which is an inhibitor and competitive substrate for BBOX*® was again investigated. The
obtained ICs, value (82 uM) is similar to that obtained by *H NMR (34 uM) and fluoride release (65
HUM) assays.

CARNF | GBBNF

1004

50+

% activity

0 T T :
0 1 2 3

log mildronate conc. [uM]

Figure 18 BBOX catalysed reaction of GBBNF can be followed by F NMR (left). ICs, curve of BBOX
inhibition by THP obtained by **F NMR with GBBNF (right).

3.4 Following BBOX activity in cell lysates

In the previous section, **F NMR in vitro assays with GBBNF were shown to be useful for BBOX
activity studies. However, an advantage of **F NMR is its ability to monitor specific BBOX reaction
without the interference of any other non-fluorinated assay components. This makes it suitable for
more biologically relevant assay conditions. E. coli BL21 (DE3) cells producing a prokaryotic

BBOX homologue from Pseudomonas sp. AK1 (psBBOX) were used to test turnover of GBBNF in
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cell lysates. In crude cell lysate GBBNF was observed to be converted to fluorinated carnitine

analogue (CARNF) and the conversion was 20G dependent (Fig. 19).

CARNF GBBNF

3 mM 20G

Figure 19 Turnover of GBBNF in cell lysates is dependent on the amount of 20G added.

E. coli BL21 (DE3) cells were transformed with the pCOLD 1 plasmid bearing the psBBOX gene
(further discussed in Chapter 6). 100 mL cultures were incubated for 4 h at 37 °C and were then
induced with 0.2 mM IPTG (isopropyl B-D-1-thiogalactopyranoside) and incubated for a fixed
amount of time at 15°C, harvested, treated with GBBNF and 20G and analysed by ¥E NMR. The
extent of GBBNF conversion was found to be also dependent on the amount of psBBOX present in

the extracts (Fig. 20).
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Figure 20 SDS-PAGE gel shows lysate samples from cells harvested at various times after IPTG induction
(lanes 4-8). Molecular weight marker (lane 1), BBOX sample (lane 2) and uninduced cells harvested after 24 h
(lane 3) are shown. BBOX activity in cell lysates were quantified by *°F NMR. GBBNF conversion in cell
lysate plotted against time elapsed from induction by IPTG was fitted with equation: y=a-bln(x+c), where
a=7.8, b=-21.6, ¢=-0.34 and R?=0.97 (OriginPro 8.5.1 software).
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4 Summary and perspective

Synthetic routes towards GBB analogues fluorinated in position 3 of the main carbon chain and the
N-methyl group were developed. The fluorinated GBB analogues were evaluated as BBOX
substrates. (3S)-fluoro-GBB was oxidised by BBOX, with subsequent fluoride release. This was
used for the development of a fluorescence based assay for BBOX activity measurements. It was
shown that the method can be applied to other 20G dependent oxygenases, i.e. PHD2, which
catalysed turnover of a peptidyl substrate containing fluoro proline. These results open up the
possibility of examining fluorinated substrate analogues for other 20G dependent oxygenases and
further assay development. The N-methyl fluorinated analogue GBBNF was shown to undergo
hydroxylation analogously to GBB itself. Its use was exemplified by following BBOX catalysed
turnover in vitro and in cell lysates by means of **F NMR. Overall, two efficient assays for assessing
the extent of BBOX activity were developed, the assays can be used for high throughput in vitro
inhibition studies on BBOX, as well as in cellular studies on carnitine biosynthesis.
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6 Experimental section

6.1 NMR

'H NMR assays were performed on a Bruker AVIIl 700 with inverse TCI cryoprobe using 3 mm
MATCH tubes. Pulses were calibrated for 'H spectra using single-pulse nutation method (Bruker
pulsecal routine). Water suppression was achieved using the excitation sculpting method. *F NMR

assays were performed on a Bruker AVII 500.

6.2  Optimisation of fluoride ion detection

Unless otherwise stated, default conditions are 40 ul probe (5 uM stock, final concentration 2 puM),
10 pl of fluoride ion solution (20 uM stock, final concentration 2 pM) in Tris-HCI (50 mM,
pH=7.0) was quenched with 50 ul of HEPES buffer (50 mM, pH=7.0) after 1 hour the incubation.
Fluorescence was measured immediately after addition of buffer to samples. Normalized signals
were calculated as the fluorescence signal (average of triplicate) minus the fluorescence signal for a
control with no fluoride ion added (average of triplicate).

6.3 Enzymatic assays

6.3.1 Reagents

Reagents were purchsed from Sigma-Aldrich unless otherwise stated. Tris-dy; was from Cambridge
Isotopes. Standard solution of Tris dy; buffer was 50 mM in H,O pH 7.5 and contained 0.1% NaN3
to prevent microbial growth. 20G was used as a sodium salt, ascorbate as potassium salt, and GBB
as hydrochloride salt. Fe(ll) stock solution was prepared by dissolving Fe(NH,)2(SO,), in 20 mM

HCI solution to final concentration of 100 mM.

6.3.2 Fluoride-release assays

Enzymatic reactions were performed with the following final concentrations: 40 uM (S)-GBBF (2),
40 uM ammonium iron(ll) sulphate hexahydrate, 250 uM ascorbate, 160 uM potassium chloride,
500 pM 2-oxoglutarate disodium salt, 100 nM BBOX and 50 mM Tris-HCI buffer (pH 7.5).
Reagents and BBOX were mixed at room temperature in a 96-well plate, and the reaction was
initiated by the addition of 20G. The reaction was quenched by addition of 20% acetonitrile. The
guenched reaction mixture (20 pL) was then transferred to a separate solid black 96-well round-
bottom plate, and was incubated with bis(tert-butyldimethylsilyloxy) fluorescein (1) (80 pL, 5 uM)
for 1 h at room temperature. HEPES buffer (50 puL, 50 mM, pH 7.0) was then added, and the mixture
was incubated for a further 2 min prior to fluorescence being measured by using an EnVision
Multilabel plate reader (PerkinElmer) fitted with FITC FP 480/30 (480 nm, bandwidth 30 nm) and
FITC FP 535/40 emission (535 nm, bandwidth 40 nm) filters. For each enzymatic reaction, a
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corresponding control containing all reagents but no enzyme was also recorded. The normalised

fluorescence signal was defined as the observed fluorescence signal minus the control signal.

6.3.3 Kinetic assays for GBBF by fluoride release

Standard kinetic assays were conducted at 298 K in solutions containing (S)-GBBF (2) (40 uM),
ammonium iron(l1) sulphate hexahydrate (40 pM), ascorbic acid disodium salt (250 pM), potassium
chloride (160 pM), 2-oxoglutarate disodium salt (500 uM), BBOX (100 nM) and Tris-HCI buffer
(50 mM, pH 7.5). Reactions were initiated by the addition of 20G. All measurements were repeated

four times.

6.3.4 Inhibition assays by fluoride release

Inhibition assays were conducted at 298 K in solutions containing (S)-GBBF (40 uM), ammonium
iron(l1) sulphate hexahydrate (40 uM), ascorbic acid disodium salt (250 pM), potassium chloride
(160 uM), 2-oxoglutarate disodium salt (500 uM), BBOX (100 nM) and Tris-HCI buffer (50 mM,
pH 7.5) and varying concentrations of inhibitor. Reactions were initiated by 20G addition, and
guenched by the addition of 20% acetonitrile after 10 min.

6.3.5 Kinetic assays for GBBNF by ‘H NMR

'H NMR hydroxylation/succinate formation assays contained: GBB analogue 100 uM, 20G 500
UM, ascorbate 500 uM, KCI 200 mM, Fe(1l) 50 uM, enzyme 400 nM, buffer: Tris-d;; 50mM pH 7.5
in H,O, 10% D,0. Reactions were performed in a final volume of 160 uL, initiated by addition of
enzyme, and then followed by 'H NMR in real time. '"H NMR Ky measurements were made using

analogous conditions but with a saturating concentration of 20G (1 mM).

6.3.6  Kinetic assays for GBBNF by 'F NMR

“F NMR inhibition assays used the following conditions: GBBNF 150 pM, 20G 100 pM, ascorbate
500 uM, KCI 80 mM, Fe(ll) 40 uM, enzyme 25 nM, buffer: Tris-d;; 50 mM pH 7.5 in H,0.
Samples were prepared in final volume of 0.4 mL. Reaction was initiated by addition of hRBBOX and
quenched after 10 min by addition of 0.1 mL of CD3;CN.

6.3.7 GBBNF cell lysate assays
E. coli BL21 (DE3) cells were transformed with a pCOLD | plasmid bearing the psBBOX gene. 100

mL cultures were grown in 2TY media containing ampicillin as a selection marker for 4 h at 37°C
with shaking until the ODgg reached 0.5 and then induced with 0.2 mM IPTG (isopropyl -D-1-
thiogalactopyranoside) and incubated overnight (15°C). Cells were pelleted by centrifuging 7000
rpm for 10 min at 4°C. The cell pellet was then re-suspended in 5 times weight of binding buffer (50
mM HEPES pH 7.6, 0.5 M NaCl, 5 mM imidazole) and lysed by sonication. The lysate was
centrifuged and the supernatant used in further experiments. SDS-PAGE molecular weight marker

was from Thermo Scientific (PageRuler Prestained Protein Ladder 10-170 kDa). NMR samples were
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prepared by addition of 10% 50 mM Tris-dy; D,O pH 7.5, 10% 50 mM Tris-dy; H,0 pH 7.5, 0.5 mM

trifluoroacetic acid as a chemical shift reference, 1 mM fluoromethyl GBB and 3 mM 20G.

6.4 Data processing

NMR data were processed using TopSpin 3.1 software (Bruker). Kinetic analyses were done using
GraphPad Prism software and XLFit software. Standard Michaelis-Menten model was used for the
fits of kinetic data and 4-Parameter Logistic Model (XLfit) for dose-response inhibition curve

fitting.
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6.5 Synthesis

6.5.1 Reagents

General synthetic considerations are according to Synthesis section in Appendix 1. Reagents were
from Acros, Aldrich, Fluka, Lancaster, TCI, Fluorochem and used as supplied. Solvents for
chemical transformation, work-up and chromatography were from Rathburn (HPLC grade) and used
without further purification. Dry solvents were from Aldrich or prepared by filtration through

columns containing activated aluminium oxide under argon.

6.5.2  Synthesis of TBS-fluorescein probe (1)
6.5.2.1 3',6'-Bis((tert-butyldimethylsilyl)oxy)-4a‘,9a'-dihydro-3H-spiro[isobenzofuran-1,9'-

xanthen]-3-one

>LSi,o o o\SiJ<
N\ A\
O

To a solution of fluorescein (1.0 g, 3.01 mmol) in dichloromethane (20 ml) was added 2,6-lutidine

(0]

(870 ul, 7.52 mmol, 2.5 eq) followed by the dropwise addition of tert-butyldimethylsilyl triflate
(1.52 ml, 6.62 mmol, 2.2 eq). The resulting suspension was stirred for 3 h at room temperature, then
was diluted with dichloromethane, washed 3 times with water, dried over Na,SO, and concentrated
in vacuo. The crude residue was purified by flash column chromatography on silica to give 2 as a
white solid (520 mg, 0.93 mmol, 31%).

mp 76-79°C (lit. 154-155°C*%); TLC 8:2 hexane/EtOAc R= 0.55, *H NMR (500 MHz, CDCl,) &
ppm 8.02 (1 H, d, J=7.5 Hz, ArH), 7.67 (1 H, td, J=7.5, 1.0 Hz, ArH), 7.62 (1 H, td, J=7.5, 1.0 Hz,
ArH), 7.19 (1 H, d, J=7.5, Hz, ArH), 6.74 (2 H, d, J=2.5 Hz, ArH), 6.64 (2 H, d, J=8.5 Hz, ArH),
6.53 (2 H, dd, J=8.5, 2.5 Hz, ArH), 0.99 (18 H, s, C(CHs)3), 0.24 (6 H, s, Si-CH3), 0.23 (6 H, s, Si-
CHs); ®C NMR (125 MHz, CDCl,) & ppm 169.5, 157.6, 153.1, 152.3, 134.9, 129.6, 129.0, 126.8,
124.9, 124.0, 116.6, 112.0, 107.6, 83.3, 25.6, 18.2, -4.4; IR vy (Neat)/cm™ 2955, 2930, 1768, 1629,
1560, 1179, 839; LRMS (ESI', m/z) 262.08 [M-H].
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6.5.3 Intermediates for fluorodehydroxylation

6.5.3.1 4-Sec-butoxy-2-hydroxy-N,N,N-trimethyl-4-oxobutan-1-aminium (5)

(@) OH | _
AN

A solution of DL-carnitine chloride (4 g, 20.0 mmol) in 2-butanol (20 ml) was treated with 10 ml of a
2 M solution of HCI in Et,O. The resultant mixture was stirred at reflux overnight. Then the mixture
was cooled and evaporated several times with acetone to afford 5 as clear oil (4.82 g, 19.0 mmol,
95%).

'H NMR (400 MHz, CDCl;) § ppm 4.90 (1 H, br. s., OH), 4.73 - 4.83 (1 H, m), 4.58 - 4.70 (1 H, m),
3.79 - 3.56 (2 H, m), 3.46 (9 H, s, 3xCHj3), 2.55 - 2.79 (2 H, m), 1.37 - 1.67 (2 H, m), 1.13 - 1.22 (3
H, m), 0.81 - 0.94 (3 H, m); *C NMR (101 MHz, CDCls) § ppm 170.7, 73.1, 62.7, 54.9, 40.2, 28.7,
19.4, 9.7; IR v (film)/cm™ 3385, 2975, 1720, 1643, 1479, 1293, 1179, 1094; LRMS (ESI*, m/z)
218.19 [M']; HRMS (ESI*) C1;H24NO3" requires 218.1751, found [M+Na'] 218.1751.

6.5.3.2  (E)-4-sec-butoxy-N,N,N-trimethyl-4-oxobut-2-en-1-aminium (6)

O
\)\OJ\/\/’LK/

5 (200 mg, 0.92 mmol) was mixed in anhydrous dichloromethane at -10°C and HF-pyridine (134 pl,
7.36 mmol, 8 eq) was added, followed by dropwise addition of DAST (243 ul, 1.84 mmol, 2eq). The
mixture was stirred overnight and then nitrogen was bubbled through solution to remove HF. A 10%
aqueous solution of K,CO; was added until the pH 7. The resultant mixture was concentrated in
vacuo. The crude product was analysed by *H NMR and used without further purification. The
analysis has shown the presence of the elimination product as its E-isomer.

'H NMR (200 MHz, (CD;),CO) & ppm 7.09 (1 H, dt, J=15.5, 7.5 Hz), 6.61 (1 H, dt, J=15.5, 1.0 Hz),
4.86 - 4.99 (1 H, m), 4.81 (2 H, dd, J=7.5, 1.0 Hz), 3.51 (9 H, 5, N-CH3), 2.04 - 2.14 (2 H, m), 1.26
(3H, d, J=6.5 Hz), 0.87 - 0.98 (3 H, m).

6.5.3.3 Methyl 4-(benzyloxycarbonylamino)-3-hydroxybutanoate (9)

o
4-aminobutyric acid (500 mg, 4.20 mmol) was dissolved in MeOH (10 ml), and 3 ml of 2 M solution
of HCI in Et,0O were added and the resulting mixture was stirred at reflux overnight. The reaction
mixture was concentrated in vacuo and the residue was dissolved in a solution of NaHCO; (1.4 g,
16.8 mmol, 4 eq) in water (10 ml). Ethyl acetate was added (10 ml), followed by dropwise addition

of benzyl chloroformate at 0°C. The resulting mixture was stirred overnight at room temperature.
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The aqueous phase was separated, washed with ethyl acetate, and the combined organics were dried
over MgSQO,, concentrated in vacuo and subjected to column chromatography on silica to afford 9 as
a colourless oil (897 mg, 3.36 mmol, 80%).

TLC 7:3 hexane/EtOAc Ri= 0.10; '"H NMR (400 MHz, CDCI;) & ppm 7.16 - 7.43 (5 H, m, ArH),
5.31-5.48 (1 H, m, NH), 5.10 (2 H, s), 4.05 - 4.21 (1 H, m), 3.70 (3 H, s), 3.55 (1 H, br. s., OH),
3.39 (1 H, ddd, J=14.0, 6.5, 3.5 Hz), 3.18 (1 H, ddd, J=13.0, 6.0, 1.0 Hz), 2.49 (2 H, d, J=8.0 Hz);
3C NMR (101 MHz, CDCl3) & ppm 172.8, 157.0, 136.4, 128.5, 128.2, 128.1, 67.4, 66.9, 51.9, 45.9,
38.4; IR vy (film)/cm™ 3357, 2953, 1719, 1533, 1439, 1258, 1171, 1003; LRMS (ESI*, m/z) 290.11
[M+Na']; HRMS (ESI") C;3H1;,NNaOs requires 290.0999, found [M+Na*] 290.1003.

6.5.3.4 Methyl 4-(benzyloxycarbonylamino)-3-fluorobutanoate (10)

10 was synthesised following the procedure used for the synthesis of fluorinated derivative 16a.
Starting from alcohol 9 (100 mg, 0.37 mmol) a small amount of yellow oil was isolated (~2 mg,
0.0074 mmol, <2%) which was characterized only by *H NMR due to small amount of material and
some remaining impurities.

'H NMR (400 MHz, CDCly) & ppm 7.34 - 7.40 (5 H, m, ArH), 5.12 (2 H, s), 452 (1 H, m, J..
=48.0), 3.90 (1 H, br. s, NH), 3.70 (3 H, s, CH5), 3.71-3.78 (2 H, m), 2.68 (2 H, m).

6.5.3.5 Methyl 4-(benzyloxycarbonylamino)-3-(tert-butyldimethylsilyloxy)butanoate (11)

o

To a stirred solution of 9 (300 mg, 1.12 mmol, 1 eq) in anhydrous CH,CI, at 0°C was added pyridine
(271 pul, 3.38 mmol, 3 eq), followed by the addition of tert-butyldimethylsilyl
trifluoromethanesulphonate (283 pl, 1.23 mmol, 1.1 eq). The resultant mixture was stirred at room
temperature for 3 h before being quenched with a saturated aqueous solution of ammonium chloride.
The phases were separated and the aqueous phase extracted with CH,Cl,. The combined organic
phases were washed with brine, dried over MgSO,, concentrated and purified by flash column
chromatography on silica to afford 11 as a colourless oil (195 mg, 0.51 mmol, 46%).

TLC 7:3 hexane/EtOAc Ri= 0.55; 'H NMR (500 MHz, CDCls) & ppm 7.30 - 7.41 (5 H, m, ArH),
5.06 - 5.19 (2 H, m), 5.00 (1 H, br. s., NH), 4.18 - 4.32 (1 H, m), 3.67 (3 H, s, OCHj3), 3.23 - 3.38 (2
H, m), 2.49 (2 H, d, J=6.0 Hz), 0.87 (9 H, s, tBuSi), 0.05 (3 H, s, CH5-Si), 0.08 (3 H, s, CH3-Si); °C

NMR (125 MHz, CDCls;) 6 ppm 171.5, 156.5, 136.4, 128.5, 128.1, 68.2, 66.8, 51.6, 46.5, 40.0, 25.7,
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17.9, -4.8, -5.0; IR Vpax (film)/cm'l 2953, 2931, 1732, 1522, 1255, 115; LRMS (ESI+, m/z) 404.18
[M+Na']; HRMS (ESI*) C1gH3;NNaOsSi requires 404.1864, found [M+Na'] 404.1864.

6.5.3.6 1,1-Dibenzyl 4-methyl 3-(tert-butyldimethylsilyloxy)butane-1,1,4-tricarboxylate (12)

To a stirred solution of 11 (185 mg, 0.49 mmol) in a mixture of anhydrous THF (8 ml) and
hexamethylphosphoramide (1.5 ml) at -78°C was added lithium bis(trimethylsilyl)amide (640 pl,
0.64 mmol, 1.3 eq, 1 M solution in tetrahydrofuran) dropwise and the resultant mixture was stirred
for 15 min. Benzyl chloroformate (100 pl, 0.69 mmol, 1.4 eq) was added dropwise and the mixture
was stirred for a further 30 min at -78°C. The reaction was quenched with a saturated aqueous
solution of ammonium chloride. The phases were separated and the aqueous layer washed with ethyl
acetate. The combined organic extracts were dried over MgSQ,, filtered and concentrated in vacuo.
Purification by flash column chromatography on silica afforded 12 as a colourless oil (65mg, 0.13
mmol, 27%).

TLC 7:3 hexane/EtOAc R= 0.60;"H NMR (500 MHz, CDCl;) & ppm 7.29 - 7.43 (10 H, m, ArH),
5.24 (4 H, s), 4.37 (1L H, tt, J=6.5 Hz), 3.89 (1 H, dd, J=14.0, 7.0 Hz), 3.76 (1 H, dd, J=14.0, 6.5 Hz),
3.62 (3 H, s, OMe), 2.45 (2 H, d, J=6.5 Hz), 0.82 (9 H, s, tBuSi), -0.03 (3 H, s, Si-CHj), -0.06 (3 H,
s, Si-CH3); °C NMR (125 MHz, CDCls) & ppm 171.4, 153.5, 135.1, 128.6, 128.4, 128.4, 68.9, 67.3,
51.6, 51.3, 40.8, 25.6, 17.8, -5.0, -5.3; IR viax (film)/cm'1 2954, 2856, 2360, 1741, 1701, 1437, 1386,
1215, 1167; LRMS (ESI*, m/z) 538.24 [M+Na']; HRMS (ESI*) C,;H3;NNaO;Si requires 538.2232,
found [M+Na"] 538.2233.

6.5.3.7 Benzyl 5-(2-methoxy-2-oxoethyl)-2-oxooxazolidine-3-carboxylate (13)
O
O OJ< O~/‘
\OJK/\/N\\%

13 was synthesised following the procedure used for the synthesis of 16a. Starting from 12 (58 mg,

0.11 mmol) a pale yellow oil was isolated (23 mg, 0.078 mmol, 71%).
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TLC 6:4 hexane/EtOAc Rf= 0.25; 'H NMR (400 MHz, CDCls) 6 ppm 7.32 - 7.46 (5 H, m, ArH),
5.30 (2 H, s), 4.84 - 4.98 (L H, m), 4.21 (1 H, dd, J=10.5, 8.5 Hz), 3.74 - 3.78 (1 H, m), 3.73 (3 H, s,
OCHj), 2.92 (1 H, dd, J=17.0, 5.5 Hz), 2.73 (1 H, dd, J=17.0, 7.5 Hz); *C NMR (101MHz, CDCls)
& ppm 169.2, 151.0, 150.7, 134.8, 128.7, 128.4, 69.3, 68.8, 52.3, 48.4, 38.7; IR vy (film)/cm™
1819, 1732, 1439, 1297, 1213, 1067; LRMS (ESI*, m/z) 316.11 [M+Na'].

6.5.3.8 Methyl 4-(1,3-dioxoisoindolin-2-yl)-3-hydroxybutanoate (15)

4-Aminobutyric acid (2.0 g, 16.8 mmol) and phthalic anhydride (3.0 g, 20.30 mmol, 1.2 eq) were
suspended in toluene (20 ml). The mixture was refluxed in a Dean-Stark apparatus. The resultant red
residue was filtered and the toluene was removed in vacuo. The mixture was co-evaporated several
times with hexane and left overnight in dichloromethane. The solid which precipitated was filtered
off and the filtrate was concentrated and redissolved in anhydrous methanol (30 ml). Then 4 ml of a
2 M solution of HCI in Et,O were added and the resulting solution was stirred for 24 h. The solvent
was removed in vacuo and the residue dissolved in ethyl acetate. Undissolved material was removed
by filtration and the filtrate concentrated in vacuo. Purification by flash column chromatography on
silica afforded 15 as a white solid (850 mg, 3.23 mmol, 19% over 2 steps).

mp 123-125°C (lit. 124-126°C*®); TLC 8:2 hexane/EtOAc R¢= 0.35, *H NMR (400 MHz, CDCl5) &
ppm 7.86 (2 H, dd, J=5.5, 3.0 Hz, ArH), 7.74 (2 H, dd, J=5.5, 3.0 Hz, ArH), 4.30 - 4.44 (1 H, m),
3.89 (1 H, dd, J=14.0, 7.0 Hz), 3.79 (1 H, dd, J=14.0, 4.5 Hz), 3.72 (3 H, s), 3.25 (1 H, br. s., OH),
2.61 (1 H, dd, J=16.5, 4.0 Hz), 2.53 (1 H, dd, J=16.5, 8.5 Hz); **C NMR (101 MHz, CDCl5) & ppm
172.2, 168.6, 134.2, 131.9, 123.5, 66.6, 51.9, 42.9, 38.8; IR vy (KBr disc)/cm™ 3481, 2952, 1770,
1467, 1396, 1192, 1058; LRMS (ESI', m/z) 262.08 [M-H].

6.5.3.9 Methyl 4-(1,3-dioxoisoindolin-2-yl)-3-fluorobutanoate (16a)

\OMN
(0]

To a stirred solution of 15 (200 mg, 0.76 mmol) in anhydrous CH,Cl, was added HF-pyridine (111
pl, 6.08 mmol, 8 eq) at 0°C, followed by DAST (201 pl, 1.52 mmol, 2 eq). The reaction was stirred
for 2 days at room temperature. Water was added and the aqueous phase was extracted with CH,Cl.,.
The combined organic phases were washed with brine, dried and purified by flash column

chromatography on silica to afford 16a as a white solid (100 mg, 0.38 mmol, 50%). Byproduct 20
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(white solid, 18 mg, 0.075 mmol, 10%, E isomer only) and starting material (43 mg, 0.16 mmol,
22%) were also isolated.

mp 73-75°C; TLC 6:4 hexane/EtOAc R= 0.50, *H NMR (500 MHz, CDCl;) & ppm 7.89 (2 H, dd,
J=5.5, 3.0 Hz, ArH), 7.75 (2 H, dd, J=5.5, 3.0 Hz, ArH), 5.33 — 5.14 (1 H, m, J4.F=47.5 Hz), 4.07 (1
H, ddd, J=17.0, 14.5, 7.0 Hz), 3.92 (1 H, ddd, J=23.0, 14.0, 4.0 Hz), 3.73 (3 H, s), 2.65 - 2.86 (2 H,
m); *C NMR (125 MHz, CDCls) & ppm 169.60 (1 C, d, J=6.7 Hz), 167.95, 134.22, 131.83, 123.53,
87.13 (1 C, d, J=175.5 Hz), 52.11, 40.88 (1 C, d, J=24.0 Hz), 37.88 (1 C, d, J=24.0 Hz); “*F NMR
(377 MHz, CDCl5) & ppm -185.57 (1 F, m); IR vyax (KBr disc)/cm™ 1776, 1716, 1425, 1284, 1089;
LRMS (ESI*, m/z) 288.07 [M+Na']; HRMS (ESI") Cy3Hi,FNaNO, requires 288.0643, found
[M+Na"] 288.0644.

6.5.3.10 (E)-methyl 4-(1,3-dioxoisoindolin-2-yl)but-2-enoate (16b)

\OJ\/\/N
O

mp 100-102°C (lit. 104-105°C®): TLC 6:4 hexane/EtOAC Ri= 0.50; *H NMR (400 MHz, CDCly) &
ppm 7.88 (2 H, dd, J=5.5, 3.0 Hz, ArH), 7.76 (2 H, dd, J=5.5, 3.0 Hz, ArH), 6.94 (1 H, dt, J=16.0,
5.0 Hz), 5.92 (1 H, dt, J=15.5, 1.5 Hz), 4.45 (2 H, dd, J=5.5, 1.5 Hz), 3.72 (3 H, s); *C NMR (101
MHz, CDCly) & ppm 167.9, 166.0, 141.0, 134.3, 131.9, 123.5, 122.8, 51.7, 38.2; IR vy (KBr
disc)/em™ 1774, 1715, 1422, 1278, 1197, 1178, 986; LRMS (ESI", m/z) 244.06 [M-H].

58



Chapter 2 Assay development

6.5.4 Synthesis of GBBF (2) and R-GBBF (3)
6.5.4.1 (R)-benzyl 2-(dibenzylamino)-3-phenylpropanoate® (18a)

NBn2
OBn

0]

18a was synthesised following the literature procedure®. To a solution of D-phenylalanine (2.0 g,
12.12 mmol) in EtOH (80 ml) and H,O (20 ml) was added Na,CO; (3.85 g, 36.36 mmol, 3 eq),
followed by a solution of benzyl bromide (5.04 ml, 42.42 mmol, 3.5 eq) in EtOH (20 ml) over 30
min. The mixture was stirred overnight at reflux, before being cooled to room temperature. Ethanol
was removed in vacuo and the remaining mixture was diluted with water (80 ml) and diethyl ether
(50 ml). The aqueous layer was washed twice with ether. The combined organic extracts were dried
over MgSO, and concentrated in vacuo. Purification by flash column chromatography on silica
afforded 18a (3.25 g, 7.48 mmol, 62%) as a colourless oil.

TLC 8:2 hexane/EtOAC; R= 0.55, *H NMR (400 MHz, CDCl;) & ppm 7.37 - 7.47 (4 H, m, ArH),
7.15 - 7.32 (14 H, m, ArH), 7.03 - 7.11 (2 H, m, ArH), 5.30 (1 H, d, J=12.0 Hz, CH'H"-0), 5.18 (1
H, d, J=12.0 Hz, CH'H"-0), 3.99 (2 H, d, J=14.0 Hz, CH,-N), 3.79 (1 H, t, J=7.5 Hz), 3.61 (2 H, d,
J=14.0 Hz, CH,-N), 3.21 (1 H, dd, J=14.0, 7.5 Hz), 3.07 (1 H, dd, J=14.0, 8.0 Hz); *C NMR (101
MHz, CDCls) 6 ppm 172.2, 139.3, 138.1, 136.0, 129.5, 128.7, 128.6, 128.5, 128.3, 128.2, 128.2,
127.0, 126.3, 66.1, 62.4, 54.5, 35.7; IR vy (film)/cm™ 3063, 3029, 3005, 2845, 2808, 1730, 1495,
1454, 1160, 1029; LRMS (ESI*, m/z) 436.26 [M+H]; [¢]°5=+131.3 (c=1 in CHCIs).

6.5.4.2  (S)-benzyl 2-(dibenzylamino)-3-phenylpropanoate® (18b)

NBn,
~ OBn

O

18b was synthesised following the procedure used for 18a. Starting from L-phenylalanine (4.0 g,
24.24 mmol) 18b was obtained as a colourless oil (9.36 g, 22.14 mmol, 91%).

TLC 8:2 hexane/EtOAc R= 0.55, '"H NMR (400 MHz, CDCl;) & ppm 7.37 - 7.47 (4 H, m, ArH),
7.15 - 7.32 (14 H, m, ArH), 7.03 - 7.11 (2 H, m, ArH), 5.30 (1 H, d, J=12.1 Hz, CH'H"-0), 5.18 (1
H, d, J=12.0 Hz, CH'H"-0), 3.99 (2 H, d, J=14.0 Hz, CH,-N), 3.79 (1 H, t, J=7.5 Hz), 3.61 (2 H, d,
J=14.0 Hz, CH,-N), 3.21 (1 H, dd, J=14.0, 7.3 Hz), 3.07 (1 H, dd, J=14.0, 8.0 Hz); *C NMR (101
MHz, CDCls) 6 ppm 172.2, 139.3, 138.1, 136.0, 129.5, 128.7, 128.6, 128.5, 128.3, 128.2, 128.2,
127.0, 126.3, 66.1, 62.4, 54.5, 35.7; IR vpma (film)/cm™ 3063, 3029, 3005, 2845, 2808, 1730, 1495,
1454, 1160, 1029; LRMS (ESI*, m/z) 436.26 [M+H]; [¢]*5=-131.5 (c=1 in CHCIs).

59



Chapter 2 Assay development

6.5.4.3 (R)-2-(dibenzylamino)-3-phenylpropan-1-0l°* (19a)

NBn2
OH

To a stirred suspension of LiAIH,; (524 mg, 13.8 mmol, 2eq) in THF (50 ml) at 0°C under an
atmosphere of nitrogen was added a solution of 18a (3.0 g, 6.90 mmol) in THF (10 ml) and the
resulting mixture was stirred for 1 hour at 0°C. Then water was added until gas effervescence had
stopped. THF was removed in vacuo and the resultant mixture was extracted with Et,O (3x50 ml).
The combined organic extracts were dried over Na,SO,4 and concentrated in vacuo. Purification by
flash column chromatography on silica gave 19a (1.80 g, 5.22 mmol, 76%) as a white solid.

mp 67-70°C (lit. 69-71°C%); TLC 8:2 hexane/EtOAc; R= 0.45,"H NMR (400 MHz, CDCls) & ppm
7.08 - 7.42 (15 H, m, ArH), 3.96 (2 H, d, J=13.0 Hz, CH,-N), 3.47 - 3.61 (3 H, m, CH,-N, CH'H"-
OH), 3.32 - 3.43 (1 H, m), 3.07 - 3.20 (2 H, m, Ph-CH'H", CH'H"-OH), 3.04 (1 H, br. s., OH), 2.39 -
2.55 (1 H, m, Ph-CH'H"); *C NMR (101 MHz, CDCls) & ppm 139.2, 139.1, 129.0, 129.0, 128.6,
127.3, 126.3, 60.9, 60.4, 53.3, 31.8; IR vmax (KBr disc)/cm™ 3460, 1601, 1582, 1494, 1029; LRMS
(ESI*, m/z) 354.21 [M+Na']; [a]°5=-57.4 (c=1 in CHCly).

6.5.4.4 (S)-2-(dibenzylamino)-3-phenylpropan-1-ol®® (19b)

NBn,
- OH

19b was synthesised following the procedure used for 19a. Starting from 18b (9.0 g, 20.7 mmol)
19b was obtained as a white solid (4.70 g, 13.63 mmol, 66%).

mp 67-70°C (lit. 69-71°C®); TLC 8:2 hexane/EtOAc R= 0.45, '"H NMR (400 MHz, CDCl;) & ppm
7.08 - 7.42 (15 H, m, ArH), 3.96 (2 H, d, J=13.0 Hz, CH,-N), 3.47 - 3.61 (3 H, m, CH,-N, CH'H"-
OH), 3.32 - 3.43 (1 H, m), 3.07 - 3.20 (2 H, m, Ph-CH'H", CH'H"-OH), 3.04 (1 H, br. s., OH), 2.39 -
2.55 (1 H, m, Ph-CH'H"); *C NMR (101 MHz, CDCls) & ppm 139.2, 139.1, 129.0, 129.0, 128.6,
127.3, 126.3, 60.9, 60.4, 53.3, 31.8; IR Vs (KBr disc)/cm™ 3460, 1601, 1582, 1494, 1029; LRMS
(ESI*, m/z) 354.21 [M+Na']; [a]*®5=+56.0 (c=1 in CHClIs).

6.5.4.5 (S)-N,N-dibenzyl-2-fluoro-3-phenylpropan-1-amine* (20a)

F
~ NBn2

To a solution of 19a (1.5 g, 4.35 mmol) in anhydrous CH,CI, (40 ml) at -10°C under an atmosphere
of nitrogen was added a solution of Deoxo-Fluor (802 ul, 4.35 mmol, 1eq) in anhydrous CH,ClI, (5
ml) dropwise over 15 min. The resulting mixture was allowed to warm to room temperature and
stirred for 24 h. The reaction was quenched with 10% aqueous K,COj; solution and the organic phase

was separated, dried over Na,SO, and concentrated in vacuo. Purification by flash column
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chromatography on silica afforded 20a (700 mg, 2.02 mmol, 46%) as a colourless oil. As a by-
product compound 20a" was isolated as a colourless oil (145 mg, 0.42 mmol, 10%) and starting
material was also recovered (450 mg, 1.31 mmol, 30%).

TLC 2:1 hexane/CH.Cl,; R= 0.50, '"H NMR (400 MHz, CDCl;) & ppm 7.32 - 7.43 (8 H, m, ArH),
7.22-7.32 (5H, m, ArH), 7.15 (2 H, d, J=7.0 Hz, ArH), 4.87 (2 H, dquin, J=5.5, J=48.5 Hz), 3.72
(4 H, s, NCH,Ph), 2.92 (1 H, d, J=6.0 Hz), 2.84 - 2.88 (1 H, m), 2.78 - 2.83 (1 H, m), 2.71 - 2.78 (1
H, m); *C NMR (101 MHz, CDCl;) & ppm 139.3, 137.4, 137.4, 129.3, 129.0, 128.4, 128.3, 127.0,
126.5, 94.4, 92.7, 59.1, 56.5, 39.9, 39.7; F NMR (377 MHz, CDCl;) & ppm -179.91 (1 F, m); IR
vmax (film)/cm™ 3062, 3028, 2949, 2802, 2719, 1644, 1605, 1495, 1454, 1028; LRMS (ESI*, m/z)
334.20 [M+H]; [a]*p=-6.3 (c=1 in CHClIy).

6.5.4.6 (R)-N,N-dibenzyl-1-fluoro-3-phenylpropan-2-amine 20a’

Nan
F

TLC 2:1 hexane/ CH,Cl,; Re= 0.50, *H NMR (400 MHz, CDCl5) & ppm 7.21 - 7.38 (13 H, m, ArH),
7.12 (2 H, d, J=7.0 Hz, ArH), 4.58 (2 H, m, J=47.0Hz), 3.77 - 3.91 (4 H, m, CH,N), 3.10 - 3.25 (1
H, m), 3.03 (1 H, dd, J=13.5, 6.0 Hz, Ph-CH'H"), 2.86 (1 H, dd, J=13.5, 8.5 Hz, Ph-CH'H"); *C
NMR (101 MHz, CDCl;) § ppm 140.0, 139.4, 129.4, 128.6, 128.4, 128.3, 126.9, 126.2, 84.4, 82.7,
59.4, 59.2, 54.5, 33.1, 33.1; °F NMR (377 MHz, CDCl5) & ppm -226.16 (1 F, m);

IR vina (film)/cm™ 3062, 3027, 2954, 2803, 1494, 1454, 1029; LRMS (ESI*, m/z) 334.20 [M+H].

6.5.4.7  (R)-N,N-dibenzyl-2-fluoro-3-phenylpropan-1-amine*® (20b)

F
NBn2

20b was synthesised following the procedure used for 20a. Starting from 19b (4.6 g, 13.34 mmol)
20b was obtained as a colourless oil (3.42 g, 9.86 mmol, 74%). Along with major product by-
product 20b* was also isolated (727 mg, 2.10 mmol, 16%).

TLC 2:1 hexane/CH,Cl, R= 0.45'H NMR (400 MHz, CDCl;) & ppm 7.32 - 7.43 (8 H, m, ArH),
7.22 -7.32 (5 H, m, ArH), 7.15 (2 H, d, J=7.0 Hz, ArH), 4.87 (2 H, dquin, J=5.5, J=48.5 Hz), 3.72
(4 H,s, NCH,), 2.92 (L H, d, J=6.0 Hz), 2.84 - 2.88 (1 H, m), 2.78 - 2.83 (L H, m), 2.71 - 2.78 (1 H,
m); *C NMR (101 MHz, CDCl;) & ppm 139.3, 137.4, 137.4, 129.3, 129.0, 128.4, 128.3, 127.0,
126.5, 94.4, 92.7, 59.1, 56.5, 39.9, 39.7; **F NMR (377 MHz, CDCl;) & ppm -179.91 (1 F, m); IR
vmax (Film)/cm™ 3062, 3028, 2949, 2802, 2719, 1644, 1605, 1495, 1454, 1028; LRMS (ESI*, m/z)
334.20 [M+H]; [a]®5=+6.5 (c=1 in CHCls).
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6.5.4.8 (S)-N,N-dibenzyl-1-fluoro-3-phenylpropan-2-amine 20b’

NBn;
~_F

TLC 2:1 hexane/CH,Cl, Ri= 0.45, 'H NMR (400 MHz, CDCly) & ppm 7.21 - 7.38 (13 H, m, ArH),
7.12 (2 H, d, J=7.0 Hz, ArH), 4.58 (2 H, m, J=47.0Hz), 3.77 - 3.91 (4 H, m, CH,N), 3.10 - 3.25 (1
H, m, H8), 3.03 (1 H, dd, J=13.5, 6.0 Hz, Ph-CH'H"), 2.86 (1 H, dd, J=13.5, 8.5 Hz, Ph-CH'H"); *C
NMR (101 MHz, CDCl;) § ppm 140.0, 139.4, 129.4, 128.6, 128.4, 128.3, 126.9, 126.2, 84.4, 82.7,
59.4, 59.2, 54.5, 33.1, 33.1; “°F NMR (377 MHz, CDCl5) & ppm -226.16 (1 F, m); IR vimax (film)/cm’
13062, 3027, 2954, 2803, 1494, 1454, 1029; LRMS (ESI*, m/z) 334.20 [M+H].

6.5.4.9 (S)-2-fluoro-3-phenylpropan-1-amine® (21a)

F

NH»

To a solution of 20a (1.04 g, 3.12 mmol) in methanol (20 ml) under an atmosphere of nitrogen was
added palladium (10% on carbon, 104 mg). The resulting mixture was stirred under positive pressure
of hydrogen for 12 h and then was filtered through a pad of celite. The filtrate was concentrated in
vacuo to afford 21a (400 mg, 2.61 mmol, 84%) as a colourless oil. Compound was used without
further purification.

'H NMR (400 MHz, CDCls) § ppm 7.19 - 7.37 (5 H, m, ArH), 4.55 - 4.78 (1 H, m), 2.81 - 3.08 (4 H,
m), 1.47 (2 H, s, NH,); *C NMR (101 MHz, CDCl) & ppm 129.3, 128.5, 128.5, 128.1, 127.1, 126.7,
45.8, 45.6, 39.1, 38.9; F NMR (377 MHz, CDCIl;) & ppm -186.01 (1 F, m); IR vy (film)/cm™
2993, 1589, 1482, 1456, 1150, 1034; LRMS (ESI, m/z) 154.11 [M+H].

6.5.4.10 (R)-2-fluoro-3-phenylpropan-1-amine*® (21b)

F
NH,

21b was synthesised following the procedure used for 21a. Starting from 20b (3.35 g, 9.64 mmol)
21b was obtained as a colourless oil (1.24 g, 8.10 mmol, 84%). Compound was used without further
purification.

'H NMR (400 MHz, CDCl;) 6 ppm 7.19 - 7.37 (5 H, m, ArH), 4.55 - 4.78 (1 H, m), 2.81 - 3.08 (4 H,
m), 1.47 (2 H, s, NH,); *C NMR (101 MHz , CDCl;) & ppm 129.3, 128.5, 128.5, 128.1, 127.1,
126.7, 45.8, 45.6, 39.1, 38.9; *F NMR (377 MHz, CDCl;) & ppm -186.01 (1 F, m); IR vy
(film)/cm™ 2993, 1589, 1482, 1456, 1150, 1034; LRMS (ESI*, m/z) 154.11 [M+H].

62



Chapter 2 Assay development

6.5.4.11 (S)-di-tert-butyl 2-fluoro-3-phenylpropyliminodicarbonate*® (22a)

F
- NBoc,

Boc,0 (1.0 g, 4.56 mmol, 4 eq) and DMAP (21 mg, 0.17 mmol, 0.15 eq) were added to a solution of
21a (190 mg, 1.14 mmol) in acetonitrile (5 ml). The resulting mixture was stirred overnight at
reflux, before being cooled to room temperature. Acetonitrile was removed in vacuo and crude
mixture was dissolved in diethyl ether, washed with water, dried over MgSO, and concentrated in
vacuo. Purification by flash column chromatography on silica afforded 22a (367 mg, 1.00 mmol,
88%) as a colourless oil.

TLC 96:4 hexane/EtOAc Ri= 0.25, '"H NMR (400 MHz, CDCls5) & ppm 7.18 - 7.36 (5 H, m, ArH),
4.90 (1 H, m, Jy.r = 50.0 Hz), 4.00 (1 H, ddd, J=14.5, 13.0, 8.5 Hz), 3.59 - 3.77 (1 H, m), 2.82 - 3.05
(2 H, m), 1.48 (18 H, s, C(CHs)s); *C NMR (101 MHz, CDCl;) & ppm 152.5, 136.4, 129.3, 128.5,
126.7, 92.5 (d, J=176.0), 82.6, 49.5 (d, J=22.5), 39.4, 39.2, 28.0; *F NMR (377 MHz, CDCls) &
ppm -186.42 (1 F, m); IR via (film)/cm™ 2980, 2935, 1749, 1699, 1643, 1429, 1365, 1145; LRMS
(ESI*, m/z) 354.25 [M+H]; [¢]*°5=+32.2 (c=1 in CHCI,).

6.5.4.12 (R)-di-tert-butyl 2-fluoro-3-phenylpropyliminodicarbonate (22b)

F
NBoc,

22b was synthesised following the procedure used for 22a. Starting from 21b (1.2 g, 7.84 mmol)
22b was obtained as a colourless oil (2.51 g, 7.11 mmol, 91%).

TLC 96:4 hexane/EtOAc R= 0.25, 'H NMR (400 MHz, CDCl;) & ppm 7.18 - 7.36 (5 H, m, ArH),
4.90 (1 H, m, J4.r =50.0 Hz), 4.00 (1 H, ddd, J=14.5, 13.0, 8.5 Hz), 3.59 - 3.77 (1 H, m), 2.82 - 3.05
(2 H, m), 1.48 (18 H, s, C(CHs)s); *C NMR (101 MHz, CDCl;) & ppm 152.5, 136.4, 129.3, 128.5,
126.7, 92.5 (d, J=176.0), 82.6, 49.5 (d, J=22.5), 39.4, 39.2, 28.0; °F NMR (377 MHz, CDCl) &
ppm -186.42 (1 F, m); IR vpmax (film)/cm™ 2980, 2935, 1749, 1699, 1643, 1429, 1365, 1145; LRMS
(ESI*, m/z) 354.25 [M+H]; [0]*°p=-32.8 (c=1 in CHCls).

6.5.4.13 (S)-4-(bis(tert-butoxycarbonyl)amino)-3-fluorobutanoic acid* (23a)
o F
HO)J\/\/ NBoc,
NalO, was added (3.66 g, 17.1 mmol, 18eq) to a solution of 22a (350 mg, 0.95 mmol) in a mixture
of CCl, (8 ml), acetonitrile (8 ml) and H,O (10 ml). The resulting mixture was treated with
RuCls-H,0 (13 mg, 0.057 mmol, 0.06eq) and stirred vigorously for 3 days. The reaction mixture was
then filtered through celite, solids were washed with EtOAc and the filtrate was concentrated in
vacuo. Purification by flash column chromatography on silica gave 23a (175 mg, 0.49 mmol, 52%)

as a colourless oil.
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TLC 7:3 hexane/EtOAc Ry= 0.10, *H NMR (400 MHz, CDCls) 6 ppm 5.12 (1 H, ddt, J=48.0, 7.5, 3.5
Hz), 4.03 (1 H, td, J=15.0, 7.5 Hz), 3.73 - 3.87 (1 H, m), 2.61 - 2.81 (2 H, m), 1.51 (18 H, s,
C(CHs3)s); *C NMR (101 MHz, CDCls) & ppm 174.5, 152.5, 88.2 (d, J=174.0 Hz), 83.1, 48.7 (d,
J=24.0 Hz), 37.8, 28.0; **F NMR (377 MHz, CDCl;) & ppm -186.30 (1 F, m); IR vy (film)/cm™
2985, 2934, 1785, 1429, 1370, 1237, 1121; LRMS (ESI', m/z) 320.10 [M-H]; [a]®>=+37.6 (c=1 in
CHClIy).

6.5.4.14 (R)-4-(bis(tert-butoxycarbonyl)amino)-3-fluorobutanoic acid*® (23b)

O F
NBoc,

HO

23b was synthesised following the procedure used for 23a. Starting from 22b (200 mg, 0.54 mmol)
23b was obtained as a colourless oil (79 mg, 0.22 mmol, 40%).
TLC 7:3 hexane/EtOAc Ri= 0.10, "H NMR (400 MHz, CDCl,) & ppm 5.12 (1 H, ddt, J=48.0, 7.5, 3.5
Hz), 4.03 (1 H, td, J=15.0, 7.5 Hz), 3.73 - 3.87 (1 H, m), 2.61 - 2.81 (2 H, m), 1.51 (18 H, s,
C(CHs)3); *C NMR (101 MHz, CDCl,) & ppm 174.5, 152.5, 88.2 (d, J=174.0 Hz), 83.1, 48.7 (d,
J=24.0 Hz), 37.8, 28.0; “*F NMR (377 MHz, CDCl;) & ppm -186.30 (1 F, m); IR vmax (film)/cm™
2985, 2934, 1785, 1429, 1370, 1237, 1121; LRMS (ESI', m/z) 320.10 [M-H]; [«]*5=-38.2 (c=1 in
CHClI,).

6.5.4.15 (S)-4-amino-3-fluorobutanoic acid*® (24a)
O F

NH
HO 2

To a solution of 23a (215 mg, 0.67 mmol) in CH,CI, (3 ml) were added 3ml of 1 M solution of HCI
in Et,O and the resultant mixture was stirred overnight. Then nitrogen was bubbled through the
reaction mixture until complete removal of volatiles. The resulting white solid residue was dissolved
in a small amount of EtOH and crystallized from EtOH/Et,0 to afford 24a (57 mg, 0.36 mmol, 54%)
as white crystals.

mp 114-116°C (lit. 116-118°C*); *H NMR (400 MHz, D,0) & ppm 5.13 (1 H, m, Ju.-=49.0 Hz),
3.14 - 3.34 (2 H, m), 2.67 - 2.82 (2 H, m); *C NMR (101 MHz, D,0) & ppm 172.4, 87.5 (d, J=171.0
Hz), 42.7 (d, J=21.0 Hz), 37.0 (d, J=22.5 Hz); IR vy (KBr disc)/cm™ 3028, 1701, 1611, 1508,
1448, 1306, 1036; **F NMR (377 MHz, D,0) & ppm -189.55 (1 F, m); LRMS (ESI*, m/z) 122.10
[M+H]; []*5=34.6 (c=1 in MeOH).
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6.5.4.16 Synthesis of (R)-4-amino-3-fluorobutanoic acid*® (24b)
O F

HO NH,

24b was synthesised following the procedure used for 24a. Starting from 23b (50 mg, 0.16 mmol)
24b was obtained as a colourless oil (16 mg, 0.10 mmol, 66%).

mp 114-116°C (lit. 116-118°C*); *H NMR (400 MHz, D,0) & ppm 5.13 (1 H, m, Ju.-=49.0 Hz),
3.14 - 3.34 (2 H, m), 2.67 - 2.82 (2 H, m); *C NMR (101 MHz, D,0) & ppm 172.4, 87.5 (d, J=171.0
Hz), 42.7 (d, J=21.0 Hz), 37.0 (d, J=22.5 Hz); IR vua (KBr disc)/lcm™ 3028, 1701, 1611, 1508,
1448, 1306, 1036; *°F NMR (377 MHz, D,0) & ppm -189.55 (1 F, m); LRMS (ESI*, m/z) 122.10

[M+H]; [o]*5=-34.1 (c=1 in MeOH).

6.5.4.17 (S)-3-carboxy-2-fluoro-N,N,N-trimethylpropan-1-aminium (GBBF, 2)
o E

HO)J\/\/NK
Methyl iodide (48 ul, 0.77 mmol, 4eq) was added to a stirred solution of 24a (30 mg, 0.19 mmol)
and K,COj3; (54 mg, 0.38 mmol, 2eq) in MeOH (3 ml). The mixture was stirred for 24 h before pH
was brought to 7 with 1M HCI. The resulting mixture was concentrated in vacuo and half of it was
purified by HPLC (reverse phase column, gradient 50% of B in 15 min, retention time 10.8 min).
Fractions containing the product were concentrated in vacuo to give 2 as an off-white oil (~2 mg,
0.01 mmol, 11%), which was then redissolved in water and freeze-dried.
'H NMR (700 MHz, D,0) & ppm 5.44 (1 H, m, Jy.-=50.5 Hz), 3.75-3.54 (2 H, m), 3.18 (9 H, s,
NCH,); 2.61 - 2.53 (2 H, m); *C NMR (176 MHz, D,0) § ppm 176.5 (C=0), 86.1 (C-F), 68.4 (CH,-
N), 53.9 (3xCHs), 40.3 (C-COOH); F NMR (377 MHz, D,0) & ppm -75.57 (1 F, m); LRMS (ESI*,
m/z) 164.12 [M]; HRMS (ESI") C;H;sFNO," requires 164.1081, found [M] 164.1082.

6.5.4.18 (R)-3-carboxy-2-fluoro-N,N,N-trimethylpropan-1-aminium (3)

O F |

HO NN

3 was synthesised following the procedure used for 2 starting from 24b (10 mg, 0.06 mmol). 3 was
obtained as an off-white oil (~1.5 mg, 0.008 mmol, 12%).
'H NMR (700 MHz, D,0) & ppm 5.44 (1 H, m, Jy.-=50.5 Hz), 3.75-3.54 (2 H, m), 3.18 (9 H, s,
NCH,); 2.61 - 2.53 (2 H, m); *C NMR (176 MHz, D,0) & ppm 176.5 (C=0), 86.1 (C-F), 68.4 (CH,-
N), 53.9 (3xCH,), 40.3 (C-COOH); **F NMR (377 MHz, D,0) & ppm -75.57 (1 F, m); LRMS (ESI*,
m/z) 164.12 [M]; HRMS (ESI") C;H:sFNO," requires 164.1081, found [M] 164.1082.
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6.5.5 Synthesis of fluoromethylated analogues of GBB and TML
6.5.5.1 Sec-butyl 4-(dimethylamino)butanoate hydrochloride (28)

O
\)\OM'L\

4-(Dimethylamino)butanoic acid (1 g, 5.97 mmol) was dissolved in 2-butanol (7 mL) and treated
with 3.25 mL of 2 M solution of HCI in Et,O. The mixture was refluxed overnight. The resultant
solution was then cooled, concentrated in vacuo and then coevaporated several times with acetone to
afford (28) (1.24 g, 5.55 mmol, 93%) as a colourless oil.

'H NMR (400 MHz; CDCl;) & =4.71 - 4.88 (1 H, m), 3.00 - 3.14 (2 H, m), 2.82 (3 H, s, CH3), 2.81
(3H,s, CHy), 2.43 (2 H, t, J=7.0 Hz), 2.04 - 2.22 (2 H, m), 1.40 - 1.66 (2 H, m), 1.17 (3 H, d, J=6.5
Hz), 0.85 (3 H, t, J=7.5 Hz) ppm. *C NMR (101 MHz; CDCly) & = 171.6, 73.1, 69.5, 56.9, 42.8,
31.9, 30.9, 28.7, 19.4, 9.7 ppm. FT-IR vy (film) 3407, 2974, 2698, 1724, 1469, 1380, 1204 cm ™.
HRMS (ESI-TOF) calcd for C1oH,,NO, [M+H"]: 188.1645, found: 188.1645.

6.5.5.2 3-Carboxy-N-(fluoromethyl)-N, N-dimethylpropan-1-aminium) chloride (29)
(0]

|
NY_F
HO ~

Cs,CO; (655 mg, 2.01 mmol, 1.5 eq) was added to a solution of (28) (300 mg, 1.34 mmol) in dry
MeCN (20 mL) and the resulting mixture was stirred vigorously. (26) (970 mg, 2.68 mmol, 2 eq)
was added and the mixture was stirred overnight at 50°C. The reaction mixture was then filtered and
the filtrate was extracted with cyclohexane and coevaporated several times with methanol and
CH.Cl, to afford 4-sec-butoxy-N-(fluoromethyl)-N,N-dimethyl-4-oxobutan-1-aminium)
tetrafluoroborate (28a) (320 mg, 1.04 mmol, 78%) as a yellow oil.

'H NMR (500 MHz; CDCl5) & = 5.38 (2 H, d, J=45.0 Hz, CH,F), 4.82 (1 H, m), 3.40 - 3.55 (2 H,
m), 3.21 (6 H, s, 2xCH,3), 2.45 (2 H, t, J=6.5 HZz), 2.02 - 2.11 (2 H, m), 1.44 - 1.68 (2 H, m), 1.20 (3
H, d, J=6.5 Hz), 0.88 (3 H, t, J=7.5 Hz) ppm. *C NMR (126 MHz; CDCl,) 5 = 171.7, 97.0, 95.2,
73.2, 60.8, 47.1, 30.1, 28.7, 19.3, 17.5, 9.7 ppm. FT-IR vy (film) 2976, 2360, 2341, 1724, 1382,
1056 cm . HRMS (ESI-TOF) calcd for C1;H,sFNO," [M*]: 220.1707, found: 220.1708.

To a solution of (28a) (320 mg, 1.04 mmol) in H,O (5 mL) LiOH-H,0 (218 mg, 5.20 mmol, 5 eq)
was added and the mixture was stirred overnight at room temperature. The solvent was co-
evaporated several times with methanol and CH,ClI,, the residue was suspended in MeOH and
filtered. The filtrate was concentrated in vacuo, redissolved in water and brought to pH 7 by 1M
aqueous solution of HCI. The aqueous solution was subjected to purification by HPLC (C18 column,
solvent system: A — H,0, 0.05% CF;COOH, B — MeCN, 0.1% CF;COOQOH; gradient 50% of B in 15
min, retention time 10.5 min, ELSD detection). Fractions containing the product were concentrated

in vacuo to give (29) (50 mg, 24%) as a white hygroscopic solid.
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'H NMR (250 MHz; MeOH) & = 8.39 (1H, s, OH), 5.44 (2H, d, J = 45.0 Hz, CH,F), 3.43 - 3.54 (2H,
m), 3.21 (3H, s, CH3), 3.20 (3H, s, CH3), 2.40 (2H, t, J = 7.0 Hz), 1.99 - 2.16 (2H, m) ppm. B3¢
NMR (126 MHz; D,0) & = 180.5, 95.8, 60.9, 46.8, 33.3, 18.6. '°F NMR (377 MHz; CDCl,) § = -
193.7 ppm. HRMS (ESI-TOF) calcd for C;H;sFNO," [M*]: 164.1081, found: 164.1081.

6.5.5.3 N°,N°-Dimethyl-N*-fluoromethyl-L-lysine (31)
o |-
HO)K/\/\/NJer
NH,
A 50-mL round-bottom flask was charged with N-Boc dimethyllysine (Bachem, Weil am Rhein,
Germany; 100 mg, 0.36 mmol, 1 equiv.) and Cs,CO3 (180 mg, 0.55 mmol, 1.5 equiv.) in CH;CN (10
mL). The reaction mixture was stirred vigorously at room temperature, then monofluoromethyl
sulphonium salt (26) (400 mg, 1.09 mmol, 3 equiv.) was added in one portion. The resultant
suspension was stirred at 60°C overnight and filtered. The filtrate was extracted with cyclohexane (3
x 10 mL) and co-evaporated with MeOH and CH,Cl,. The residue was dissolved in CF;COOH
/MeOH (1:1 v/v, 10 mL) and a solution of LiOH (50 mg) in water (10 mL) was added. The reaction
mixture was stirred at room temperature (4 h), then co-evaporated with MeOH and CH,Cl,. The
residue was suspended in MeOH, filtered and the filtrate was concentrated in vacuo. The resultant
residue was purified by reverse phase HPLC (C18 column, solvent system: A — H,O, 0.05%
CF;COOH, B — MeCN, 0.1% CF;COOH; gradient 50% of B in 15 min, retention time 14 min,
ELSD detection). Fractions containing product were freeze-dried to yield N-Boc-N*,N°-dimethyl-N°-
fluoromethyl-L-lysine (31a) (36 mg, 0.09 mmol, 24%) as a yellow hygroscopic solid. *H NMR (700
MHz; D,0) & = 5.27 (2H, d, J=45.0 Hz, CH,F), 4.04 (1H, m, CHNH), 3.36 (2H, t, J=10.0 Hz,
CH,N"), 3.08 (3H, s, CH3), 3.08 (3H, s, CH3), 1.75 (4H, m), 1.40 (2H, m), 1.36 (9H, s, C(CHa3)3)
ppm. The obtained solid (31a) was treated with 5 mL of 2M solution of HCI in Et,O and stirred at
room temperature (2 h). Solvent were evaporated to give (31) as white hygroscopic solid (HCI salt,
22 mg, 0.08 mmol, 90%).
'H NMR (700 MHz; D,0) § = 5.26 (2H, d, J=45.0 Hz, CH,F), 3.87 (1H, t, J=6.5, CHNH), 3.36 (2H,
m, CH,N"), 3.07 (6H, s, 2xCHs), 1.90 (2H, m), 1.79 (2H, m), 1.42 (2H, m) ppm. *C NMR (136
MHz; D,0) & = 172.4, 96.0 (d, J=45.0 Hz), 61.0, 53.0, 47.1, 29.2, 21.2, 21.1 ppm. °F NMR (377
MHz; CDCl3) & = -193.7 ppm. [a]3’ = +5.1 (¢ = 0.5 in MeOH). HRMS (ESI-TOF) calcd for
CoH2FN,0," [M*]: 207.1503, found: 207.1504.
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Chapter 3

F NMR studies on fluorinated proteins

Abstract

Chapter 3 describes the development of a method for the selective fluorination of proteins involved
in the inactivation of antibiotics and its application to studying conformational changes. The NDM-1
and SPM-1 — metallo-B-lactamases involved in bacteria antibiotic resistance were labelled with a
single fluorinated tag close to the active site. ">F NMR studies on those model systems indicate how
metal and ligand binding can affect a local conformation of a protein. The method was used to
determine binding constants and investigate the binding mode for several ligands, as well as allowed

tracking mobile loop movements and differentiate between different metal bound species.
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1 Introduction

1.1  Use of *F NMR to study biological systems

Organofluorine compounds have substantial applications in chemistry and chemical biology; their
applications include the modification of physicochemical and conformational properties of small
molecules, and uses in radiomedicine as tracers® or labels for NMR studies.?® Whereas the size of
the fluorine atom is close to hydrogen (van der Waals’ radius 1.47 A for fluorine versus 1.20 A for
hydrogen), its electronic properties are similar to those of the hydroxyl group and therefore fluorine
substitutions in organic molecules are often used as hydroxyl group mimics. Fluorine containing
derivatives are widely used in medicine and agriculture,* with 20-25% of drugs produced containing
at least one fluorine atom." Equally, increased interest in fluorine containing organic compounds was
followed by development of synthetic strategies to achieve selective fluorinations.” These advances
in fluorine chemistry enabled the construction of fluorinated probes for enzymatic reactions,
metabolic processes and biotransformations.

'H, **C and "N solution state NMR experiments are widely used to provide data on protein structure
and dynamics. However, *F NMR was recognized as an invaluable tool to study protein systems
and metabolic processes under biological conditions,®® where traditional NMR techniques would
suffer from signal overlap. Fluorinated organic compounds are almost absent in the nature (from de
novo biosynthesis), therefore even in complex biological mixtures intrinsic fluorine signals are not
present. *°F has a 100% natural abundance, spin % and magnetogyric ratio at a level of 83% of
proton, which translates into reasonably high sensitivity of NMR detection. Compared to *H, *°F has
a much broader chemical shift range and its sensitivity to local environment is much higher (fluorine
nucleus is surrounded by 9 electrons rather than single electron in the case of hydrogen). Therefore
monitoring subtle changes in an examined system, e.g. weak binding events, enzyme folding and

conformational exchange is usually possible to a much greater extent.

1.2  Protein modifications

Proteins are targets of most existing pharmaceuticals and are likely to remain so in the foreseeable
future. High resolution methods for assessing protein 3D structure, i.e. protein crystallography and
NMR are mainly used for determining ligand binding modes; however, these are time-consuming
and in the case of X-ray crystallography provide only static datasets. There is an urgent need for
protein-observed methods allowing determination of not only ligand affinities, but also binding
modes in solution. An attractive approach to study protein structure and dynamics is represented by
YF-NMR.”® Several synthetic strategies to fluorinated amino acid analogues are available.®
Incorporation of fluorinated amino acid derivatives into biopolymers can be achieved through a

variety of different methods, including chemical modifications, preparation of fusion proteins by
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native ligation and biosynthetic incorporation by microorganisms.>*** Biosynthetic methods
typically rely on the use of auxotrophic bacterial strains (e.g. tryptophan) and supplementing its
fluorinated version into media. However, this method labels proteins uniformly in multiple
positions. In certain cases site-specific labelling is preferred in studying particular protein systems
(e.g. for large protein systems, where uniform labelling leads to complicated spectra). Multiple
modifications can also perturb protein folding/stability, leading to systems with distinctively
different properties than the native ones. Site-directed biosynthetic labelling methods include in vitro

12,13 and

incorporation of unnatural amino acids employing modified aminoacyl-tRNA synthases,
chemical posttranslational modification of nucleophilic amino acid side chains, e.g. cysteine'* or
lysine™ and to lesser extent serine and threonine.® Chemical tagging avoids problems associated with
biosynthetic incorporation, such as low expression yields linked to toxicity of fluorinated precursors
and insufficient uptake by aminoacyl-tRNA synthases. The most common targets of chemical
tagging are cysteine residues due to their high nucleophilicity. Modification strategies include
alkylations, disulphide bond formation or amide/thioester exchange.® One of those strategies is

represented by alkylation of cysteine residues employing 3-bromo-1,1,1-trifluoroacetone (BFA),

16-18 14,19,20

which was successfully used in studies of both soluble™* and membrane proteins.

1.3  Metallo-g-lactamases and antibiotic resistance

The increasing problem of antibiotic resistance is a major public health concern,?* rendering the
development of new antimicrobials an re-emerging area.”>* To date a majority of clinically used
antibiotics contain the p-lactam motif and target cell-wall biosynthesis. The mode of action of -
lactams is based on irreversible binding to a nucleophilic serine residue in the active site of PBPs
(Penicillin Binding Proteins), which catalyse a transpeptidation reaction in the cell wall biosynthesis.
However, bacteria have evolved mechanisms of resistance towards B-lactams, with B-lactamase

mediated hydrolysis being a major issue.?*%

B-Lactamase enzymes are divided into four classes (A-
D) based on DNA sequence similarity.*®?” Long-considered as being of little clinical relevance,
metallo-B-lactamases (MBLs®, class B enzymes) are now presenting a serious global threat to
almost all B-lactam antibiotics. Unlike the serine p-lactamases (SBLs), the MBLs are structurally
and mechanistically unrelated to PBPs, and are unlikely to be inhibited by current mechanism-based
SBL inhibitors (e.g. clavulanic acid).

MBLs are further divided into three different subclasses (B1, B2 and B3), in part reflecting their
number of Zn(ll) ions and sequence and/or structural similarities.”” All MBLs present a
characteristic af/pa sandwich fold and in addition, B1 and B2 subclasses present considerable
sequence similarity to each other and rather low sequence similarity to subclass B3 enzymes.
Enzymes belonging to B1 subclass are considered the most clinically relevant enzymes because of
their broad range substrate recognitions.?* B1 enzymes bind two Zn(11) ions and are located both on

chromosomally and mobile genetic elements (plasmids, transposons). The B2 subclass contains only
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chromosomally encoded MBLs with environmental maritime origin. These enzymes are activated
only in the presence of B-lactams. B2 enzymes share on average 11% similarity to B1 enzymes.
Enzymes belonging to the B2 subclass are all mono-Zn enzymes. The second metal binding site is
altered because of the mutation. These B2 enzymes are also known as "true carbapenemases"
because they present a specific substrate hydrolysing profile. They have low activity against
penicillins and cephalosporins and sometimes they can even be inhibited by these substrates.?® The
B3 enzymes are also di-Zn containing enzymes, not presenting any substrate specificity and are
mostly chromosomally located. However, in the last two years new plasmid mediated B3 MBLs
were reported.”®

Due to variations in MBL structures, including conformational changes involving active site loop
movements,® the identification of broad spectrum MBL inhibitors is very challenging. Moreover,
inhibitor discovery is hampered by lack of appropriate assays for MBLs and related proteins,
especially those accounting for conformational changes upon inhibitor binding.

1.4 New Delhi Metallo-p-Lactamase (NDM-1)

NDM-1 (New Delhi Metallo-B-lactamase-1) was originally found in 2008 in New Delhi in a
Klebsiella pneumoniae isolate. Later it spread across the word, including India, Pakistan and the
United Kingdom.®® NDM-1 is a flagship example of clinically relevant MBL,*" with pathogens
carrying the NDM-1 gene, often referred to as a ‘super bug’. It is able to inactivate almost all
clinically used pB-lactam based antibiotics (except monobactams, e.g. aztreonam), including
carbapenems, utilizing different metal cofactors and possibly differential mechanisms based on

reaction conditions.*

Figure 1 Overall fold of NDM-1-di-Zn(Il) complex. L1 loop flanks NDM-1 active site. The figure was
generated using di-Zn(11)-NDM-1 crystal structure (PDB id: 3SPU™).
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1.5 S&o Paulo metallo-B-lactamase (SPM-1)

SPM-1 was originally found in Sdo Paulo, Brasil on a chromosome of a Pseudomonas aeruginosa
isolate.** Currently, SPM-1 represents a major clinical and public health problem in South
America.***® In Brasil, SPM-1 is the main MBL and its 35% presence in P. aeruginosa clinical
isolates caused several outbreaks to date. The high mortality rate associated with bacteria carrying
the SPM-1 gene (blaspwm.1) is based mainly on the resistance of P. aeruginosa containing blaspm.1
(60%) to all clinically used antibiotics.®” Moreover, SPM-1 is interesting from the perspective that it
presents similarities to both B1 and B2 subclasses of MBLs — it binds 2 zinc ions (characteristic for

B1 class enzymes) and possesses a3 loop insert characteristic for B2 class enzymes.

Figure 2 Overall fold of SPM-1-di-Zn(1l) complex. The figure was generated using di-Zn(11)-SPM-1 crystal
structure (PDB id: 2FHX™®).
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2 Studies on NDM-1

2.1 Conformation of the loop

Movements in loops that flank the MBL active site are proposed to be important in
substrate/inhibitor binding.3***° In order to introduce a '°F label into NDM-1, the L1 loop (residues
65-73 between strands B2 and B3, Fig. 3) was chosen, because differences in crystal structures imply
that it is conformationally mobile. The apparent absence of exposed cysteine side chain in the NDM-
1 (which contains only one cysteine at its active site), suggested that cysteine thiol modification may
be suitable for °F label incorporation. NDM-1 cysteine variant, modified in the L1 loop (M67C)
was produced. Pleasingly, cysteine 67 of the NDM-1 M67C variant was site selectively modified by
treatment with 3-bromo-1,1,1-trifluoroacetone (BFA) (Fig. 4) to give the —S-CH,(CO)CF; adduct
(denoted as NDM-1*) as confirmed by LC-MS analyses (Fig. 5).

Figure 3 Overlay of views derived from different NDM-1 crystal structures. The L1 loop (circled) can adopt
different conformations dependent on metallation state or ligands bound. A — Comparison of two different apo
NDM-1 structures 3RKK* (green) and 3SBL* (magenta) reveals conformational flexibility of the loop in the
apo protein. B — Comparison of apo NDM-1 (3SBL, magenta), mono-Zn(ll) NDM-1 complex (3SFP%,
yellow) and di-Zn(ll) NDM-1 complex (3SPU*, wheat) demonstrates that loops can adopt different
conformations in different protein metallation states. C — Comparison of NDM-1-di-Zn(ll) complex (3SPU,
wheat), NDM-1-di-Zn(ll) in complex with hydrolysed ampicillin (3Q6X“’, blue) and NDM-1-di-Zn(ll) in
complex with L-captopril (4EXS*, red) shows the L1 loop can adopt different conformation depending on the
ligand bound. Close-up shots show the position of Met67 on the L1 loop.
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Figure 4 Unique signal patterns depending on the conformational and metallation state of NDM-1*. Site-
specific labelling of M67C NDM-1 with 3-bromo-1,1,1-trifluoroacetone (BFA). *F-NMR spectra of NDM-
1*-di-Zn(Il) complex, apo-NDM-1* and denatured NDM-1* (obtained by incubation with 2M guanidinium
chloride).
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Figure 5 MS spectra of NDM-1 M67C (top) and NDM-1 M67C labelled with BFA (3-bromo-1,1,1-trifluoro
acetone) (bottom). The observed mass difference (+129) corresponds to attachment of a single BFA label per
molecule of NDM-1 M67C. Spectra were acquired using a Waters LCT Premier instrument fitted with TOF
analyser. The electrospray ionisation mode was used.
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Several crystallographically assessed conformations of the L1 loop in the apo, metal- and/or ligand
bound states of MBLs have been reported, and are proposed to participate in the positioning of
ligands at the active site (Fig. 3). The **F-NMR spectrum of di-Zn(11) bound NDM-1* displays a
single peak belonging to the protein, suggesting that di-Zn(I1) NDM-1* exists at least predominantly
in a single distinct conformation, or the loop movement is very fast on the NMR timescale yielding
signal with averaged shift (Fig. 4).* To further characterise the label’s position within the protein’s
3D structure, its solvent accessibility was tested. *>F-NMR chemical shifts are highly sensitive to
local chemical environment and even small differences in dielectric properties of a solvent, i.e.
change of H,0 to D,0, can result in change of chemical shift.>** The change in **F chemical shift is
proportional to the molar fraction of D,O in H,O and the extent of that phenomenon is dependent on
accessibility of the fluorine containing moiety to solvent molecules. Measurements of chemical shift
change of NDM-1* label and TFA (internal standard) as a function of D,O content revealed that the
label was sensitive to solvent interactions in 85% compared to TFA (Fig. 6); consistent with the
largely solvent exposed Met67 residue in the NDM-1 active site.
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Figure 6 Solvent exposure experiments. Dependence of change in signal chemical shift for (A) CF;COOH
(TFA) internal standard present in the solution of di-Zn(l11)-NDM-1* and (B) di-Zn(11)-NDM-1* label. TFA
sample describes fully exposed CF; signal. Data were fitted with linear function using OriginPro 8.5.1.
Obtained fits are as follows: A — y=0.00124x-0.01, R2>0.99; B — y=0.00106x-0.01, R2>0.98; Percentage
solvent exposure of the NDM-1* label was calculated as a ratio of linear fit slope obtained for NDM-1* to
analogous slope for TFA present in a sample (which was set to 100% as a fully exposed small molecule
signal).

Removal of the Zn(ll) ions from the NDM-1* active site, using 10 mM EDTA, led to the
observation of broader signals, reflecting at least two conformers, in an intermediate exchange
system (exchange rates are referred to NMR time scales throughout text), indicated by significant
line broadening (Fig. 4). Metal sequestering from the active site was noticeably slower in the
presence of inhibitor D-captopril, which ligates via its thiol group to both active site zinc ions (Fig.
7).
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Upon denaturation, using 2M guanidinium chloride, a broadened signal was obtained (Fig. 7). The
change in signal shape likely reflects the average chemical environment of the label in an unfolded
NDM-1*. These initial studies show application of **F NMR for the time-resolved monitoring of

ligand induced changes at the NDM-1 active site.
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Figure 7 Time course analyses of NDM-1* treatment with EDTA. A — Sequestering metal from the NDM-1*-
di-Zn(I1) complex by 10 mM EDTA is rapid. B — Treatment of the NDM-1*-di-Zn(l1)-D-captopril complex
with 10 mM EDTA leads to slow deterioration of the initial complex and appearance of peaks characteristic to
apo protein.

2.2 Ligand binding

In order to investigate whether conformational changes upon ligand binding could be monitored by
F NMR, we carried out assays with di-Zn(11)-NDM-1* and different ligands.

2.2.1  Slow exchange system

Both L- and D-captopril (Fig. 8) have been reported as potent NDM-1 inhibitors with the 1Cs, values
of 202 uM and 7.9 pM, respectively.* Titration of NDM-1* with both isomers, followed by *°F-
NMR measurements, provided a direct read-out of ligand-enzyme complex formation (Fig. 9). For
both L- and D-captopril the appearance of a distinctive peak of di-Zn(11)-NDM-1* complex with the
inhibitor could be observed, with increasing peak areas upon titration with ligand. This scenario is

characteristic for slow exchange system, signifying both captopril isomers as strong binders.*

Q‘COOH Q"’COOH
HS/\./gO HS/\./gO

L-captopril D-captopril

Figure 8 Structure of L- and D-captopril.
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Figure 9 Binding of D- and L-captopril to NDM-1* (A and B, respectively) followed by **F NMR.

2.2.2 Kpfitting

F-NMR titration data were used to calculated Kp values for binding of both captopril isomers.
Values were calculated following the changes in the peak area, using a modified version of the
function for specific binding.**® Ky, is ligand-enzyme dissociation constant described by equation:

: _ [L][P]
(Equation 1) K, = wr

where [L], [P], [LP] are equilibrium concentrations of the free ligand, free protein and ligand-protein
complex, respectively. Non-bound ligand [L] and protein [P] concentration are equal to total ligand
[Lo] and protein [Pg] concentrations minus the ligand-protein complex:

(Equation 2) [L] = [Lo] — [LP], (Equation 3) [P] = [P,] — [LP]
Therefore equation (1) can be written as:

(Equaton &) K, = La-LrDCL-

which after rearrangement gives:
(Equation 5) [LP]?* — [LP]([Lo] + [Po] + Kp) + [Lol[Po] = 0

and can be solved as a quadratic equation to give:

([Lol+[Po]+Kp) =/ ([Lo]+[Pol+Kp)2—4[Lo][Po]
2

(Equation 6) [LP] =
Variable is defined as ratio of ligand-protein complex to sum of ligand-protein complex and free

protein:

[LP]
[LP]+[P]

(Equation 7) y =
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Which using equation 3 can be written as:

- _ [LP]
(Equation 8) y = 7]

Substituting [LP] with equation 6 we obtain Ky fitting function:

([Lol+[Pol+Kp) =/ ([Lol+[Pol+Kp)Z=4[Lo1[Po]

(Equation 9) y = 21Fe]

where [P] is fixed concentration of protein solution used in the experiment and [L,] is ligand
concentration titrated into solution.

Equation 9 was used to fit binding curves for L- and D-captopril (OriginPro 8.5.1). Molar fraction of
protein-ligand complex (Xcompiex) Was used as the dependent variable. Here, X was calculated as ratio
of integrals corresponding to protein-ligand complex and sum of integrals corresponding to non-
bound protein and protein-ligand complex. Kp values of 34.1+5.6 uM and 57.3+3.4 UM were
obtained for D- and L-captopril, respectively (Fig. 10).

A B

1.04 104
0.8+ u . 0.8+

0.6+ 0.6

g g
> 0.4 o % 04

024 /m 0.2+

i 0.0
0 50 100 150 200 250 300 0 20 40 60 80 100 120
L, [uM] L, [uM]

0.0

Figure 10 Kp measurements using °F NDM-1*. Molar fraction of protein-ligand complex (L-captopril (A)
and D-captopril (B)) as a function of free ligand concentration. Data were fitted using equation 9.

The crystal structure of NDM-1 in complex with L-captopril also revealed that its thiol is positioned
to chelate both active site Zn(ll) ions and that its side chain carboxylate interacts with Asn220 of
NDM-1 (Fig. 11).* The precise binding mode of D-captopril to NDM-1 is unknown; however, it is
likely that its thiol group interacts with two Zn(ll) ions in the active site analogously to L-captopril.*’
D-Captopril can likely interact with other conserved residues, i.e. Glu123 and/or GIn152 (Fig. 11),
similar to captopril binding to another metallo-B-lactamase BlaB.*

The observed change in the *°F chemical shift upon titration of di-Zn(11)-NDM-1* is much larger for
D-captopril than for L-captopril indicating a more significant change of the environment upon
binding of D-captopril. Analysis of available structures together with the predicted D-captopril
binding mode (Fig. 11), suggests that this difference may reflect more substantial ligand-binding
induced movement of the L1 loop in the case of D-captopril. In support of this hypothesis, solvent
exposure experiments with D-captopril showed that the di-Zn(I1)-NDM1*-D-captopril complex has a

decreased exposure of 73% relative to the TFA response, as compared to 85% for the di-Zn(ll)-
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NDM1* (Fig. 12B), consistent with an induced loop closure upon D-captopril binding. In contrast,
no change in solvent exposure for di-Zn(I11)-NDM-1*-L-captopril complex compared to di-Zn(ll)-
NDM-1* was observed (Fig. 12C).

of labelling

L-captopril

Figure 11 The different chemical shifts for L- and D- captopril likely reflect different binding modes. View
from crystallographic analyses of NDM-1 complexed with di-Zn(ll) and L-captopril (PDB id: 4EXS). The L-
captopril (yellow) interacts with Asn220. Binding of D-captopril (pink) is modeled based on a structure of D-
captopril complexed with the BlaB MBL (PDB id: 1M2X).

A 0124 = TFA B 012{| = TFA ‘ c 0124 = TFA ‘
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Figure 12 Monitoring the change in °F chemical shift as a function of D,O content. A — Change in chemical
shift for CF;COOH (TFA) (m) and di-Zn(11)-NDM-1* (o), fitted with linear functions giving (m) y=0.00124x-
0.01, R*>0.99 and (o) y=0.00106x-0.01, R*>0.98. B — Change in chemical shift for TFA (m) and the di-Zn(Il)-
NDM-1*-D-captopril complex (o), fitted with linear functions giving (m) y=0.00124x-0.01, R>>0.99 and (o)
y=0.00090x-0.01, R?>0.98. C — Change in chemical shift for TFA (m) and the di-Zn(I1)-NDM-1*-L-captopril
complex (o), fitted with linear functions giving (m) y=0.00125x-0.01, R%0.99 and (o) y=0.00106x-0.01,
R?>0.99. The percentage solvent exposure of the NDM-1* label was calculated as a ratio of the slope obtained
for the NDM-1* complex relative to the analogous slope for TFA in the sample (set to 100% as a fully
exposed small molecule signal).
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2.2.3 Competition studies

“F-NMR measurements were applied to study the competition between the binding of L- and D-
captopril. A rise in peak intensity of the signal assigned to the D-captopril-NDM-1* complex was
observed when L-captopril-NDM-1* complex was titrated with D-captopril (Fig. 13), consistent with
a lower ICs, for D- as compared to L-captopril,** indicating the **F-NMR can discriminate between

different binding modes.

® D-captopril M L-captopril
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Figure 13 Titration of NDM-1*-di-Zn(II) (A) with L-captopril leads to appearance of a distinctive peak (m)
corresponding to a NDM-1*-di-Zn(Il)-L-captopril complex. L-Captopril can be displaced from a NDM-1* by
D-captopril as indicated by the appearance of a peak characteristic for the NDM-1*-di-Zn(ll)-D-captopril
complex (®).

2.2.4 Weak binding ligands

Applicability of **F NMR method to monitor binding of weak inhibitors was tested, i.e. enantiomeric
isoquinolines (1) and (2), which were shown to inhibit NDM-1.** Upon titration of NDM-1* with
isoquinoline (1) a change in chemical shift and slight line broadening was observed, corresponding
to an average of both free NDM-1* and NDM-1*-(1) complex peaks (Fig. 14). This phenomenon, in
contrast to slow exchange systems as was shown for both captoprils, is characteristic for a fast
exchange system.* Titration of (2) resulted in significant line broadening upon complex formation
(Fig. 14) typical for an intermediate exchange system. These results are in good agreement with 1Cs
data; i.e. (2) is a better inhibitor than (1) (ICs, 61 uM for (1) and 47 uM for (2)*). Displacement of
the weaker binding ligand (2) by a stronger binder (i.e. D-captopril) led to the formation of NDM-
1*-D-captopril complex (Fig. 15).
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Figure 14 °F NMR identification of different modes of ligand binding. Titration of di-Zn(11)-NDM-1* (70
M) with isoquinoline (1) and (2).
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Figure 15 *F NMR spectra of di-Zn(11)-NDM-1* treated with isoquinoline (2). The fluorine signal recovers
after addition of D-captopril.

Data obtained for isoquinoline (1) allowed for binding isotherm fitting using the equation 9 defining
the dependent variable as Agys/Amax (Where A= 89 — 8ops aNd Ay = 8¢ — Smax and o, Sobs, Omax
are chemical shifts of the initial protein peak, observed peak and peak with maximal shift
corresponding to saturated protein-ligand complex, respectively), resulting in a Ky of 170 pM (Fig.
16).
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Figure 16 Formation of the NDM-1*-isoquinoline (1) complex as followed by **F NMR. Kp curve fit for
isoquinoline (1) binding to NDM-1*.

2.2.5 Ligands with multiple binding modes

Other thiol-containing benzoic acids, i.e. thiosalicylic acid (3) and 3,5-bis(mercaptomethyl)benzoic
acid (4) which have been reported to be broad spectrum MBL inhibitors,™ were tested for binding to
NDM-1* using the °F detection method. Unlike captoprils, upon binding of both compound (3) and
(4) two peaks were observed in their respective *’F-NMR spectra (Fig. 17).
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Figure 17 °F NMR aids identification of different modes of ligand binding. Titration of di-Zn(11)-NDM-1*
(70 uM) with thiols (3) and (4) (160 uM for both (3) and (4)) — multiple modes of binding were observed for
both thiol-based inhibitors.
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The observed signal for thiol (3) was found close to the original NDM-1* sighal and presumably
represents a fast exchange system complex. The second signal observed at higher frequency also
represents a fast exchange system, however, the larger change in chemical shift suggests that the
phenyl ring interacts with the flexible L1 loop containing the label (similar to L-captopril). In the
case of thiol (4) two binding modes were observed, one of which represents a similar fast exchange
system as for thiol (3), and another signal significantly deshielded (Fig. 17). Presumably, this species

corresponds to a significant conformational change of the flexible L1 loop.

2.2.6 Ligands which does not bind

In an era of emerging antibiotic resistance, including the evolution of MBLs, significant efforts are
directed to the development of novel antibiotics, including p-lactams, which are not substrates for
MBLs. Monobactams, e.g. aztreonam (Fig. 18), are a class of p-lactams that are not hydrolysed by
MBLs® and have been reported not to inhibit NDM-1.* It was, however, shown that **N-labelled
Be-Il binds aztreonam in a non-productive manner.>® To reveal potential active site binding of
aztreonam to NDM-1* a titration experiment using up to 2.5 mM aztreonam was performed. No
chemical shift was observed upon the presence of aztreonam which suggests that aztreonam has no

active site interaction.
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Figure 18 Structure of aztreonam.

2.3 Metal binding

MBLs contain either one, or more commonly, two catalytically productive active site metal ions™.
However, there is uncertainty about the order of binding, and in some cases, the exact metal
content.>*>*
Metal binding to NDM-1 was investigated by titrating apo-NDM-1* with Zn(Il). Upon Zn(ll)
addition, the broad peaks of the apo form disappeared and a rise of signals corresponding to species
assigned as mono- or di-Zn(Il) bound NDM-1* complexes was observed (Fig. 19). Mono and di-
Zn(11) bound species were observed even at low zinc concentrations, suggesting rapid sequential
metal binding. The ratio between mono and di-Zn(1l) complexes was similar up to one equivalent of

metal added, likely reflecting the difference between affinities of two metal binding sites.*’
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Figure 19 Titration of apo-NDM-1* with Zn(Il). A = apo-NDM-1* signals; apparent metal bound species: m
= NDM-1*-di-Zn(Il); o = NDM-1*-mono-Zn(ll).

2.4 DMSO titration defines active site

It has been shown that organic solvents can bind in empty cavities of enzymes and can be used as
detection probes to identify the possible binding sites.>*® To demonstrate the effect of DMSO on the
NDM-1 active site the change in chemical shift of the label and TFA as a function of increasing
DMSO concentration was measured. The shift of the label was found to be much more sensitive to
increasing DMSO content than the shift of the TFA signal, indicating that DMSO binds weakly in
the active site (Fig. 20).
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Figure 20 Left — change in chemical shift of TFA signal induced by increasing concentration of DMSO
(y=0.02161x, R?>0.99). Right — change in chemical shift of NDM-1* signal induced by increasing
concentration of DMSO (y=0.03582x, R*>0.99).
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Figure 21 Change in chemical shift of NDM-1* signal induced by increasing concentration of DMSO,
normalized to TFA chemical shift change (y=0.01421x, R?>0.99).

The DMSO binding curve was used to evaluate whether the change of chemical shift upon binding
of inhibitors described in this chapter is not only attributed to the effect of an increasing
concentration of DMSO. Moreover, binding of DMSO demonstrates that a sulphoxide moiety can be
a good starting point for further design of inhibitors of NDM-1 and related MBLs. The sensitivity of
this *°F NMR based method will allow screening of other fragments with different functional groups

to identify novel scaffolds for inhibitor discovery.
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3 Studies on SPM-1

3.1 Mobile loop

S&o Paolo Metallo-B-lactamase -1 (SPM-1) was proposed to be a structural hybrid between B1 and
B2 MBL classes. Characteristic to the B1 subclass it binds two metal ions, while in the sequence of
SPM-1 a central insertion (a3 and a4 region, 24 AA) was found which is defined as a conserved o-
helix characteristic for B2 MBLs (Fig. 22). Deletion of the central insertion reduces activity of the
enzyme (from 2.5 to 370 fold), implying an important role of this loop in the catalytic activity of
SPM-1.%® This central insertion is also held responsible for the ‘open’ conformation for SPM-1 as
compared to the generally 'closed' conformations of all B2 enzymes (Fig. 22), however, recently it
was shown by X-ray crystallography that a3 loop region of SPM-1 can adopt either an open® or

closed conformation.

Figure 22 View from crystal structures of SPM-1 in "closed" (unpublished data from Dr. Jirgen Brem) "open"
(PDB id: 2FHX) conformations.

3.2 SPM-1 labelling

Studying the dynamics of protein structures in solution by means of °F NMR gives the unique
opportunity to observe conformational equilibriums of the proteins. To study the observed a3 loop
movement of SPM-1 in solution, *°F NMR experiments on a strategically labelled SPM-1 variant
were performed. A Y152C mutant was designed, introducing an exposed cysteine residue on the
edge of the a3 loop (Fig. 23), which was envisaged to provide detailed information about the a3 loop
behaviour in solution. Production of the Y152C mutant followed by chemical modification using 3-
bromo-1,1,1-trifluoroacetone yielded the fluorine-labelled SPM-1 mutant (SPM-1*), as was
confirmed by MS analysis (Fig. 24).
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Figure 23 View from SPM-1 ‘closed’ and ‘open’ form with the labelling site marked in red.
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Figure 24 MS spectra of SPM-1 Y152C (top) and SPM-1 Y152C labelled with BFA (3-bromo-1,1,1-trifluoro
acetone) (bottom). The observed mass difference (+127) corresponds to attachment of a single BFA label per a
molecule of SPM-1 Y152C. Spectra were acquired using a Waters LCT Premier instrument fitted with TOF

analyser. The electrospray ionisation mode was used.
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3.3  ®F NMR studies on SPM-1*

F NMR analysis on di-Zn(I1)-SPM-1* gave two distinct fluorine signals (-72 ppm and -83 ppm)
(Fig. 25). MS analysis demonstrated that only one site was labelled, therefore the label exists in two
distinctive conformations, which are in a slow exchange system. Upon denaturation with 2M
guanidinium chloride only one, broadened signal was observed, with a similar chemical shift
compared to that obtained by denaturation of NDM-1* (Fig. 26).

T T T T T T T T T T T T T T T T T T T T T
-67 -68 -69 -70 -71 -72 -73 -74 -75 -76 -77 -78 -79 -80 -81 -82 -83 -84 -85 -86 ppm

Figure 25 °F NMR spectra of SPM-1* (80 uM protein, 50 uM TFA standard, Tris 50 mM pH 7.5, 200 mM
NaCl, 10% D,0). Signals (from left to right) correspond to SPM-1*, TFA, SPM-1* and excess of labelling

agent.
\J‘\ MAMM\AMAWWMM\MMA A /J\/-"*W\/\I\P”\-\ MWM\/\'MN’\’N\/\MAM

7822 —824 —826 —828 —830 —832 —834 —836 —838 —840 —842 —844 —846 —848 ppm
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Figure 26 Comparison of °F NMR spectra of denatured NDM-1*, denatured SPM-1*, native SPM-1* (from
top to bottom).
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3.4  Solvent exposure experiments

Determination of the solvent accessibility for each signal of SPM-1* revealed that the signal at -72
ppm is as sensitive to the isotope content of the solvent system as TFA, corresponding to a 99%
exposure of the *F label. The signal at -83 ppm presented significantly lower sensitivity (58%
exposure of the *°F label), suggesting this label is more concealed in the SPM-1* active site (Fig.
27).
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Figure 27 Change of '°F chemical shift dependent on D,O content in H,O reveals different sensitivities for the
-83 ppm and -72 ppm signals to solvent isotopic composition. Measured shifts were referenced to TFA shift
under same conditions.

3.5 Saturation transfer experiments

In order to further elucidate which signal corresponds to the ‘open’ or ‘closed’ conformation of the
enzyme, the saturation transfer experiments were performed (Fig. 27, Table 1). The basis of this
experiment is irradiation of one signal with a low power pulse, which leads to a decrease of its
intensity. However, if the irradiated signal is connected to another signal by chemical exchange (e.g.
in case of two conformers), then the intensity of second signal should also decrease.

At 298K only a minimal decrease in the intensity of both *°F signals of SPM-1* was observed (28%
and 5% for signals at -72 and -83 ppm, respectively, when opposite signals irradiated) (Table 1).
When the temperature was increased to 320K a higher percentage of response was detected (70%
and 25% for signals at -72 and -83 ppm, respectively, when opposite signals irradiated) (Table 1).
This is consistent with a higher mobility of the flexible loop at increased temperatures. The overall
exchange between the two loop states is slow with a frequency < 5-10° s judging from the

differences in frequency between the two interchangeable signals.
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Table 1 Summary of saturation transfer experiment data.

Temp.  decrease in-72 ppm  decrease in -83 ppm ratio of peak

K] peak intensity when  peak intensity when intensities
-83 ppm peak -72 ppm peak (-72/-83 ppm)
saturated saturated
298 28% 5% 1:2
320 70% 25% 1:4
298 K 320K
protein TFA protein protein TEA protein
signal | signalll signal | signal Il
frequency E E E E
saturated E i i i
-83 ppm | i i , |
w\.m-.wvwm'“q:"‘r “WHWmWfWN,J‘*WWJJ AP, mﬂ':",mﬁm H'JﬁMWqVA,ﬂWW.Wf
i | | |
-72 ppm : .!:l\ J J:
WMMW MW_M‘/“‘-"J 1S e il i U Mt ot s e :'““-“"NW‘%MW
-90 ppm '| }, I i
A i rnlie 1 e Sag ! waw,-«-w’w-ﬂ) Sttty A g :“rv"w'w’ 'wmmnww*'i N otanpgetint
T T T T T T
-70 -75 -80 -85  ppm -70 -75 -80 -85  ppm

Figure 28 Saturation transfer experiments on di-Zn(I1)-SPM-1*.
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4 Summary and perspective

A robust *F-NMR method for the determination of specific ligand-metal binding to the NDM-1
active site was developed. This technique enables determination of binding constants, assessing type
and number of ligand binding modes and tracking ligand-induced loop movements. In combination
with conventional screening methods, this technique paves the way for the rapid identification of a
clinically relevant MBL inhibitor. The same method was applied to elucidate a predicted loop
movement in the SPM-1. The described method should also be readily applicable to study many
other proteins.

5 Acknowledgements

NDM-1 and SPM-1 protein variants used in these studies were produced by Dr Jirgen Brem
(Department of Chemistry, University of Oxford). 1Cs, measurements for isoquinoline derivatives
(1) and (2) were measured by Dr Jirgen Brem. | would like to thank Dr Jirgen Brem and Dr Sander
van Berkel (Department of Chemistry, University of Oxford) for their guidance and discussion
regarding MBLs biochemistry and Dr Timothy Claridge (Department of Chemistry, University of

Oxford) for his help with NMR experiments and data interpretation.

Part of the work described in this chapter has been published in:

e A. M. Rydzik, J. Brem, S. S. van Berkel, I. Pfeffer, A. Makena, T. D. W. Claridge, C. J.
Schofield, Angewandte Chemie International Edition 2014, 53, 3129-3133.

e S.S.van Berkel, J. Brem, A. M. Rydzik, R. Salimraj, R. Cain, A. Verma, R. J. Owens, C.
W. Fishwick, J. Spencer, C. J. Schofield, Journal of Medicinal Chemistry 2013, 56, 6945-
6953.

96



Chapter 3 NMR studies on fluorinated proteins

6 Experimental section

6.1 Protein labelling

An appropriate cysteine-containing protein was treated with tris-(2-carboxyethyl)phosphine (TCEP,
final concentration 2 mM), then incubated on ice (5 min) and buffered exchanged into phosphate
buffer (50 mM, pH 7.0, 200 mM NaCl). A concentrated stock of 100 mM 3-bromo-1,1,1-
trifluoroacetone (Sigma-Aldrich) reagent in phosphate buffer was prepared freshly prior to the
reaction. Protein sample (0.15 mM) was treated with 3-bromo-1,1,1-trifluoroacetone (final
concentration 2 mM) and incubated for 10 min at room temperature, prior to buffer exchange into
Tris buffer (50 mM, pH 7.5, 200 mM NaCl). Buffer exchanges were performed using a PD-10
desalting column (GE Healthcare).

6.2 MS analyses

Protein MS spectra were acquired using following parameters:

System: Waters LCT instrument fitted with TOF analyser, ESI mode and HP1100 chromatography
system (Agilent).

Column: ProSwift RP-4H analytical column (1x50 mm, Thermo Scientific).

Solvents system: solvent A —water 0.1% formic acid, solvent B — acetonitrile 0.1% formic acid.
Gradient:

time % A 'Erlr?l\;vn:ﬁ;[]e
0.00 95 0.4
0.50 95 0.4
4.50 5 0.4
6.50 5 0.4
7.50 95 0.4
10.00 95 0.4

Calibration: Protein spectra were calibrated against myoglobin standard. Mass accuracy <5ppm
with internal calibration. Resolution: 5000 Da.

Blank wash sample: i-PrOH

Tuning file parameters: sample cone 25V, extraction cone 5V, RF lens 255, desolvatation
temperature: 300°C, source temperature: 100°C

MS method: 0-10 min, mass range 300-1800 Da, ESI+, Tof MS, MS scan mode

Pressure limit: 2500 psi
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6.3 NMR

6.3.1 Instrumentation

NMR measurements were conducted using a Bruker AVII 500 spectrometer equipped with a 5mm z-
gradient triple resonance inverse *H/*F(**C) TXI probe operating at 298K using 5 mm diameter
NMR tubes (Norell). F{*"H} decoupled spectra were recorded using inverse-gated Waltz-16 ‘H
decoupling with rf field of 3.125 kHz. '°F 90° pulse lengths were 11 ps and spectra were typically
obtained using 768 scans and a recovery delay of 1s. Data were processed with 3 Hz Lorentzian line
broadening using TopSpin 3.1 software (Bruker) and were referenced to the internal trifluoroacetic
acid (TFA) standard (-75.45 ppm).

6.3.2 Sample preparation

Samples contained NDM-1*-di-Zn(Il) complex (80 UM, unless otherwise stated) in Tris buffer (50
mM, pH 7.5) supplemented with 200 mM NaCl and 10% D,0O. TFA (50 pM) was used as an internal
standard. All inhibitor incubations were compared to appropriate NDM-1* samples containing same
amount of DMSO, but no inhibitor, to ensure change of chemical shift was not the sole effect of
increasing DMSO concentration. The DMSO titration curve was prepared for reference (see main
text). Samples for SPM-1* experiments were prepared in an analogous way.

6.3.3 Metal binding experiments

Apo NDM-1* was obtained by incubation of NDM-1*-di-Zn(Il) complex with 10 mM EDTA in Tris
buffer (50 mM pH 7.5) supplemented with 200 mM NaCl (12 h, 4°C). The solution was then buffer
exchanged into fresh Tris buffer (50 mM pH 7.5) supplemented with 200 mM NacCl to remove
excess EDTA. Samples for metal titrations were containing 70 UM NDM-1* and 50 uM TFA as an

internal standard.
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Chapter 4

BBOX catalysed oxidative desymmetrisation

Abstract

Chapter 4 describes the studies on the BBOX catalysed oxidation of cyclic GBB analogues. Cyclic
GBB analogues, i.e. N,N-dialkyl isonipecotic acid derivatives, were shown to be hydroxylated by
human BBOX to give a single diastereomer. BBOX catalysed hydroxylation led to the
desymmetrisation of the starting materials and consequent formation of up to three new
stereocentres in one step. The conformations of starting materials and oxidation products in water
were assigned by 1D and 2D NMR techniques. A crystal structure of N,N-dimethyl isonipecotic acid
in complex with human BBOX was obtained, which allowed further rationalization of the

stereochemistry assigned by the in-solution techniques.
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Chapter 4 Desymmetrisation

1 Introduction

1.1 Enzyme catalysed desymmetrisations

Enzymes are among the most selective catalysts known for chemical transformations, including the
preparation of optically active compounds.? Desymmetrisation is defined as a modification which
eliminates one or more of the substrate’s elements of symmetry.®> Amongst various synthetic efforts
towards enantioselective desymmetrisation,® enzyme-mediated catalysis presents an attractive
option. The mild reaction conditions, under which most enzymes operate, means that their reactions
are less affected by unwanted side reactions including epimerisation, isomerisation, and
racemisation. Moreover, enzymes can provide a highly asymmetric host environment, which can
enable high stereoselectivity of catalysed transformations.

Enzymes catalysing redox reactions have been used for meso-desymmetrisation.! However, there are
few examples of the use of isolated enzymes involving the oxidation of unactivated C-H bonds> for
desymmetrisation, with most of such transformations being catalysed by cytochrome P450-
dependent monooxygenases.®

1.2 20G dependent oxygenases and biocatalytic transformations

2-Oxoglutarate and Fe(Il) dependent dioxygenases’ are a diverse superfamily of enzymes, which
perform various oxidative transformations, including stereospecific hydroxylations. Even though
various highly enantio- and stereoselective processes are within the range of 20G oxygenases
reactivity, their biocatalytic potential has not been widely exploited, especially on an industrial scale.
Most of the biocatalytically used 20G dependent oxygenases are employed in biosynthesis of their
prime substrates, e.g. synthesis of scopolamine through hydroxylation of hyoscyamine by
hyoscyamine 6-B hydroxylase.? An interest in 20G oxygenase catalysed processes is nourished by
the possibility of the synthesis of new unnatural amino acids, e.g. hydroxylated derivatives of

12-14

arginine,” tryptophan,™ phenylalanine,™ leucine,"*** proline™ and many others. Proline hydroxylases

are a subfamily of 20G oxygenases, which are reported to catalyse hydroxylation of probably the

16-18

most diverse range of substrates to date™ " and which have been used for the commercial production

of hydroxyprolines.
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2 BBOX catalysed hydroxylation of cyclic GBB analogues

2.1 Substrate screening

To explore the biocatalytic potential of BBOX, a set of cyclic GBB analogues has been screened as
potential BBOX substrates using an MS-based assay. Subsequently N,N-dimethylisonipecotic acid
(1) has been identified as a human BBOX substrate. Screening of other related heterocyclic motifs
revealed substrate preferences for BBOX. The enzyme requires a quaternary ammonium centre for
reactivity — neither isonipecotic acid (2) nor N-methyl isonipecotic acid (3) were substrates for
BBOX. Analogues with additional modifications in the piperidine ring (e.g. unsaturated analogue
(4), or methylated analogue (5)) were not substrates for BBOX. The carboxylate has to be positioned
at C4 of piperidine ring — analogue (10) with the carboxylate at C3 was not hydroxylated by BBOX.
In addition, 5-membered ring analogues did not support hydroxylation. The analogues screened as
BBOX substrates are summarised in Fig. 1.

TETLTE

2) I (3) I (a) I (5) 6)

ngm5

~N
(7) (8) N+ (11)

Figure 1 Cyclic GBB analogues screened as BBOX substrates.

2.2 N,N-Dimethylisonipecotic acid is a BBOX substrate

In the sample of (1) treated with BBOX, MS analyses have shown the presence of a +16 peak
(compared to the initial mass of the substrate), most likely corresponding to the hydroxylation
product (Fig. 2). To date, a few GBB analogues have been reported as BBOX substrates, i.e. 3-
fluoro GBB and N-fluoromethyl GBB (Chapter 2), 6-valerobetaine and p-propionobetaine (Chapter
6). However, they are all linear compounds. The reaction of BBOX with cyclic GBB analogues is
unprecedented, and therefore further studies on BBOX catalysed hydroxylation of analogue (1) are
of great interest. In particular, the conformation of the substrate required for efficient binding in a

BBOX active site and the stereochemical structure of the obtained product have to be investigated.
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Figure 2 LC-MS chromatogram of the reaction of BBOX with N,N-dimethylisonipecotic acid (1). Spectra
were recorded in mass range 120-300 Da (scan mode), single ion mode used in parallel to monitor masses: 158
(substrate, rt = 9.68 min) and 174 (product, rt = 8.02 min).

2.3 Conformational analysis of N,N-dimethylnipecotic acid

Firstly, the in-solution conformation of the substrate — N,N-dimethyl isonipecotic acid (1) was
investigated by NMR methods. The *H NMR spectrum of (1) in D,O at room temperature displayed
only one distinctive set of peaks, likely corresponding to one conformer (Fig. 3). The position of the
H4, adjacent to the carboxylic group, was assigned as axial, based on the coupling constant pattern
(Jaa = 11.2 Hz, J,. = 4.6 Hz). The overall signal pattern was characteristic for a chair conformation
(Fig. 3). The identity of signals was further confirmed by assignment of **C NMR shifts for (1) using
'H-*C HSQC spectra (Fig. 4).
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T T
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I
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Figure 3 Conformation of N,N-dimethyl isonipecotic acid (1) as assigned by *H NMR. *H NMR (700 MHz,
D,0) & ppm 3.43 (2H, dt, J = 13.1, 3.7 HZ, Haeq, Haeg), 3.28 (2H, td, J = 12.7, 3.6 HZ, Haa, Haw), 3.08 (3H, s,
CHy), 3.03 (3H, s, CHy), 2.64 (1H, tt, J = 11.2, 4.6 Hz, Hy), 2.09-2.02 (2H, M, Hazg, Haeg), 2.02-1.96 (2H, m,
H3a><v H3‘ax)-

60
Sy D

T T T T T T T T T T T T T T T T
3.4 33 32 341 3.0 29 28 27 26 25 2.4 2.3 22 21 20 ppm

Figure 4 Conformation of N,N-dimethyl isonipecotic acid (1) as assigned by *H-"*C HSQC. **C NMR (from
HSQC signals) (176 MHz, D,0) & ppm 61.5 (C,, C,), 54.7 (CHa3), 47.9 (CHa3), 38.7 (Cy), 22.7 (Cs, Cs)).
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2.4 Crystal structure of BBOX in complex with N,N-dimethy! isonipecotic acid

Having established what conformation (1) adopts in an aqueous solution, the actual mode of binding
of (1) to BBOX was investigated. Human BBOX was crystallised with N,N-dimethylisonipecotic
acid (1) and NOG (N-oxalyl glycine — a non reactive structural mimic of 20G) in the presence of
Ni(Il) (a Fe(ll) surrogate). A crystal structure obtained at 1.9 A resolution (H32 space group, PDB
id: 4CWD) reveals a homodimer, as observed in the case of the crystal structure of BBOX in
complex with GBB and NOG (PDB id: 302G)" and solution analyses.”

The overall fold of the enzyme is very similar to that obtained for the human BBOX structure in
complex with GBB, NOG and Zn(1l) (PDB id: 302G)"™ (Fig. 5A). The active site loop, which was

proposed to move upon substrate binding,*

is in the closed position as in the GBB complexed
structure. The positioning of an active site residues in the BBOX.(1).NOG.Ni(ll) complex structure
is very similar to those in a BBOX.GBB.NOG.Zn(ll) structure (PDB id: 302G). The position of the
metal, 20G and substrate binding residues is well conserved, demonstrating that (1) does not perturb
significantly interactions within the active site and the overall BBOX folding. A view from the
active site of BBOX.(1).NOG.Ni(ll) complex has also shown that (1) is bound in the chair
conformation, with the carboxylate in the equatorial position (pro-S) (Fig. 5C), as suggested by in-
solution NMR analyses. The conformational arrangement of the hydroxylated site of (1) is
essentially identical with the position of the hydroxylation site of GBB (Fig. 5B). Part of the typical
catalytic cycle of 20G dependent oxygenases involves a step in which hydrogen is abstracted from
the substrate and the corresponding radical is formed. The abstracted hydrogen is usually pointing
towards the active site iron. In the BBOX.(1).NOG.Ni(ll) complex, the equatorial H3 (pro-R) of
analogue (1) is pointing towards the metal in the active site and therefore it is likely to be abstracted
in the catalytic cycle. Thus, (3R)-hydroxy-(4S)-isonipecotic acid is likely a candidate for the

hydroxylation product of BBOX catalysed turnover of (1).
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Trp 181
Leu 362 Arg 360
Tyr 177 Tyr VaI 183
Tyr 194
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Tyr 205 Asp 204
Arg 349
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Thr 295 His 202
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Figure 5 Views from the crystal structure of human BBOX in complex with N,N-dimethylisonipecotic acid
(1), NOG and Ni(ll). A — The overall structure of the BBOX.(1).NOG.Ni(Il) complex dimer (PDB id: 4CWD)
(Al), BBOX.GBB.NOG.zZn(Il) complex dimer (PDB id: 302G) (A2) and the overlay of both dimers reveal
high structural similarity of both complexes. B — Overlay of the active sites of BBOX.(1).NOG.Ni(ll) complex
(orange) and BBOX.GBB.NOG.zZn(Il) complex (blue) demonstrates similar positioning of substrates and
metal binding amino acids. C — View from the active site of BBOX.(1).NOG.Ni(ll) complex demonstrates
equatorial H3 is position towards metal, and thus this position is likely prone to hydroxylation during catalytic
cycle.

C

109



Chapter 4 Desymmetrisation

2.5 Reaction of BBOX with N,N-dimethyl isonipecotic acid

The assignment of BBOX catalysed hydroxylation of (1) was analysed by NMR. Upon treatment of
(1) with BBOX in the mixture containing 20G, Fe(ll) and KCI, a second set of peaks characteristic
for cyclic GBB analogue was observed. Furthermore, 20G was decarboxylated to succinate, in
agreement with the 20G dependent oxygenases mechanism. N,N-Dimethyl isonipecotic acid (1)
gave only one product upon reaction with BBOX, which was assigned as 3-hydroxy-N,N-
dimethylisonipecotic acid (Scheme 1) with the aid of *H NMR (Fig. 6) and *H-**C HSQC spectra of
reaction mixture (Fig. 7). The analysis of the coupling constants revealed that both hydrogens linked
to the same carbons as the carboxylate and hydroxyl groups were in the axial positions (C4-H: Ja, =
12.4 Hz, J,, = 10.5 Hz, J,e = 4.7 Hz; Cs-H: J;, = 10.8 Hz x 2, J,. = 4.7 Hz). This is in agreement with
crystallographic analyses, suggesting formation of (3R)-hydroxy-(4S)-isonipecotic acid. Because no
double hydroxylation was observed in the in vitro assays, it is proposed that the crystal structure
likely reflects the only productive positioning of the substrate (1) in the BBOX active site, and so
enables proposed assignment of the absolute stereochemistry of the obtained product.

X
s s BBOX . 5(‘1j3‘,OH
6 ’L+ 2 \ 6 ,L+ 2
| 20G, 0, succinate, CO, |
(1) (12)

Scheme 1 BBOX catalysed hydroxylation of N,N- dimethyl isonipecotic acid. Reaction conditions: 0.5 mM
N,N-dimethyl isonipecotic acid (1), 0.8 mM 20G, 80 mM KCI, 50 uM Fe(ll), 8 uM hBBOX, Tris-dy; 50 mM
pH 7.5 D,0.
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Figure 6 "H NMR assignments of the BBOX catalysed hydroxylation of N,N-dimethyl isonipecotic acid (1)
(top). Overlay of reaction and mixture before enzyme added (bottom). *H NMR (700 MHz, D,0) & ppm 4.18
(1H, td, J = 10.8, 4.7 Hz, Hs), 3.54-3.49 (1H, m, H,), 3.47-3.42 (1H, m, He), 3.33-3.28 (1H, m, Hg), 3.16
(3H, s, CH3), 3.09 (3H, s, CH3), 3.04-3.00 (1H, m, H,), 2.30 (1H, ddd, J = 12.4, 10.5, 4.7 Hz, H,), 2.17-2.11
(IH, m, Hs), 1.97 (1H, m, Hs).
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Figure 7 *H-C HSQC spectra of N,N — dimethyl isonipecotic acid (1) reaction with BBOX. *C NMR (from
HSQC signals) (176 MHz, D,0) & ppm 63.7 (C,), 63.4 (Cs), 61.8 (Cg), 54.7 (CH3), 49.5 (C4), 47.5 (CHy),
22.52 (Cs).

2.6 N-Methyl-N-ethyl isonipecotic acid is a BBOX substrate

Following the example of N,N-dimethyl isonipecotic acid (1), it was investigated if any other
alkylated isonipecotic acid derivative could serve as a BBOX substrate. The precedent of N-
fluoromethyl GBB (described in Chapter 2) demonstrated that analogues with larger N-substituents
than methyl group can also be accepted as BBOX substrates. Therefore, the N-methyl-N-
ethylisonipecotic acid (13) was of interest, in particular because its hydroxylation could lead to
simultaneous formation of three stereocentres. The MS analyses have shown the appearance of a
+16 peak in the BBOX treated sample of N-ethyl-N-methyl isonipecotic acid (13) (Fig. 8).

1.4x10"
1.2x10" PHOH
1,010 - Oy OH N
-g 8.0x10° - E(/JOH m=172
= 6.0x10° - M-
T 40x10°- e
2.0x10° -
VXV L S

4 5 6 7 8 9 10 11 12 13 14 15 16
time [min]
Figure 8 LC-MS chromatogram of the reaction of BBOX with N-methyl-N-ethylisonipecotic acid (13).

Spectra were recorded in mass range 120-300 Da (scan mode), single ion mode used in parallel to monitor
masses: 172 (substrate, rt = 10.79 min) and 188 (product, rt = 8.86 min).

112



Chapter 4 Desymmetrisation

2.6.1 Conformational assignments of N-methyl-N-ethylisonipecotic acid (13)

N-Methyl-N-ethylisonipecotic acid (13) was prepared from commercially available N-methyl
isonipecotic acid (3) and N-ethyl isonipecotic acid (14). In both cases, the resulting product was a
mixture of two isomers (Scheme 2).

H

O«__OH H
Etl \N/H\COOH + /\N/H\COOH
—_—
o \ |
|

major minor
K,CO3
MeOH |
+ H

H
O5© N H
-, \ \N/H\COOH * /\N/H\COOH
N Mel I\ l
K minor major

Scheme 2 Synthesis of N-ethyl-N-methyl isonipecotic acid (5).

The identity of the isomers was assigned using NMR spectroscopy. The methyl group position was
confirmed by an nOe signal pattern (Fig. 9). A proton attached to C4, adjacent to the carboxylate
was assigned to be axial in both isomers of (13) by the coupling constants pattern (isomer A: Jq, =
10.2 Hz, J, = 5.1 Hz; isomer B: J,, = 11.5 Hz, J,. = 4.8 Hz) (Fig. 10 and 11).

nOe H H
ut J
HiC—edf TCOOH  Et— [ coon
A

| H | H
Et B CHg) nOe

Figure 9 nOe correlations for isomers of N-ethyl-N-methyl isonipecotic acid.

pons .,
- rwu
W {MW’ LI —— w | IL.-,*'W:M* i

W il
A LM) | | | W“L\

r T T T T T T T T T T T T
3.8 3.6 3.4 3.2 3.0 2.8 2.6 2.4 2.2 2.0 1.8 ppm

Figure 10 1D TOCSY spectra for N-ethyl-N-methylisonipecotic acid (13) isomers.
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Figure 11 'H NMR spectra of N,N-methyl ethyl isonipecotic acid (13) obtained by alkylation of N-methyl
isonipecotic acid (top) or N-ethyl isonipecotic acid (bottom). Isomer A: *H NMR (700 Hz, D,0O) & ppm 3.47
(2H, dt, J = 13.3, 4.4 Hz, Hpeq, Hzeg), 3.38 (2H, g, J = 7.5 Hz, CH,CH3), 3.24 (2H, td, J = 11.5, 3.8 Hz, Hayy,
Hza), 2.96 (3H, s, CH3), 2.63 (1H, tt, J = 10.2, 5.1 Hz, H,), 2.12-1.99 (4H, m, Haeq, Hzeq Hzax, Haax), 1.25
(3H, t, J = 7.8, CH,CH5). ®°C NMR (from HSQC signals) (176 MHz, D,0) & ppm 59.3 (C,, C,), 53.7
(CH,CHj3), 50.8 (CH3), 37.8 (C4), 22.2 (Cs, C3), 6.44 (CH,CHs). Isomer B: *H NMR (700 Hz, D,0) & ppm
3.43 (2H, dt, J = 13.5, 3.8 Hz, Hjeq, Hzeg), 3.35 (2H, ¢, J = 7.5 Hz, CH,CHj3), 3.22 (2H, td, J = 13.1, 3.6 Hz,
Haax, Hoax), 2.95 (3H, s, CH3), 3.03 (3H, s, CHy), 2.61 (1H, tt, J = 11.5, 4.8 Hz, H,), 2.12-1.99 (4H, m, Hagg,
Haeq, Haax, Haax), 1.30 (3H, t, J = 7.8, CH,CH).
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2.6.2 Product assignment

The structure of the product of BBOX catalysed hydroxylation of (13) was assigned with the aid of
NMR spectroscopy. It appears that isomers A and B of (13) act differently in the BBOX catalysed
hydroxylation. Analogue (13a) is a preferred substrate for BBOX, while (13b) is almost non-
reactive. The small amount of hydroxylation product for (13b) was obtained at high concentrations
of BBOX (>40 uM). The reaction of (13a) with BBOX yielded a single diastereomer: (1R,3R,4S)-4-
carboxy-1-ethyl-3-hydroxy-1-methylpiperidin-1-ium (15a) (Fig. 12). The conformation of (15a) was
assigned from coupling constants pattern in *"H NMR (Fig. 13). The reaction gave a product with
equatorial carboxylate (H4 axial; J,, = 12.2 Hz, J,, = 10.4 Hz, J,. = 4.8 HZ) and equatorial hydroxyl
group (H3 axial; J, = 10.4 Hz x 2, J,. = 4.4 Hz) (Fig. 13), similarly to the reaction of N,N-dimethyl
isonipecotic acid (1) with BBOX.

Oy OH Oy OH
O BBOX ’\/TOH
N* N\ N
{ ‘ 20G, 0, succinate, CO, K
(13a) (15a)
OYOH OYOH
B BBOX B OH
N* N*
3 W 20G, O, succinate, CO, s w
(13b) (15b)

Figure 12 BBOX catalysed hydroxylation of N-methyl, N-ethyl isonipecotic acid (13) conformers.
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Figure 13 H and **C NMR assignments of product of BBOX catalysed hydroxylation of N-methyl-N-ethyl
isonipecotic acid (13).
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3 BBOX catalysed oxidations of cyclic GBB analogues

3.1 Kinetic analyses of cyclic BBOX substrates

Analogues (1) and (13a) were evaluated as BBOX substrates in comparison to GBB (Table 1). In the
case of both cyclic analogues the initial rate was around two times slower than the one measured for
GBB. The amount of uncoupled 20G turnover was similar to the amount recorded for GBB
catalysed hydroxylation (Table 1). For the N,N-dimethyl isonipecotic acid (1) further kinetic
measurements were done. Ky, value of 25 uM was obtained, which is slightly higher than the Ky, for
GBB (4 uUM). The Vax was 0.040 pM/s and kg, 0.15 1/s, which is lower than the value obtained for
a GBB (k¢ 0.83 1/s). Interestingly, the substrate inhibition was observed only above 0.2 mM of (1),
while for GBB substrate inhibition occurs over 20 UM of GBB concentration.

Table 1 Initial rates of product formation in reaction of BBOX with GBB and cyclic analogues (4) and (5a)

Initial rate of Initial rate of succinate
hydroxylation [uM/s] formation [uM/s]
GBB 0.130 0.162

1) 0.059 0.078
(13a) 0.041 0.077
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Figure 14 Time course of BBOX catalysed oxidation of (1) (left) and (13a) (right).
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Figure 15 Dependence of the initial reaction rate on the concentration of cyclic GBB analogue (1).
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4 Conformational assignments of other isonipecotic acid derivatives

When N-methyl isonipecotic (3) was ethylated the mixture of product isomers was A:B=2:1. The
methylation of N-ethyl isonipecotic acid (14) led to mixture of isomers: A and B, with the ratio of
1:3. The difference in the product distribution might be caused by the different conformations of the
substrates (3) and (14). Therefore the conformations of isonipecotic acid (2), N-methyl isonipecotic
acid (3) and N-ethylisonipecotic acid (14) were examined. The conformational equilibria in the
isonipecotic acid derivatives were not previously studied in detail. The conformation of such
systems in physiological conditions is of interest, as they were shown to be GABA receptor

agonists/antagonists® .

4.1 Conformation of piperidine

The conformation of piperidine in a solution has been studied since 1960%°. The preference for the
chair conformation was quite clear; however the relative position of the hydrogen and lone pair on
the nitrogen was questionable. Most of the studies supported equatorial position of N-H group®’,
however that effect may be solvent dependent®. Piperidine was shown to undergo conformational

exchange through ring inversion and nitrogen inversion (Fig. 16).

3
/ :N' ~H — /:N
nitrogen
inversion .
ring ring
inversion inversion
nitrogen
inversion
— — L \-H

[
H

Figure 16 Conformations of piperidine.

4.2  Conformation of isonipecotic acid

The conformational equilibria of piperidine analogue — isonipecotic acid, were studied. A similar
equilibrium can exist for isonipecotic acid (2), however the main form present in an aqueous
solution was determined to be a chair conformation with the equatorial carboxylate. The carboxylate
position was assigned from the coupling constants pattern in the *H NMR (Fig. 17). The proton at
C4 was determined to be axial (H4: J,, = 11.3 Hz, J,. = 3.8 H2).
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Figure 17 Conformation of isonipecotic acid (1) as assigned by *"H NMR. *H NMR (700 MHz, D,0) & ppm
3.34 (2H, dt, J = 3.7, 13.0 Hz, Hjeq, Haeq), 2.95 (2H, td, J = 3.2, 12.6 Hz, Haay, Howy), 2.37 (1H, tt, J = 3.8, 11.3
Hz, Hyay), 2.03-1.98 (2H, m, Haeq, Haeg), 1.74-1.67 (2H, m, Hzqy, Hiuy).

4.3  Conformation of N-methyl isonipecotic acid

In general, there are four possible chair conformations of N-methyl isonipecotic acid (3), all

interconvertible through ring inversion or nitrogen inversion (Fig. 18).

I
Hooc '™~ Hooc— '

nitrogen
inversion .
ring fing
inversion inversion
COOH nitrogen COCH
inversion

| "

Figure 18 Possible conformations of N-methyl isonipecotic acid (3).
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'H NMR spectroscopy allows observation of two distinguishable conformations present at room
temperature, one being predominant with a ratio of 3.5:1 of the major to the minor form of the

compound (Fig. 19-22).

H COOCH
\N/ﬁ\COOH \N/ﬁ\H
major minor

Figure 19 Structure of N-methyl isonipecotic acid (3) and its two chair conformations existing at room

temperature.
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Figure 20 Conformations of N-methyl isonipecotic acid (3) as assigned by *H NMR. Major: *H NMR (700
MHz, D,0) & ppm 3.51 (2H, dt, J = 12.8, 1.9 Hz, Haeq, Haeg), 2.97 (2H, td, J = 13.1, 2.2 Hz, Haax, Haw), 2.79
(3H, s, CHy), 2.63 (1H, tt, J = 12.4, 3.7 Hz, Hy), 2.18 (2H, dt, J = 14.8, 1.9 Hz, Haeq, Hseq), 1.83-1.75 (2H, m,
Haax, Haa). Minor: *H NMR (700 MHz, D,0) & ppm 3.36 (2H, dt, J = 13.1, 4.1 Hz, Haeq, Haeg), 3.06 (2H, td, J
=125, 2.5 Hz, Haa, Hoax), 2.84 (1H, g, J = 4.6 Hz, Hy), 2.78 (3H, s, CH3), 2.20 (2H, M, Hseq, Haeg), 1.96 (2H,

ddt, J = 15.7, 11.4, 4.5 Hz, Haay, Haa).
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Figure 21 *H-*C HSQC spectrum of N-methyl isonipecotic acid (3). Major: **C NMR (from HSQC signals)
(176 MHz, D,0) & ppm 53.44 (C,, C,), 43.06 (CH3), 37.75 (C4), 25.38 (C3, C3). Minor: *C NMR (from
HSQC signals) (176 MHz, D;0) & ppm 51.36 (C,, C,), 42.09 (CHs), 34.79 (Cy), 23.20 (Cs, Cs).
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Figure 22 *H-"H nOe spectrum of N-methyl isonipecotic acid (3).

4.3.1 Carboxylate position

The conformational position of the carboxylate was assigned from coupling constants of H4. The
major form shows a typical pattern for an axial proton with signal at 2.63 ppm, being observed as a
triplet of triplets with coupling constants of J,,;=12.4 and J,=3.7 Hz. In the minor isomer the H4
signal is shifted downfield to 2.84 ppm, which is characteristic for equatorial substituents. The signal
also becomes broader with Je and Je, coupling constants of equal value of 4.6 Hz. Thus, the

carboxylate described as being in the axial position for the minor isomer (Fig. 20).
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4.3.2 Methyl group position

The methyl group position was assigned from nOe spectra. nOe signals were observed between the
N-methyl group and both axial and equatorial protons H2 and H2'. However, no nOe was observed
between the methyl group and H3 nor the H3' protons, suggesting an absence of 1,3-diaxial
interactions, which would be observed if the methyl group was in the axial position. Therefore the
major conformational position of the methyl group was assigned as being equatorial for both
conformers. For the major conformer one set of nOe experiments with variable mixing time was
recorded. Plotting the relative peak intensity of the nOe between methyl group and H3g, or H3.
versus mixing time (referred to as a PANIC approach?®?%) enables identification of direct and
indirect nOe signals. The indirect nOe signal can be identified by the presence of a lag phase for
short mixing times (when the nOe is not allowed to develop properly). The resultant plot suggest
direct nOe between the methyl group and neighbouring axial protons and indirect correlations to the

axial protons, which further confirms the equatorial position of the methyl group.

400 -
2 H H
-‘é 300 - * ax
[J]
£ 200 - o ! . Hax
" * © Hax COOH
‘23 100 - ¢ | H
@ m HHeq eq HE—
.l_-u' O T T T 1 N
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Heq

mixing time [s]

Figure 23 nOe assignments of the methyl group position in the N-methyl isonipecotic acid (2).

4.3.3 pK,; measurments

pK, measurements were conducted for the major and minor form by monitoring chemical shift

change of H4 signal under different pH range. Both forms were assigned pK, = 4.0 (Fig. 24).

100} 100}
80 80
60 60
a0l a0l
20 201
0 B ] ! ! ] ! 0 - I ] ! ! ] I
1x10°® 1x10° 0.01 1x10° 1x10° 0.01

Figure 1 pK, measurements — concentration of [H*] as a function of % of chemical shift of H4 signal for major
(left) and minor (right) isomer.
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4.4 N-Ethylisonipecotic acid

N-Ethylisonipecotic acid (14) is, similarly to the N-methyl derivative, existing as two distinguishable
conformers (Fig. 25). Coupling constants patterns in the *"H NMR (Fig. 26) similar to those obtained
for N-methyl isonipecotic acid (3) suggest analogue (14) adopts similar conformation to (3). The

ratio of major to minor conformer was like in case of (3) 3.5:1.

H COOH
/\N/ﬁ\COOH /\N/ﬁ\H
major minor

Figure 25 Structure of N-ethyl isonipecotic acid (3) and its two chair conformations existing at room
temperature.
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Figure 26 Conformations of N-ethyl isonipecotic acid (3) as assigned by *H NMR. Major: *"H NMR (700
MHz, D,0) 8 ppm 3.57 (2H, dt, J = 12.8, 1.9 Hz, Hypeq, Haeq), 3.11 (2H, 0, J = 7.3 Hz, CH,CHjy), 2.91 (2H, td, J
= 13.1, 1.9 Hz, Haa, Haw), 2.64 (1H, tt, J = 12.3, 3.8 Hz, Hy), 2.24-2.16 (2H, M, Haeq, Haeg), 1.83-1.74 (2H,
M, Haa Haa), 1.24 (2H, g, J = 7.3 Hz, CH,CHj3). Minor: *H NMR (700 MHz, D,0) & ppm 3.40 (2H, dt, J =
13.2, 4.0 Hz, Hyeq, Haeq), 3.12 (2H, q, J = 7.3 Hz, CH,CHj; overlapped with the corresponding signal of major
isomer), 3.03 (2H, td, J = 12.7, 2.8 Hz, Hy4, Hoey), 2.86 (1H, q, J = 4.7 Hz, H,), 2.24-2.16 (2H, m, overlapped
with signal for major isomer, Hseq, Haeg), 1.96 (2H, ddt, J = 4.5, 11.6, 15.7 Haa, Haw), 1.22 (3H, t, J = 7.3,
CHch3)
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Figure 27 *H-**C HSQC spectrum of N-ethyl isonipecotic acid (14). Major: *C NMR (from HSQC signals)
(176 MHz, D,0) & ppm 52.21 (CH,CHs), 51.09 (C,, C,), 38.28 (Cy), 25.64 (Cs, Cs.), 8.48 (CH,CHs). Minor:
3¢ NMR (from HSQC signals) (176 MHz, D,0) & ppm 50.67 (CH,CH3), 49.17 (C,, C,'), 35.76 (Cy), 23.61
(Cs, Cs3), 8.81 (CH,CHy).

4.5 Influence of N-methylation on isonipecotic acid derivatives conformations

The analysis of coupling constants of H4 in the isonipecotic acid (2), N-methyl isonipecotic acid (3),
and dialkylated isonipecotic acids (1) and (13) reveals that with the increasing N-methylation status
Jaa are becoming smaller and Jq. larger (Fig. 28). The observed change in coupling constant values is
usually connected to 6-membered ring flattening resulting in change of angles between neighbouring
protons. The tendency to change coupling constant values can be observed upon methylation of
nitrogen, i.e. isonipecotic acid (2) and its monomethylated form (3) display clear splitting pattern
characteristic for axial protons, while for N,N-dimethyl isonipecotic acid (1) and N,N-ethylmethyl
isonipecotic acid (13) as the coupling constant values become closer to each other, the pattern starts

to resemble a septet (Fig. 28).
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Figure 28 'H NMR signal of H4 in isonipecotic acid (1), N-methyl isonipecotic acid (2), N, N — dimethyl
isonipecotic acid (4) and N-ethyl, N-methyl isonipecotic acid (5).
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5 Summary and perspective

BBOX was shown to catalyse a desymmetrisation of N,N-dialkyl isonipecotic acids, with the
simultaneous production of up to three chiral centres in one reaction. The conformation of the
piperidine-based starting materials and the corresponding oxidation products in solution was studied
by means of 1D and 2D NMR techniques. BBOX can be used as a valuable catalyst for the synthesis
of chiral quaternary ammonium salts, for use as chiral phase-transfer catalysts or chiral auxiliaries.
The results highlight the potential of 20G dependent oxygenases for desymmetrisation of achiral
compounds with concomitant introduction of multiple chiral centres. The limitations in the range of
accepted substrates can be further addressed by the modifications of naturally occurring enzymes,
especially with the constantly growing amount of structural information available on 20G dependent
oxygenases. Thus, 20G dependent oxygenases have considerable potential both for the production
of chiral starting materials for high-value chemical production, and for the late stage oxidations of

bioactive compounds.
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7  Experimental section

7.1 NMR

NMR assays were performed on Bruker AVIII 700 with inverse TCI cryoprobe using 3 mm
MATCH tubes. Pulses were calibrated using single-pulse nutation method (Bruker pulsecal routine).

Water suppression was achieved using the excitation sculpting method.

7.1.1 Hydroxylation product assignment

Hydroxylation reactions were performed using the following conditions: 0.8 mM 20G (disodium
salt), 80 mM KCI, 50 uM Fe(ll) (used as an (NH,),Fe(SO,), salt and prepared freshly before
reaction start), 0.2 mM GBB analogue in 50 mM TRIS-d11 pH 7.5 in D,O. Reaction was started by
addition of human BBOX to the final concentration of 8 uM. Mixture was incubated overnight and
then products were assigned using *H and *H-**C HSQC NMR.

7.1.2 Time course assays

Time course assays were run using the following conditions: GBB/GBB analogue 100 uM, 20G 0.5
mM (disodium salt), ascorbate 0.5 mM (mono potassium salt), KCI 200 mM, Fe(ll) 50 uM (used as
an (NH,),Fe(S0,), salt and prepared freshly before reaction start) in 50 mM TRIS d-11 pH 7.5, 10%
D,0. Reaction was initiated by the addition of human BBOX to the final concentration of 400 nM.
First spectrum was measured after 210 sec from the reaction start. Each spectrum was measured with

16 transients.

7.2 MS

7.2.1 Initial screen

Initial screens for BBOX substrates were performed on Waters LCT Premier Instrument, employing
Electron impact Chemical lonisation, fitted with time of flight (ToF) analyser. Samples were
measured using direct injection (no column attached) and analysed for the presence of a +16 peak.

Enzymatic assays were run in the following conditions: 100 uM substrate, 1 mM 2-oxoglutarate
disodium salt, 100 puM Fe(ll) (Fe(NH,4),(SOy), salt, solution prepared fresh before experiment from
concentrated stock in 20 mM HCI), 200 mM KCI, 500 uM ascorbic acid sodium salt, 1 pM enzyme,
buffer: 50 mM phosphate pH 7.0, final volume 200 pL. Each assay contained samples run with

BBOX and control with no enzyme added.

7.2.2 LC-MS method

Chromatographic separation of the GBB analogues was performed using mixed mode

chromatography. Chromatographic separation was performed using an Aquity UPLC system

(Waters). Column: PrimeSep 200 mixed mode, 2.1x250mm, particles Sum (SIELC, Prospect

Heights, US). Mobile phase: Solvent A — 9:1 H,O-acetonitrile mixture, 0.05% formic acid, solvent B
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— 8:2 H,O-acetonitrile mixture, 0.2% formic acid. Gradient: Linear gradient from 0% to 100% B in
25 min, column reconditioning: 25-26 min from 0% to 100% A, 26-30 min 100% A. Flow rate:
0.3 mL/min. Injection volume 10 pL. Detection was performed using a Waters Quattro Micro
instrument (triple quadrupole MS, electrospray ionisation, positive ion mode). The single ion mode
was used and scan mode was running in parallel as a control. The reaction samples were prepared as

described in the method for initial MS screening.

7.3  Crystallography

Crystallization was performed in 24-well plates; hanging drops were equilibrated against 400 pl of
reservoir solution. Drops consisted of 1 pl reservoir solution and 1 pl protein solution. The reservoir
solution contained: 0.2 M ammonium citrate, 1 mM NiSO,, 4% 1, 6-diaminohexane, 19% PEG
3350. Protein (20 mg/ml) was in TRIS buffer (50 mM pH 7.5) containing 200 mM NaCl and was
supplemented with 5 mM N, N- dimethylisonipecotic acid (4) and 10 mM NOG (100 mM stock
solutions in TRIS 50 mM, pH adjusted to 7.0) prior to crystallization. Crystals formed after a week
were used for micro seeding to yield bigger crystals which formed overnight. No crystals were
observed in the presence of GBB. Crystals were flash cooled in liquid nitrogen using 25% glycerol

in mother liquor as a cryoprotectant.

127



Chapter 4 Desymmetrisation

7.4 Synthesis

7.4.1 General information

Non-methylated precursors and N-methyl isonipecotic acid and N-ethyl isonipecotic acid were from
Sigma-Aldrich.

7.4.2  General procedure for synthesis cyclic GBB analogues

The appropriate amino acid (1 equiv.) was dissolved in methanol (5 mL) along with K,COs (4
equiv.), treated with an excess of iodomethane (5 equiv.) and stirred at room temperature for 24 h.
The methanol was evaporated, and the resultant residue dissolved in water (1 mL) and acidified with
concentrated HCI. The mixture was stirred for 1 h and then washed with diethyl ether. Water was
then evaporated in vacuo and the resultant residue was purified by HPLC (preparative C-18 reverse
phase column; gradient: 50% B in 15 min, where A — water, 0.05% formic acid, B — acetonitrile,
0.1% formic acid; fractions containing product identified using Evaporative Light Scattering
Detection (ELSD). The desired fractions were combined and freeze-dried to yield the product as a
highly hygroscopic solid. Due to low level of compound recovery after HPLC purification, some of
the assays used crude products if pure by *H NMR (which contained compound and KCI mixture,
concentration of organic sample was determined by 'H NMR). Due to small amount of purified
product IR spectra and optical rotation values are not reported. Melting points are not given due to

highly hygroscopic nature of the obtained material.

7.4.3  4-carboxy-1,1-dimethylpiperidin-1-ium (1)

COOH

AN
The trifluoroacetic acid (TFA) salt of desired product (11 mg, 0.04 mmol, 10%) was obtained
starting from isonipecotic acid (50 mg, 0.39 mmol) and following the general procedure.
'H NMR (700 MHz, D,0) & = 3.47 (dt, J=13.0, 3.0 Hz, 2 H), 3.33 (td, J=12.5, 3.5 Hz, 2 H), 3.12 (s,
3 H), 3.07 (s, 3 H), 2.67 (tt, J=10.5, 5.0 Hz, 1 H), 2.10 - 2.17 (m, 2 H), 2.01 - 2.10 (m, 2 H) ppm, *C
NMR (126 MHz, D,0) & = 177.8, 61.4, 54.1, 48.1, 37.3, 22.3 ppm. HRMS (ESI-TOF) calcd for
CgH1gNO," [M™]: 158.1176, found: 158.1168.
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7.4.4  4-carboxy-1-ethyl-1-methylpiperidin-1-ium (14)

COOH

e
The trifluoroacetic acid (TFA) salt of desired product (9 mg, 0.03 mmol, 8%) was obtained starting
from isonipecotic acid (50 mg, 0.39 mmol) and following the general procedure. The compound was
obtained as a mixture of isomers.

Major conformer was assigned by NMR: *H NMR (700 MHz, D,0) & ppm 3.47 (2H, dt, J = 13.3,
4.4 Hz, Hyeq, Hoeg), 3.38 (2H, @, J = 7.5 Hz, CH,CHj), 3.24 (2H, td, J = 11.5, 3.8 Hz, Haa, Haw),
2.96 (3H, s, CHa), 3.03 (3H, s, CH3), 2.63 (1H, tt, J = 10.2, 5.1 Hz, H,), 2.12-1.99 (4H, m, Hagy,
Haeq, Haax, Haax), 1.25 (3H, t, J = 7.8, CH,CH,).

3C NMR (from HSQC signals) (176 MHz, D,0) & ppm 59.3 (Cy, C,'), 53.7 (CH,CHs), 50.8 (CHs),
37.8 (Cy), 22.2 (Cs, C3), 6.44 (CH,CHs). HRMS (ESI-TOF) calcd for CoHigNO,™ [M*]: 172.1332,
found: 172.1338.

7.4.5 4-carboxy-1,1-dimethyl-1,2,3,6-tetrahydropyridin-1-ium (4)
COOH
X

AN
The trifluoroacetic acid (TFA) salt of desired product (14 mg, 0.05 mmol, 12%) was obtained
starting from isonipecotic acid (50 mg, 0.39 mmol) and following the general procedure.
'H NMR (700 MHz, D,0) & = 6.77 - 6.83 (m, 1 H), 4.07 (g, J=2.5 Hz, 2 H), 3.50 (t, J=6.5 Hz, 2 H),
3.10 (s, 6 H), 2.65 - 2.72 (m, 2 H) ppm, *C NMR (126 MHz, D,0) & = 168.4, 129.1, 127.6, 60.7,

58.2,51.7, 19.5 ppm. HRMS (ESI-TOF) calcd for CgH14NO," [M™]: 156.1019, found: 156.1013.
7.4.6  4-carboxy-1,1,4-trimethylpiperidin-1-ium (5)

COOH

AN
The trifluoroacetic acid (TFA) salt of desired product (10 mg, 0.03 mmol, 8%) was obtained starting
from 4-methylisonipecotic acid (50 mg, 0.39 mmol) and following the general procedure.
'H NMR (700 MHz, D,0) & = 3.47 (dt, J=13.5, 4.0 Hz, 2 H), 3.35 (td, J=3.0, 12.5 Hz, 2 H), 3.16 (s,
6 H), 2.32 (d, J=15.5, 2 H), 1.95 (ddt, J=3.5, 11.0, 15.5, 2 H), 1.35 (s, 3 H) ppm, *C NMR (126
MHz, D,0O, from HSQC signals) & = 59.8, 54.3, 49.2, 28.2, 24.2 ppm. HRMS (ESI-TOF) calcd for

CoH1sNO," [M™]: 172.1332, found: 172.1325.
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7.4.7  4-carboxy-1-methylquinuclidin-1-ium (6)

COOH

N+
I

The trifluoroacetic acid (TFA) salt of desired product (16 mg, 0.05 mmol, 13%) was obtained
starting from 1-aza-bicyclo[2.2.2]octane-4-carboxylic acid (50 mg, 0.39 mmol) and following the
general procedure.
'H NMR (700 MHz, D,0) & = 3.47 (t, J=7.5 Hz, 6 H), 2.96 (s, 3 H), 2.17 (t, J=7.5 Hz, 6 H) ppm, *°C
NMR (126 MHz, D,0, from HSQC signals) & = 56.3, 51.6, 25.8 ppm. HRMS (ESI-TOF) calcd for
CoH1gNO," [M™]: 170.1176, found: 170.1179.
7.4.8 (S)-3-carboxy-1,1-dimethylpyrrolidin-1-ium (7)
COOH

The trifluoroacetic acid (TFA) salt of desired product (10 mg, 0.04 mmol, 9%) was obtained starting
from (S)-pyrrolidine-3-carboxylic acid (50 mg, 0.43 mmol) and following the general procedure.
'H NMR (700 MHz, D,0) § = 3.72 - 3.82 (m, 2 H), 3.52 - 3.62 (m, 3 H), 3.15 (s, 3 H), 3.12 (s, 3 H),
2.53 - 2.62 (M, 1 H), 2.39 - 2.47 (m, 1 H) ppm, *C NMR (126 MHz, D,0) & = 175.5, 66.4, 65.3,
40.5, 52.2, 26.5 ppm. HRMS (ESI-TOF) calcd for C;H1,NO," [M*]: 144.1019, found: 144.1013.
749 (R)-3-carboxy-1,1-dimethylpyrrolidin-1-ium (8)

<__§COOH

AN
The trifluoroacetic acid (TFA) salt of desired product (13 mg, 0.05 mmol, 12%) was obtained
starting from (R)-pyrrolidine-3-carboxylic acid (50 mg, 0.43 mmol) and following the general
procedure.
'H NMR (700 MHz, D,0) § = 3.72 - 3.82 (m, 2 H), 3.52 - 3.62 (m, 3 H), 3.15 (s, 3 H), 3.12 (s, 3 H),
2.53 - 2.62 (M, 1 H), 2.39 - 2.47 (m, 1 H) ppm, *C NMR (126 MHz, D,0) & = 175.5, 66.4, 65.3,
40.5, 52.2, 26.5 ppm. HRMS (ESI-TOF) calcd for C;H,NO," [M*]: 144.1019, found: 144.1019.
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7.4.10 (R)-2-carboxy-1,1-dimethylpyrrolidin-1-ium (9)

The trifluoroacetic acid (TFA) salt of desired product (10 mg, 0.04 mmol, 9%) was obtained starting
from (R)-proline (50 mg, 0.43 mmol) and following the general procedure.

'H NMR (700 MHz, D,0) & = 4.27 (t, J=9.5 Hz, 1 H), 3.68 (ddd, J=11.5, 8.5, 3.5 Hz, 1 H), 3.53 (q,
J=9.5 Hz, 1 H), 3.27 (s, 3 H), 3.07 (s, 3 H), 2.46 - 2.54 (m, 1 H), 2.28 - 2.36 (m, 1 H), 2.07 - 2.20
(m, 2 H) ppm, C NMR (126 MHz, D,0) & = 169.0, 74.2, 67.8, 52.2, 46.2, 24.6, 18.5 ppm. HRMS
(ESI-TOF) calcd for C;H1,NO," [M*]: 144.1019, found: 144.1015.

7.4.11 3-(carboxymethyl)-1,1-dimethylpiperidin-1-ium (10)

(Y\COOH

AN

The trifluoroacetic acid (TFA) salt of desired product (10 mg, 0.03 mmol, 9%) was obtained starting
from (S)- 3-piperidinecarboxylic acid (50 mg, 0.35 mmol) and following the general procedure.

'H NMR (700 MHz, D,0) & = 3.41 (t, J=15.5 Hz, 2 H), 3.15 (t, J=13.0 Hz, 1 H), 3.08 (s, 3 H), 3.05
(s, 3 H), 2.94 (t, J=12.5 Hz, 1 H), 2.36 - 2.44 (m, 1 H), 2.31 (qd, J=16.5, 6.5 Hz, 2 H), 1.87 - 1.98
(m, 2 H), 1.79 - 1.87 (m, 1 H), 1.16 (qd, J=13.0, 4.0 Hz, 1 H) ppm, *C NMR (126 MHz, D,0) & =
175.6, 65.8, 62.4, 56.7, 47.4, 37.2, 27.9, 26.8, 19.7 ppm. HRMS (ESI-TOF) calcd for CgH1sNO,"
[M*]: 172.1332, found: 172.1332.

7.4.12 4-carboxy-N,N,N-trimethylcyclohexan-1-aminium (11)

COOH

+
/’T‘\

The trifluoroacetic acid (TFA) salt of desired product (11 mg, 0.04 mmol, 11%) was obtained
starting from 4-aminocyclohexane-1-carboxylic acid (50 mg, 0.35 mmol) and following the general
procedure.

'H NMR (700 MHz, D,0) & = 3.28 (it, J=11.5, 3.5 Hz, 1 H), 2.97 (s, 9 H), 2.71 (td, J=4.5, 2.5 Hz, 1
H), 2.25 (d, J=14.0 Hz, 2 H), 2.06 - 2.12 (m, 2 H), 1.52 - 1.64 (m, 4 H) ppm, **C NMR (126 MHz,
D,0) & = 178.8, 73.7, 50.5, 36.8, 25.4, 22.3 ppm. HRMS (ESI-TOF) calcd for C1H,NO," [M]:
186.1489, found: 186.1482.
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Chapter 5

Inhibition of human BBOX

Abstract

Chapter 5 describes studies aimed at finding inhibitors of BBOX and their validation for use in
cellular studies. BBOX is a therapeutic target in cardiovascular medicine. However, to date no
highly potent and selective human BBOX inhibitor has been identified. A set of over 600 potential
inhibitors of 20G dependent oxygenases were screened against BBOX using the fluoride release
assay. This work led to the identification of lead scaffolds, including 3-hydroxy-2-picolinic acid and
isoquinoline derivatives. Further optimisation led to the identification of a potent inhibitor of BBOX,
which was shown to lower carnitine levels in a cellular assay. A crystal structure of the inhibitor
with BBOX revealed an active site loop movement, which may be relevant in the BBOX catalytic
mechanism and helps to rationalize GBB substrate inhibition observed both with isolated BBOX and
in cells. Other scaffolds, including hydroxythiazole based compounds were also evaluated as BBOX
inhibitors leading to the identification of highly potent inhibitors. Moreover, a set of GBB analogues
was screened against BBOX in vitro and in cells, which led to identification of novel agents that
reduce carnitine levels in cells. Finally, the inhibition of BBOX by targeting its zinc binding domain
was examined. The results indicate that N-terminal zinc binding domain is indispensible for BBOX

folding and activity.
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Chapter 5 Inhibition of BBOX

1 Introduction

1.1 Role of carnitine in cardiac metabolism

Cardiac ischemia and related conditions are major causes of mortality in many countries.' In the
normal heart, glucose and fatty acid metabolisms are tightly regulated, with fatty acids acting as a
main source of energy; however, in the failing heart this homeostasis is perturbed.? A shift towards
glucose oxidation under ischemic conditions was shown to aid cardiac efficiency and improve heart
function in both the long and short term® (glucose metabolism is linked with less oxygen
consumption per molecule of ATP produced?). The manipulation of the preferred cellular energy
source is therefore of interest with respect to pharmacological intervention in cardiovascular disease.
Several approaches for inhibiting fatty acid metabolism have been employed, including targeting
pools of free fatty acid by acting on their transport into mitochondria or p-oxidation.?

In the human body carnitine is mainly obtained from the diet, with its endogenous biosynthesis
being listed as a secondary source. Despite this, the carnitine biosynthesis pathway is a highly
conserved enzymatic path across all animals (including carnivores, which are ensured constant
carnitine uptake from consumed meat). Recently, carnitine biosynthesis has been shown to be
induced by fat-rich diet* and regulated by thyroid hormones, which altered BBOX activity in liver.’
Therefore it can be proposed that the endogenous carnitine biosynthesis provides fine regulation of
carnitine levels, with effects on preferred energy source utilisation. Consequently, manipulation of
the ratio between glucose and the fatty acid metabolism could potentially be achieved by modulating
carnitine biosynthesis. It has also been proposed that high levels of carnitine in red meat can cause
heart disease via metabolism of carnitine leading to production of trimethylamine N-oxide (TMAO),
which promotes arteriosclerosis.® Therefore inhibition of carnitine biosynthesis is of interest in the

treatment and prevention of cardiovascular disease.

1.2  Previous work on BBOX inhibitors

To date, there is little precedent for the inhibition of human BBOX. The existing reports focus on
GBB analogues,”® which are all relatively weak inhibitors and attracted more attention as probes for
enzyme mechanistic studies® rather than possible cell based tools or drug candidates. The existing

data on BBOX inhibition are summarized below.

1.2.1 Inhibitors of human BBOX

To date, there is one clinically used agent, which is targeted specifically at human carnitine system.
It is marketed by a Latvian company Grindeks under the name Mildronate (THP, MET-88).'%*
Mildronate is sold as a cardioprotective drug in Russia and some of the Eastern European countries.
Even though it was initially targeted at BBOX, it has been shown to be a rather weak inhibitor of

BBOX in vitro (ICs, value of 60 pM'/ 12 uM®) and also a competitive substrate.*** 3-
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Hydroxypropionic acid, glucose and succinic acid were major metabolites identified in plasma after
oral treatment with Mildronate.'® Other reports suggested that Mildronate acts as an inhibitor of
carnitine acetyltransferase’” and can influence the neural system.*® Mildronate is a close structural
mimic of both GBB and carnitine (Scheme 1), which may explain non-specificity of its mode of

action, as it can probably interact with more than one GBB/carnitine binding proteins or transporters.

O OH | o | o |-
HOM/NK HO)K/\/NK HOMN’N\

H

L-carnitine y-butyrobetaine (GBB) mildronate
NZ NZ
HO >~ HO >~
20G succinate
0, CO,
H
e} | BBOX O NH, (O O OH \ i
N N * A N
HOMN ~ . HOM ~ HOMOH > HTH
H 20G succinate
0, CO,

Scheme 1 Structures of carnitine, y-butyrobetaine and Mildronate. Mildronate is a close structural mimic of y-
butyrobetaine (GBB) and carnitine. Both GBB and Mildronate are BBOX substrates. In the case of Mildronate
multiple products of BBOX catalysis are observed.™

1.2.2  Inhibitors of BBOX from Pseudomonas sp. AK1

Most of the inhibition studies on BBOX have been done on the Pseudomonas sp. AK1 enzyme,
presumably because of its availability compared to human or animal BBOX (an expression system
for human BBOX was established only recently™ and prior to that, animal BBOX was obtained by
isolation from the appropriate organs,"® while bacterial homologue was isolated from Pseudomonas
cultures®). However, the results may not be directly translatable into the human BBOX system as
there are differences between kinetic properties and substrate selectivity of Pseudomonas sp. AK1
and human BBOX (see Chapter 6). The main classes of inhibitors investigated were derived from
BBOX susbtrate structures.

i i Q | Q | Q |
M (2) 3) 4) ®)
(0] O (0] (e} o (0] OH
H H
HO)WO HO)MO HOWOH HOmOH
(0] O O (0] (0] OH

(6) 7 (8) )
Figure 1 Structure of inhibitors of BBOX from Pseudomonas sp. AK1 as decribed by Lindsted et al.”

Lindsted et al.? identified several GBB analogues as inhibitors of Pseudomonas sp. AK1 BBOX
(percentege inhibition at 11.4 mM inhibitor concentration is given in parentheses): 3-trimetylamino
propionate ((1), 18%), 5-trimethylaminovalerate ((2), 30%), 6-trimethylaminocaproate ((3), 23%), 4-

dimethylaminobutyrate ((4), 41%), 4-trimethylaminocrotonate ((5), 50%) (analogues (1)-(5), Fig. 1).
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In the same work 20G analogues were shown to inhibit BBOX (percentage inhibition at 11.4 mM
inhibitor concentration is given in parentheses): oxaloacetate ((6), 40%), 2-ketoadipate ((7), 20%), 2-
ketopimelate ((8), 80%), citrate ((9), 50%) (analogues (6)-(9), Fig. 1). An excess of the following
metal ions were also shown to be inhibitory (percentage inhibition at 0.57 mM metal concentration
is given in parentheses): Mg?* (5%), Ca®* (12%), Cr** (18%), Mn** (35%), Co®" (93%), Ni** (92%),
Cu?* (80%), Zn*" (93%), Cd** (86%), Hg** (80%).

OH

CO
HO COOH HOOC HO
:©/ § ﬁ HO\©/COOH :©/\COOH
~
HO ‘ N/ N COOH HO

COOH
(10) (11) (12) (13) (14)

HO oH HO COOCH HO Xx_-COOH
:©/ﬂ\COOH :@/\/ :©/\/
HO HO HO
(15) (16) (17)

Figure 2 Inhibitors of BBOX from Pseudomonas sp. AK1 as identified by Ng et al.*

In addition, several analogues of 20G, i.e. pyridinecarboxylic acids and benzoic acids were used to
map the 20G binding site of Pseudomonas sp. AK1 BBOX.? These studies identified 3,4-
dihydroxybenzoate ((10), K;=0.6 uM) and pyridine 2,4-dicarboxylate ((11), K;=0.2 uM) as the most
potent inhibitors. Pyridine 2,5-dicarboxylate ((12), K;=0.014 mM), 3-hydroxybenzoate ((13),
Ki=0.02 mM), 3,4-dihydroxyphenylacetate ((14), K;=0.013 mM), 3,4-dihydroxymandelate ((15),
K;=0.028 mM), 3,4-dihydroxypropionate ((16), K;=0.020 mM) and 3,4-dihydroxycinnamate ((17),
K;=0.006 mM) were also identified as good inhibitors (Figure 2).
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Figure 3 Structures of Pseudomonas sp. AK1 BBOX inhibitors described by Ng et al.?* and Ziering et al®.

GBB analogues were also used as mechanistic probes to investigate BBOX-catalysed reaction. A
series of cyclopropyl substituted GBB analogues (compounds (18)-(20), Fig. 3) were synthesised
with a view to use them as ‘free radical clock’ probes for radical transition states.” Analogues (18)
and (20) were identified as competitive inhibitors, with K; values of 12.9 mM and 7.9 mM,
respectively. Analogue (19) was found to be a noncompetitive inhibitor. Ziering et al. identified 5,5-
dimethylhexanoic acid (21) and 3-(2,2-dimethylcyclopropyl)propanoic acid (22) (Fig. 3) as
inhibitors of Pseudomonas sp. AK1 BBOX.® Analogue (21) was a competitive inhibitor with K;=0.16
mM and also a poor substrate for BBOX. Analogue (22) was a competitive inhibitor (K;=0.22 mM)

and was shown to inactivate BBOX (the inactivation was oxygen and 20G dependent).
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1.2.3 Inhibitors of BBOX from rat liver

Rat liver BBOX was studied for cofactor requirements and inhibition. Whebie et al.?* identified 3-
bromo-2-oxoglutarate (23) as a BBOX substrate which was a non-competitive inhibitor in respect of
20G and irreversibly inactivated enzyme at high concentrations (1 mM). Work by Lindsted®
identified several metal chelators as inhibitors of BBOX (percentage inhibition at 0.05 mM
concentration of compound is given in parentheses): 1,10-phenanthroline ((24), 80%), 2,2'-
dipirydine ((25), 70%), EDTA ((26), 70%) dithiazone ((27), 35%) and catechol-3,5-sulfonate ((28),
95%) (Fig. 4). Rutin (29) and Quercetin (30) inhibited rat liver BBOX by 70% and 60%,
respectively at 0.125 mM inhibitor concentration. The following metal chelators were identified as
inhibitors at higher concentrations (percentage inhibition at 0.5 mM concentration of compound is
given in parentheses): 8-hydroxyquinoline (31, 99%), dihydroxyethylaminoacetic acid (32, 60%)
and sodium diethyldithiocarbamate (33, 25%). The structures of rat liver BBOX inhibitors are
shown in Fig. 4. Similarly to Pseudomonas sp. AK1 BBOX studies, the influence of metal ions on
the activity of rat liver BBOX was investigated.”® The following metal ions were found to inhibit rat
liver BBOX at 0.14 mM concentration (percentage inhibition given in parentheses): VV** (70%), Co**
(90%), Cu** (50%), Zn** (70%). The best inhibitor was Ni?* which inhibited BBOX by 40% when
used at 0.014 mM.
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Figure 4 Structures of the rat liver BBOX inhibitors as described by Lindsted.?
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2 Assays for BBOX inhibition

2.1 Invitro assays

In this work, inhibition of human BBOX was measured by the fluoride release assay, as discussed in
Chapter 2. Additional measurements were performed using a ‘H NMR based method as discussed in
Chapter 6. A fluoride release assay allows for fast screening in the 384-well plate format and
therefore was used for assessment of potency of large panel of potential inhibitors, as well as ICs
values determination. The most promising inhibitors were then also assessed using the *H NMR
assay, which enables the use of GBB, instead of GBBF and therefore assessment of inhibitor
behaviour in conditions closer to the physiological ones.

2.2  Cell-based assays

Measurements of the levels of carnitine and associated metabolites were done using an LC-MS
based assay. The separation method for the carnitine biosynthesis intermediates was developed using
chromatography on a mixed-mode resin (reverse phase and ion exchange, Primesep column),
followed by the detection by mass spectrometry (Fig. 5). Several human cell lines were screened for
the presence of carnitine and associated metabolites. Carnitine was detected in the following cell
lines: HEK 293T kidney embryonic cells, MCF7 breast cancer cells, RCC4 renal carcinoma cells
(both VHL deficient and expressing VHL), 786-0 renal carcinoma cells (both VHL deficient and
expressing VHL). In contrast, no carnitine could be detected in HeLa cervical carcinoma cell and
U20S osteosarcoma cell samples. Further study was done on HEK 293T cells due to high levels of

carnitine present and cell line robustness.

CAR

10¢10' { A
4.80x10° -
5.0¢10"
3.20x10° |-
160x10° [ 0.0 ‘
1x10' B
0.00
GBB N
5.0¢10"
4.80x10° 1
3.20x10° - 0.0
110G
1.60x10° -
5.0¢10"
0.00
TML
0.0 P
480x10" -
700010 {0
3.20x10° -
3.50x10° -
1.60x10° |-
0.00 e T
0,00 . L . . . 5 6 7 8 9 10 11 12 13 14 15

0 5 10 15 20 25 30

tirme min] time [min]

Figure 5 Left: Carnitine biosynthesis pathway standards were analysed using the developed cell-assay
conditions. The assay enables good separation of trimethyllysine, y-butyrobetaine and carnitine. 100 puM
standards: CAR — carnitine, GBB — y-butyrobetaine, TML — trimethyllysine. Spectra were recorded in mass
range 120-300 Da (scan mode), single ion mode used in parallel to monitor masses: 189.2 (TML), 162.2
(CAR), 146.2 (GBB). Right: Analysis of the carnitine content in HEK 293T cell lysates. A — cells incubated
with 125 pM of Mildronate B — cells incubated with 500 uM Mildronate, C — control cell sample with no
additives, D — carnitine standard.
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2.3 Binding assay

A binding assay was developed based on BBOX intrinsic fluorescence quenching, as observed upon
titration with 3-hydroxypyridine based inhibitors (Fig. 6). The method was optimised for use in a 96-
well plate format. Fluorescence was measured on a Pherastar FS plate reader (BMG Labtech) using
the following parameters: excitation 280 nm, emission 350 nm, 5 uM BBOX, 20 uM Fe(ll) and
variable concentration of the compounds. Assays were performed in 50 mM Tris buffer pH 7.5
containing 200 mM NacCl in total volume of 50 pL per well. The fluorescence signal was defined as
the measured fluorescence of the protein-ligand complex minus the signal of the compound in the
absence of BBOX.
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Figure 6 Fluorescence measurements. Fluorescence emission spectra of the BBOX/Fe(ll) complex compared
to BBOX/Fe(I1)/AR692B complex. Excitation 270 nm, emission 310-400 nm. Spectra were measured using 10
UM BBOX, 20 uM Fe(11) and 20 uM AR692B.

3 Broad screen in search of BBOX inhibitors

A broad screen of different classes of potential human BBOX inhibitors was performed employing
the fluoride release assay. In total, over 600 small molecules were screened, providing
comprehensive information on useful scaffolds for further development (Fig. 7). Each class is

further discussed in this chapter.
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Figure 7 Structural classes of inhibitors screened against human BBOX.
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4 Inhibition of BBOX by 2-hydroxypyridine analogues

4.1 2-Hydroxypyridines as inhibitors of BBOX

A broad screen identified 3-hydroxypicolinic acid (PCA) derivative (33) as a good inhibitor of
BBOX (ICs 6.2 uM) and a promising lead inhibitor molecule (Fig. 8A). The glycine moiety
(CH,COOH) of (33) was assumed to bind analogously to the (CH,),COOH group of 20G. Analyses
of an existing crystal structure of BBOX™ revealed the presence of an unoccupied hydrophobic
pocket directly adjacent to the 20G methylene binding region and located on the interior of the
active site (Fig. 8B).

Figure 8 A — Structure of a lead compound (33) with 3-hydroxypyridine scaffold. B — Active site of human
BBOX with GBB, NOG (N-oxalyl glycine — a close structural mimetic of 20G) and Ni(ll) bound (PDB id:
302G).

Therefore analogues of (1) derivatised at the Ca position of the modified amino acid were prepared.
Analogues were synthesised by amide coupling of 3-hydroxy-2-picolininc acid and a desired amino
acid methyl ester, using 1,1'-carbonyldiimidazole (CDI) as a coupling agent (Scheme 2).

0
OH OH
| N H,N _ 1.CDI, EtzN, DMF | N4 9
NN T SN Nig N\%J\OH
Ry Re 2. LiOH, THF/H,0

(6] O Ry Rz

Scheme 2 Synthesis of 3-hydroxy-2-picolinic acid derivatives.

It was found that derivatisation of glycine at its pro-(S), but not pro-(R), position led to increased

potency (Fig. 9). Amongst the Ca side chains tested, in general the bulky, aromatic ones, such as

phenyl (34a) or 3-indole (35a) were preferred. With alkyl moieties, such as methyl (37a) or

isopropyl (38a), no significant improvement in potency was observed compared to unsubstituted

analogue (33). An improvement in potency was also observed with glutamic acid derivative (40a).

In contrast, all analogues with (R)-stereochemistry side chain were much weaker inhibitors than their
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(S)-substituted counterparts. The alanine (37b) and glutamic acid (40b) derivatives still retained
some of their inhibitory properties, presumably because of small size and relative flexibility of side
chain. Interestingly, for the aspartic acid derivatives, the (R)-substituted analogue (41b) was more
potent than the (S) one (41a), which could possibly be attributed to the specific interactions of
carboxylate of (41b) within the BBOX active site. The I1Cs, data are summarized in Table 1.

I\OHHO I\OHHo I\OHHO I\OHHO
N7 N\:)J\OH N7 N\;)J\OH N7 N\:)J\OH Nig N\:)J\OH
o z o z z
~ NH

T D
OH HO™ ~O
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(40b) IC5, = 34 M
(34b) IC5o = 104 uM (35b) IC50 = 150 uM (36b) IC5y > 500 pM
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(37b) IC50 = 50 uM (38b) ICs, > 500 (39b) ICsp = 186 uM

Figure 9 Effects of structural variations on inhibitor activity. The A — Aromatic side chains can improve
potency ((34a) and (35a)) or lead to decrease in activity (36a). B — The tested alkyl side chains do not improve
potency ((37a) and (38a)) and in case of the isobutyl side chain (39a) potency is lower than the template
compound. C — The presence of a carboxylate side chain can improve potency, depending on the chain length.
D —E — The activity of analogues with the (R)-stereocentre at Ca is lower than the (S) side chain enantiomers.
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Table 1 Inhibitory properties of 3-hydroxy-2-picolinic acid conjugates with amino acids.

code R R, ICso [UM]
33 H H 6.2+2.7
34a CH,Ph H 2.0£0.2
34b H CH,Ph 104+21
35a CH,-(3-indole) H 0.52+0.09
35b H CH,-(3-indole) 150+16
36a CH,Ph(4-OH) H 19.2+4.4
36b H CH,Ph(4-OH) >1000
37a CH3 H 7.4+1.4
37b H CH; 49.5+9.7
38a CH(CHj3), H 10.7£1.5
38b H CH(CHj3), 754163
3% CH,CH(CHj3), H 31.0+9.3
39b H CH,CH(CHj3), 186+20
40a (CH,),COOH H 1.840.26
40b H (CH,),COOH 34.0+2.9
41a CH,COOH H 76.6+10.3
41b H CH,COOH 21.2+8.9
42 CH,-(4-imidazole) H 126£10

4.2 Further SAR investigation of 3-hydroxypyridine based analogues

On the basis of structural work on 20G oxygenase-inhibitor complexes,?*

it was predicted that
analogue (33) would bind to the BBOX active site iron atom via its carbonyl group and either its

pyridine-nitrogen or C-3 hydroxyl group (Fig. 10).
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Figure 10 A, B — Possible binding modes of the 3-hydroxypyridine scaffold. C — Binding mode A was
modelled based on a crystal structure of a related 20G dependent Hypoxia-Inducible Factor Prolyl
Hydroxylase 2 (PHD2/ EGLN1) in a complex with N-[(1-chloro-4-hydroxyisoquinolin-3-yl)carbonyl]alanine
(PDB code: 4BQY).”
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Further structure-activity relationship studies revealed that, both the pyridine-nitrogen and the C-3
hydroxyl group are essential for binding. Analogues lacking either hydroxyl (45) or pyridine
nitrogen (44) did not retain their inhibitory properties (Fig. 11A). The structure lacking a carboxylate
was not active either (Fig. 11B). When the bulky side chain was present, analogues lacking either
the pyridine-nitrogen or C-3 hydroxyl group retained some of the activity, whilst analogues lacking
a side chain carboxylate were inactive (Fig. 11B). Note, that analogue (47) lacking hydroxyl group
was more potent than analogue (48), which does not possess pyridine nitrogen. Therefore the

predominant mode of binding probably involves carbonyl and pyridine nitrogen (Fig. 11B).
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(47) ICso = 12 uM (48) 1Cg = 87 uM (49) 1C5o > 500 uM

Figure 11 A — Effects of pyridine nitrogen, phenolic hydroxyl and carboxylate on activity of the template
compound. B — Effects of the pyridine nitrogen, phenolic hydroxyl, and carboxylate on activity of compounds
with aromatic side chain.

Table 2 Inhibitory properties of 2-carboxypyridine (PCA) derivatives.

(L w8
= N
R OH
(0] R\1 Ry
code X R R, Rs3 ICs [lJ.M]
44 H COCOH H OH 536.8+110.2
45 N COCOH H H >1000
46 N CH,COOH H OH 522+61
47 N COCOH CH,-(3-indole) H 12.5+£3.1
48  H COOH CH,-(3-indole)  OH  87.6+27.3
49 N H CH,Ph OH >1000

4.3 Development of AR692B

Having established that aromatic Co side chains promote good inhibitory properties of PCA
derivatives, a methodology for further introduction of various side chains was developed. This was
achieved via coupling to S-alkylated cysteines, which allows synthesis of a broad range of
derivatives with defined stereochemistry at Ca position. Following this route, a set of analogues with

varying pyridine side chains was synthesised (Scheme 3).
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Scheme 3 Synthesis of AR692B and AR693B.

Both AR692B and AR693B were potent BBOX inhibitors, with ICsy values of 0.47+0.06 UM and
0.72+0.19 pM. AR692B was chosen for further studies.

4.4  Evaluation of AR692B

4.4.1 Inhibition

The fluoride release assay uses a fluorinated BBOX substrate analogue which has a slightly higher
Kw value than GBB (20 uM vs. 4 uM) and also leads to a certain level of uncoupling between 20G
decarboxylation and substrate hydroxylation,*? so that higher quantities of 20G are used (assays
were performed at 500 uM 20G concentration). Therefore, the kinetic properties of AR692B were
also examined using an *H NMR assay, in which the native substrate (GBB) and 20G at its Ky,
value™ (150 uM) were used (as described in Section 2.1). With this assay the 1Cs, value was 153
nM.
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Figure 12 Dose — response curve for inhibition of BBOX by AR692B as measured by the *H NMR assay (left
panel) and the fluoride release assay (right panel).
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4,42 Competition experiments

ARG692B was found to be a competitive inhibitor of BBOX with respect to both 20G and GBB as
established by employing the *H NMR assay (Fig. 13).
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Figure 13 BBOX inhibition by AR692B is dependent on both 20G and GBB concentrations. A — Increasing
the 20G concentration leads to an increase in BBOX activity (at constant inhibitor concentration). B —
Increasing the GBB concentration leads to an increase in BBOX activity (at constant inhibitor concentration)
Experiments were performed employing the NMR assay as described for ICsy measurements. Values are given
as the ratio of carnitine formation in the reaction containing inhibitor to control reaction with no inhibitor
added.

4.4.3 Binding experiments

The binding of AR692B and related compounds to BBOX was measured using the fluorescence
guenching assay as described in Section 2.3 of this chapter. The obtained Kp value for AR692B
binding to BBOX was 0.50+0.07 uM (Fig. 14), signifying AR692B as a relatively strong BBOX
binder. Following the same methodology binding constants of (33) and (34a) to BBOX were also
measured, giving Kp values of 10.8+0.8 uM and 1.3+0.3 pM, respectively (Fig. 14).

1.2

1 AR692B

60 80 l 1EI}0 I 150
L, [uM]

Figure 14 Binding curve of AR692B to BBOX.
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4.4.4  Selectivity screen

ARG692B was tested against a panel of seven other human 20G oxygenases including lysine-specific
histone demethylases (KDMs) and the hypoxia inducible factor (HIF) hydroxylases. Inhibitors used
as positive controls were as follow: I0X1 (5-carboxy-8-hydroxyquinoline), 1Cs, 1.7 puM
(IMID2A),” 12.6 uM (PHF8),® 14.3 uM (PHD2),*’ 20.5 pM (FIH);*" 2,4-PDCA (2,4-pyridine
dicarboxylic acid) ICsp 4.1 pM (FBXL11),”® 8 uM (JMJID1A),”® 33 uM (JMJID3).”® The screening
method and conditions were as reported.””** AR692B was inactive against the tested KDMs at 100
uM, and had only weak affinity towards the catalytic domain of the HIF prolyl hydroxylase 2
isoform (PHD2) (Table 3), with an 1Cs, of 28 uM (Fig. 15). The reduced effect on PHD2 activity
when compared to BBOX activity likely reflects the relatively tight 20G binding pocket of PHD2*
compared to that of BBOX, which hinders binding of the bulky side chain of AR692B.

Table 3 Inhibition of human 20G dependent oxygenases by AR692B.

Other . % inhibition
Enzyme nomenclature Function substrate at 100uM +STDEV
H3K9/36 H3K9me3 9.4 7.0
JMID2A KDM4A demethylase aa.7-14
PHFS KDM7B H3K9/27me2/1 H3K9me2 13.9 1.7
demethylase a.a.1-28
EBXL11 KDM2A H3K36me2/1 H3K36me2 0.00 0.01
demethylase a.a. 31-43
IMIDLA KDM3A H3K9me2/1 H3K9me2 -0.02 0.01
demethylase a.al-28
H3K27 H3K27me3 26.3 3.0
JMJID3 KDM6B demethylase a4 14-35
CODD HIFla
PHD2 EGLN1 HIF hydroxylase 19-mer 725 5.0
CADD HIF2a
FIY HIFIAN HIF hydroxylase 36-mer 5.0 1.6
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Figure 15 Dose — response curve for inhibition of PHD2 by AR692B as measured by the MALDI based assay.
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445 Cell based studies

The activity of AR692B in cell culture was evaluated using the assay as described in Section 2.2 of
this chapter. Because AR692B displayed lower activity in cells compared to the in vitro assays with
isolated protein, prodrug forms of AR692B with increased lipophilicity were investigated, i.e.

methyl (AR692, (52)) and octyl ester (AR780, (5)) derivatives. Octyl ester was synthesised as shown
in Scheme 4.
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Scheme 4 Synthesis of AR780.

Studies on HEK 293T cells demonstrated that both AR692B and AR692 were not cytotoxic up to
concentrations of 0.5 mM; whereas AR780 induced reduction in cell growth and survival at
concentrations > 0.06 mM. Both AR692B and AR692 induced > 40% reduction in carnitine levels at
100 uM. The octyl ester AR780 was more potent with ~ 60% reduction of free carnitine levels when
used at 10 uM and > 75% reduction at 50 uM (Fig. 16). The improved cellular potency of the octyl
ester (AR780) is likely due to its increased cell permeability. Mildronate was less active than AR780
giving 63% reduction of carnitine levels at 50 uM and 30% reduction at 20 uM (Table 4).
Mildronate was not active below 5 pM. Both methyl and octyl ester derivatives were inactive against
BBOX in an in vitro assay, suggesting that they are hydrolysed to AR692B in cells.
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Table 4 Inhibition of carnitine biosynthesis in HEK 293T cells.
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Mildranate ARG92° R=Me =
AR780: R=n-Oct
Concentration ..
Compound of compound S
levels*
[uM]
AR692 100 52+4
AR692 300 33+3
AR692B 100 57+9
AR780 50 21+7
AR780 10 40+ 4
Mildronate 50 37 10
Mildronate 20 706

*Measured carnitine levels are given as percentage
of free carnitine levels obtained for cells dosed with
DMSO (control). Control was set to 100% (SEM +
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Figure 16 Inhibition of carnitine biosynthesis in HEK 293T cells. A — LC-MS chromatogram of carnitine
peak in cells incubated with AR780 and control cells with no compound added. B — The dependency of
carnitine levels on AR780 doses in cells (ICs value of 22 uM). Spectra were recorded in the mass range 120-
300 Da (scan mode), single ion mode was used in parallel to monitor the following m/z values: 189.2 (TML),
162.2 (CAR), 146.2 (GBB). Mildronate run as a control, displayed 39+3% carnitine levels, when used at 50
UM. Each point represents the mean of three independent cell samples, error bars represent standard deviation

from the mean.
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45 Crystal structure of BBOX in complex with AR692B

To get more insight into the mechanism of BBOX inhibition by AR692B, a crystal structure of
human BBOX in complex with Ni(ll) (an Fe(ll) surrogate) and AR692B was obtained (P2:2:2;
space group, 2.8 A resolution, PDB code: 4C8R). The overall fold of BBOX in complex with
AR692B is similar to the fold of the previously reported BBOX structures (PDB id: 302G, 3N6W),
i.e. is comprised of eight B-strands (BI-V1I), surrounded by structural elements common to other
20G-dependent oxygenases and some specific to the BBOX subfamily (DSBH: the core double
stranded P-helix of the 20G oxygenases, which has eight B-strands, I—>VIII*"*?). BBOX did not
crystallise in the presence of GBB and AR692B, likely reflecting a competitive mode of AR692B
inhibition relative to GBB as well as 20G. The structure consists of three homodimers (six BBOX
molecules per asymmetric unit). In all of the six chains, additional difference density (F.-F),
assigned as AR692B, was observed at the active site (Fig. 17). In all six monomers the active site
metal is chelated in a bidentate fashion by the AR692B pyridine nitrogen (trans to His347) and the
side chain carbonyl oxygen (trans to Asp204) of AR692B, in addition to the conserved HXD ..H
motif and a water molecule. The AR692B carboxylate side chain is positioned to form electrostatic
interactions with the guanidinium group of Arg360, similarly to the C-5 carboxylate of 20G.* The
pyridine ring of the C-4 side chain appears to have two different binding modes (binding mode | and
Il, Fig. 18) (from the thioether bond) — the binding mode with >70% occupancy was modelled based
on the OMIT F,-F, electron density maps (Fig. 18).
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Figure 17 View from a crystal structure of the BBOX.Ni(l1).AR692B complex (PDB code: 4C8R) showing
the molecules in each asymmetric unit (six molecules per asymmetric unit, organised as three dimers). The
inhibitor in grey sticks corresponds to binding mode | and that in pink sticks corresponds to binding mode I1.

Figure 18 Electron density maps (OMIT F,-F. map contoured to 3c) for ligand binding modes | and I1.
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In conformer | (modelled in three monomers), the AR692B aromatic side chain is positioned
between the metal-coordinating pyridine ring of AR692B and a hydrophobic region of BBOX
formed by the side chains of Tyrl77, Trp181 and Vall83 (Fig. 18A). Such a ‘U-shaped’ inhibitor
binding mode is unprecedented in available 20G oxygenases inhibitor complexes. In conformer I,
the aromatic side chain is positioned to interact in the hydrophobic cleft (adjacent to the 20G
methylene group binding site) formed by the hydrophobic side chains of Leu217 (DSBH B-IlI),
[1e338 and Phe340 (DSBH B-I111) (Fig. 18B).

BBOX.Ni(ll).AR692B dimer

A Inhibitor conformation | C

Tyr194

Arg360 loop region

4

Inhibitor

| Hi !
HISZOZ\ His347 o conformation |
Inhibitor
conformation Il
B Inhibitor conformation Il
Tyr194 Arg360
Tyr177 Trp181
. X =

AJ ) AR692B

L © Ny

A5204 4 ola
'

. V\ His347 BBOX.Ni(ll).AR692B and BBOX.Ni(ll).GBB.NOG
\
His202 overlay

Figure 1 AR692B inhibits BBOX via a structurally unusual mechanism. The inhibitor adopts two different
conformations (shown in panels A and B) when complexed with BBOX. In three of the monomers in the
asymmetric unit, the inhibitor ‘folds back’ on itself to form a sandwich-type structure stabilised by inter- and
intra-molecular w-stacking interactions involving both of its pyridine rings and Trp181, Tyr 177 protein
residues. In the alternative binding mode observed in the three other monomers of the asymmetric unit, the
thioether linked pyridine side chain occupies a hydrophobic pocket adjacent to the 20G binding site.
Overlays of BBOX.AR692B complex (yellow) and BBOX.GBB.NOG complex (blue) reveals a steric clash
of inhibitor with GBB. NOG (N-oxalylglycine) is a close structural mimic of 20G. C — BBOX functions as a
dimer. Overlay of BBOX.Ni(11).NOG.GBB (blue, PDB: 302G) and BBOX.Ni(Il).AR692B (yellow, PDB:
4C8R) complexes reveals substantial movement of the ‘BI/BII loop’ (observed in both conformers). Note, the
position of Tyr194 changes from an ‘open’ (yellow) to a ‘closed’ (blue) conformation upon binding of GBB,
leading to the formation of the trimethyl ammonium binding pocket.
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45.1 Flexible active site loop

Substantial conformational differences can be observed between structures with and without
substrate/inhibitor bound (PDB ID: 302G/3N6W) (Fig. 20). The metal-coordinating pyridine of
ARG692B causes a steric clash with a loop (residues 183-199, ‘BI/B1I loop’) involved in GBB binding
(in the case of both binding modes of AR692B). In the BBOX.GBB.NOG complex structure this
loop contains a short 344 helix linking DSBH strands g1 and Bl (residues 183-199, ‘BI/BII loop’).
The Tyr194 residue found in the ‘BI/BII loop’ is part of an aromatic cage that interacts with the GBB

8335 and acts as a ‘lid’ that

trimethyl ammonium group via hydrophobic and n-cation interactions
encloses the GBB binding site (Fig. 19C). The clash between AR692B and the ‘BI/BII loop’ causes

this part of the structure to unfold and form extended BI and B11 strands (Fig. 19C, 20).

Figure 20 Structural differences in BBOX monomers observed on ligand binding. BBOX.Ni(ll).AR692B —
binding mode 1 (yellow, PDB code: 4C8R), BBOX.Ni(Il).AR692B — binding mode 2 (orange, PDB code:
4C8R), BBOX apo structure (pink, PDB code: 3N6W), BBOX.Ni(I11).NOG.GBB (blue, PDB code: 302G). A-
C: Overlay of BBOX crystal structures D — comparison of corresponding monomers.
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4.5.2  Active site loop and mechanism of catalysis

The ‘BI/BII loop’ can adopt various conformations — an ‘open’ form with AR692B, loop is
apparently unstructured in the BBOX apo form** (PDB 1D: 3N6W) — and folds to isolate the active
site once GBB is bound" (PDB ID: 302G). These observations suggest that conformational
flexibility is an important feature of BBOX catalysis. The ‘closed’ conformation is likely stabilised
by m-cation interactions of the trimethyl ammonium group of GBB with the side chains of the
aromatic cage amino acids. As judged from the structure of BBOX in complex with AR692B (which
is a 20G mimetic), 20G likely does not stabilise the BI/g11 loop in a ‘closed’ conformation, and thus
enables binding of GBB substrate after that of 20G. It was reported that BBOX is inhibited by high
concentrations of its substrate GBB in vitro.**3® Analysis of the available crystal structures reveals
that neither GBB nor 20G appear to (at least efficiently) bind to BBOX once the ‘BI/BII loop’ is in
the closed conformation, because the active site is inaccessible. The observed substrate inhibition
may be due to GBB binding prior to 20G (Fig. 21) and disrupting the ordered sequential mechanism
of the 20G oxygenases,”’ i.e. initial GBB binding prevents that of 20G, by supporting a ‘closed’

loop conformation.

‘Open’ ataly -
AR692B p " ~ | ¢ ySis 0, ‘
bound inhibition 'Closed"

'Closed’ 20Gand GBB
e GBB bound ) bound 5
I/{ - )P =1 /
2 & (:‘v," 9 \ 2)
O\ Q& @J"" \ ) \
noNe I |
AR692B 1 GBB GBB
"Apo’ 'Open’ § (<
flexible loop No ligands ‘Open' |
region - - Metal bound 20G 20G bound /
¢ 458 binding NG ) 1
77 &%
f,i":‘” ‘L“ é ~—
| W, 4 '
¢ N SN &« N

Figure 21 Conformational changes during BBOX inhibition/catalysis. The combined BBOX structures imply
a flexible loop (residues 183-199, ‘BI/BII loop’) can fold to enclose the active site. During catalysis 20G
binding is followed by GBB, then binding of O,. Binding of GBB stabilizes the ‘closed” conformation by -
cation interactions in an aromatic cage (Figure 2C). BBOX substrate inhibition may occur when GBB binds
prior to 20G and ‘closed’ loop conformation is stabilized hindering 20G binding. Binding of ARG692
competes with both 20G and GBB and induces the open loop conformation. Only the catalytic domain is
shown (residues 106 — 384); grey structures represent predicted conformations with modelled ligands. The
catalytic domains in structures 1l and Il have an active site metal bound (Ni(Il)), while the structure of the
apo-catalytic domain (1) does not have active site metal bound. Metals are shown as pink spheres. PDB codes
of BBOX complexes: I -3N6W (in this structure the loop was unresolved), 1l — 4C8R, Il — 302G.
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In order to investigate the biological significance of GBB-mediated BBOX inhibition, cell-based
experiments were conducted. GBB was shown to reduce carnitine levels by ~50% when used at 20
UM (Fig. 22), supporting the proposal that GBB-mediated substrate inhibition of BBOX may be
involved in a negative feedback mechanism.

120 - 0.03
e
b= —
§ 100+ 0 [
e =
B ol = 0.02-
©
g ]
s
§ 60 c L)
§ : = 0.01- .
£ 40 = *
E 1]
E i
o 204
@
= u-uu T T T 1 1
T
2 o T : : T — 0 50 100 15.l] 200 250
control  GBB0.02mM GBB 0.0SmM GBBO.1mM GBB 0.2mM GBB concentration [uM]

Figure 22 Inhibition of carnitine biosynthesis by GBB. Cells were cultured with additional GBB added to the
media. Cells incubated with GBB have shown decrease in levels of free carnitine compared to control free
carnitine levels (panel A). These observations are consistent with in vitro data showing an inhibitory effect of
GBB on BBOX activity at concentrations above 20 pM (panel B).

4.6  Inhibition by other pyridine based compounds

In addition to 3-hydroxy picolinic acid-containing analogues, other pyridine-based scaffolds were
tested for BBOX inhibition, e.g. pyridine dicarboxylates (PDCA analogues (58)-(62), Table 5).
These were previously shown to inhibit 20G-dependent oxygenases, including histone
demethylases. However, none of these scaffolds were potent inhibitors of human BBOX. This
observation is interesting as 2,4-PDCA (59) and 2,5-PDCA (60) were demonstrated to inhibit BBOX
from Pseudomonas sp. AK1. In contrast, 3,4-dihydroxybenzoic acid derivatives, which were one of
the most potent inhibitors of BBOX from Pseudomonas sp. AK1 are also relatively good inhibitors
of human BBOX (analogues (63)-(65), Table 5).

The derivatives of 2-picolinic acid substituted at position 5 or 6 of the pyridine ring were also tested.
In general, the analogues that carry a hydroxyl group at position 3 tolerated bulky substituents at
position 5 (analogues (66)-(68)). The analogues substituted in position 5 or 6 but without the 3-
hydroxy! were not active (analogues (70)-(74)).
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Table 5 Inhibition of human BBOX by pyridine dicarboxylates and related compounds.

no name structure ICs [UM]
COOH
58 2,3-PDCA ® >500
(NICOOH
COOH
59 2,4-PDCA S >200
N COOH
HOOC
60 2,5-PDCA ® >200
\(ND\COOH
61 2,6-PDCA ® >200
HOOC N COOH
COOCH
62 3,4-PDCA @COOH >500
3,4-dihydroxybenzoi b
63 a-ainydroxybenzoic HO@ 12.742.6
acid
COOH
3,4- OH
64 dihydroxyphenylacetic “0\@ 28.548.2
aCid COOH
. . R OH
65 3,4—d|hydro>_<ycmnam|c HO\©\/\ 26.248.9
acid P

Rz~ R
R, | NE N._cooH
no R1 R2 R3 RA%
66 OH H 48
67 OH Ho H 48
\
68 OH /N H 51
69 OH /o i 9

70 H H 92
7 H /o i o1
O
72 H [o]@\/ H 77
73 H Qj\/ H 93
(o]
74 H H ©/\ 96

RA = % residual activity corresponds to the activity of BBOX when inhibitor was present at 50
UM compared to the activity of BBOX without inhibitor.
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5 Inhibition of BBOX by isoquinolines and quinolines

5.1 Isoquinoline analogues

The broad screen identified isoquinoline analogue (75) as a inhibitor of BBOX (ICs, 30 uM). In
order to explore this lead further, a series of isoquinoline analogues was synthesised (Scheme 5).
Similar to the pyridine derivatives, removal of the nitrogen or hydroxyl group from the N-acyl
aromatic ring led to loss of potency (Fig. 23). In the isoquinoline series, C-a side chains with the (S)-
stereochemistry were also preferred over those with the (R)-stereochemistry. However, in contrast
to the pyridine series, small side chains were preferred in the case of the hydroxy-isoquinolines, with
the methyl-substituted compound having the best inhibitory properties (Table 7, analogue (77a)).
Isoquinolines retained their inhibitory properties, providing they were functionalised with a hydroxyl
group in the meta- position to the isoquinoline nitrogen (Fig. 23). As opposed to the 3-hydroxy-2-
picolinic acid series, removal of the pyridine nitrogen seemed to have less impact and did not lead to
complete loss of potency (Fig. 23). Collectively, these results imply that isoquinolines may bind to
BBOX in a different mode than the hydroxypyridine series.

Table 7 Inhibition of BBOX by isoquinoline analogues derivatised at Ca.

no X Y R, 1Cs [HM]
75 N Cl H 30.2+6.4
76a N Cl OH CH,-3-indole H 11.4+0.84
76b N Cl OH H CH,-3-indole 33.4t4.5
77a N Cl OH CHs; H 5.8+0.77
77b N Cl OH H CHs 72.6x£11.6
78a N Cl OH CH(CHy), H 99.6+22.0
78D N ClI OH H CH(CHa), 115£39
79a N Cl OH CH,CH(CHs), H 89.2+14.5
79b N Cl OH H CH,CH(CHj3), 49.1+£7.9
80a N Cl OH CH,Ph H 13.6+0.77
80b N Cl OH H CH,Ph 62.6+£11.6
8la N Cl OH (CH,),COOH H 418+96
81b N Cl OH H (CH,),COOH 380+35
82a N Cl OH CH,COOH H 459182
82b N Cl OH H CH,COOH 628+102
83 N H H H H >1000
84 H H OH H H 207+12
85 H H OH CH,-3-indole H 83+24
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Scheme 5 Synthesis of isoquinoline analogues.

A | A OHH o
N/ OH Cl N N\)J\OH Cl Cl N/ N\E)J\OH
O =
uM

(75) ICs0=31uM (76a)ICs = 11 uM (76b)IC5, = 33 (77a)1C5p = 6 uM
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(83) 1Cs > 1000 M (84) 1C5q = 207 uM (85) 1C50 =83 uM (77b)ICs0 = 73 uM

Figure 23 Isoquinoline series analogues display relatively good BBOX inhibitory properties, with I1Csq values
in the low micromolar region. For isoquinolines, as for the pyridines, removal of the pyridine-nitrogen (84) or
hydroxyl (83) group leads to loss of potency. Unlike the pyridinyl-series, small side chains (77a) are preferred;
however the (S)-stereochemistry was still favoured (76a, 77a). Analogues with bulky aromatic side chains
attached were less potent inhibitors and the difference between potency of (S)-analogue (77a) and (R)-
analogue (77b) was less profound than in the case of methyl substituent.

5.2 Quinoline analogues

Quinoline analogues, as opposed to isoquinoline containing scaffolds, were relatively poor BBOX
inhibitors, with the exception of 2-carboxy-8-hydroxyquinoline (86), which had ICs, value of 15.8
HM. Interestingly, 5-carboxy-8-hydroxyquinoline (88) and 4-carboxy-8-hydroxyquinoline (89),
which were shown to be broad spectrum histone demethylase inhibitors and to some extent inhibit
other 20G dependent oxygenases (prolyl hydroxylases and DNA modification enzymes),? inhibited
BBOX only in the high micromolar range, with 1Cs, values of 196 and 111 uM, respectively (Table
8). 2-Carboxy-3-hydroxyquinoline derivative (96) is a ring-expanded analogue of 3-hydroxy-2-
picolinic acid based scaffold (33). (33) was a potent inhibitor of BBOX with 1Cs, value of 6.2 M.

Surprisingly, analogue (96) did not inhibit BBOX even at high micromolar concentrations.

160



Chapter 5 Inhibition of BBOX

Table 8 Inhibition of BBOX by quinoline containing analogues.

Rs Ry
R2 AN R5
L
R "N Rs
R7
no Ry R, Rs R4 Rs Re R, %RA 1o
[kM]
86 COOH H H H H H OH -  158#14
87 H H H H H COOH OH - 149412
88 H H H  COOH H H OH - 196
89 H H COOH H H H OH - 111
90 H H H  SO:H H H OH 959 -
o
91 H H H s~ H H OH  50:8 -
@)

92 H H H Cl H H OH  83+22 -
93 COOH OH H H H H H - 152440
94 COOH H  OH H H H H - >1000
95 COOH OH  OH H H H H - 179.2+18

o
96 \QL”/\COOH OH H H H H H - >1000

O
97 \QL”/\COOH H H H H H OH - 190+15

O
98 \QL”/\COOH H H H H H H 9747 -

0]
99 H H H H H ~ OH - 338+42
%N COOH

RA = % residual activity corresponds to the activity of BBOX when inhibitor was present at 50 uM
compared to the activity of BBOX without inhibitor.

161



Chapter 5 Inhibition of BBOX

6 Inhibition of BBOX by hydroxythiazoles

6.1 Initial screen hit

The initial broad screen identified a known PHD2 (prolyl hydroxylase domain protein 2) inhibitor®
with the hydroxythiazole scaffold (100) as inhibitor of BBOX with ICs, in low micromolar range
(ICs 12.5 uM). Therefore this scaffold was further investigated.

QLY

N=C |

SO AR
(0]

o
(100)

Figure 24 Structure of hydroxythiazole (100).

6.2  Structure — activity relationship studies with hydroxythiazoles

6.2.1 Variations in linker

Structure-activity relationship studies as a set of hydroxythiazoles identified several features,
including linker properties, as important for potency. The most potent analogues had thioether or
sulphonyl linkage (analogues (100) and (101), respectively), while analogues with amine or carbon
linkage were not active (analogues (102) and (103)) (Table 9). The analogues with extended linker
were examined, revealing longer linkages could be also accommodated, provided they contain a

sulphonyl or thioether moiety (Table 10).

Table 9 Effects of the linker atom on the potency of hydroxythiazole based inhibitors.

"
©\ 4<N:’/\n/OH
N=
x/}( s o
O
X

no ICs0 [UM]
100 SO, 1245
101 S 4.7+0.2
102 NH >50
103 CH, >50

Table 10 Effects of the linker on the potency of hydroxythiazole based inhibitors.

HO\
N:’/\[\/OH
X.,.Z N=(
© YO s ©

no X Y Z ICso [UM]
104 SO, CH, CH, 7.5¢1.0
105 CH, SO, CH, 5.9+5.9
106 CH; CH, SO, 3.7+0.8
107 CH; CH, CH, >50

108 CH; S CH, 3.1+0.8
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6.2.2 Variations in thiazole ring

N-Hydroxylation was found to be vital for the hydroxythiazole inhibitory properties — analogue

(109), where thiazole core was not hydroxylated, did not inhibit BBOX at 50 pM concentration

(Table 11). Substitutions at the carbon adjacent to the sulphur atom of thiazole ring were not

tolerated, as shown with the examples of analogues (110) and (111) (Table 11).

Table 11 Effects of the substitutions in the thiazole ring on the potency of inhibitors.

o R
no X R R» ICso [[J.M]
100 SO, OH H 1245
109 SO, H H >50
110 SO, OH CH; >50
101 S OH H 4.7+0.2
111 S OH CH; >50

6.2.3 Modifications on CH, adjacent to carboxylate

The analogues mono-substituted at CH, adjacent to carboxylate remained potent inhibitors, even

with a bulky substituents, such as benzyl group (analogues (114) and (118)). Di-substitutions were

not tolerated, as shown on the example of dimethyl substituted analogues (115) and (119) (Table

12).

Table 12 Effects of the substituents on the carbon adjacent to the carboxylate on the inhibitory properties of

hydroxythiazoles.

N
XWN{Sﬂ
o)

no X R, R, 1Csg [HM]
100 SO, H H 1245
112 SO, CHs; H 6.0+0.8
113 SO, iPr H 13+2
114 SO, CH,Ph H 15+1
115 SO, CHs; CHs; >50
101 S H H 4.7+0.2
116 S CHs; H 3.3£2.2
117 S iPr H 13+2
118 S CH,Ph H >50
119 S CHj CHj >50
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6.2.4 Variations in the aromatic side chain

Several hydroxythiazole analogues with various aromatic side chains were examined. Substitution of
the aromatic side chain with a methyl group (136) or a cyclohexyl group (155) resulted in a loss of
activity. In general, analogues with phenyl ring (substituted or unsubstituted) or a naphthyl ring were
potent inhibitors. Bulky substitutions within the phenyl ring (e.g. biphenyl analogues) were still
active in the series with short linkage (e.g. analogues (130), (171) — Table 13 and 15); in a series
with CH, extended linker these substitutions resulted in loss of the activity (e.g. analogues (150),
(192) — Table 14 and 16).

The most potent analogue (ICs, 0.63 UM) contained a phenyl ring substituted in position 4 with the
CN group (146). The CN group is quite small and has been demonstrated to make polar interactions

with proteins within narrow pockets,* so may be well accomodated into the BBOX active site.

Table 13 Effects of different side chains on the activity of hydroxythiazole inhibitors with a sulphonyl linkage.

HO
N OH
Reg N= || @
2N S
00§

no R ICso [UM] no R ICs [UM]
120 @[\ 111 129 Fa"w@)‘ 1.6£0.3
Cl

121 °'\©/\ 2.6+0.4 130 12428

122 @A 1.60.3 131 >50
o 3 ®

123 C'j@/\ 1.840.6 132 u >50
: C

124 )@A 1.0£0.3 133 Fa0 ® >50
Br

125 /@A 9.9+3.6 134 weo N >50
Voo

126 Q/\ 1643 135 2.7£0.8

127 ju 1444 136 CH, >50

128 X©A >50 137 ©Y\ 3.240.9
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Table 14 Effects of different side chains on the activity of hydroxythiazole inhibitors with a methylene
extended sulphonyl linkage.

i HON]/\n/OH
N=C |
o/’sﬂ {S ©
o]

no R ICso [UM] no R ICs0 [UM]
138 @A 59459 | 147 @A 1.3£0.2
F5;C
139 QYN 4.2+0.8 148 F3°©)‘ 3.9+0.4
140 @/\ 71209 | 149 XQ)\ >50
141 @i‘ 6.6+1.5 150 >50
142 @f\ 2.7+1.3 151 >50
\ O
Cl
143 @f\ 33405 152 1243
F
Cl
144 /@A 84£16 | 153 9.2415
Cl
145 /[j\ 1.240.2 154 Q]y 4.7+1.8
F s
146 Q/\ 0.63+0.10 | 155 O/\ >50
NC

Table 15 Effects of different side chains on the activity of hydroxythiazole inhibitors with thioether linkage.

HON OH
R\SWN{S:(\‘O(
(0]
no R 1Cs [HM] no R I1Cs [lJ.M]
156 @f\ 1242 165 Fac\©)‘ 16+4
Cl
157 C'\QA 35:+2 166 Q/\ 887
F5;C

158 @A 2.6+0.8 167 CY\ 4+1

Cl

Cl

159 /@A 8.3+1.1 168 5.3+3.7

Cl
160 C'j@A 5.541.1 169 4.8+2.9

Cl
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161 } /©/\ 5.144.2 170 7.7+1.1
162 @A >50 171 8.1+1.9

SN
163 Q/\ 5121 172 | >50
164 j@/\ >50

Table 16 Effects of different side chains on the activity of hydroxythiazole inhibitors with methylene extended
thioether linkage.

- HON o
ks/}(N{Sj\‘o\/
(@]
no R I1Cso [UM] no R ICs [UM]
173 Y >50 184 ﬁg/\ >50
174 o 32t6 | 185 ﬁji\ 9109
N
175 ® 142 | 186 F3C\©/\ >50
N~
176 @f\ >50 | 187 Q/\ 389
Cl F3C
177 @A >50 188 X©A >50
Cl
Cl
178 /@A >50 189 QN >50
Cl
179 C'j@A 15+4 | 190 >50
: O
180 @A 27+8 191 >50
F
Cl
181 @\)\ 50+1 | 192 ® >50
: O
182 Q/\ 41+09 | 193 >50
NC
183 @i\ >50 194 Ql >50
S
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6.2.5 Therapeutic perspectives

In conclusion, hydroxythiazole based analogues present a good scaffold for BBOX inhibition.
However, these analogues were shown to inhibit also other 20G dependent oxygenases,* which
may raise a problem of selectivity. In particular, hydroxythiazoles are potent inhibitors of PHD2.

40,41

PHD2 is a cellular oxygen sensor and participates in the differentiation of metabolism under

normoxic/hypoxic conditions. PHD2 catalyses the hydroxylation of HIF-1a (Hypoxia inducible

4243 1t was

factor subunit 1a) proline residue, supporting degradation of this transcription factor.
shown that stabilisation of HIF family members provides protection against ischemia-induced
protein damage.* Therefore, the dual action of hydroxythiazole based inhibitors on BBOX and

PHD2 may be of interest in the treatment of ischemia related heart conditions.
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7 Inhibition of BBOX by substrate analogues

7.1  Screening of GBB analogues

Following the success of Mildronate as a clinically used BBOX inhibitor, other GBB-like
compounds were assayed for the inhibition of BBOX. Analogues were screened using the fluoride
release assay as described (Section 2.1 and 12.2.1) % RA values used in this section correspond to
the residual activity of BBOX when inhibitor was present at 50 uM compared to the activity of
BBOX without inhibitor. Substrate inhibition of BBOX by GBB was at a level of 45+6 % RA (when
GBB was used at 50 pM).

7.1.1 GBB analogues with variable chain length

The GBB analogues where the chain length is shorter or longer that GBB (i.e. (195), (1), (2), (3)),
did not inhibit BBOX when used at 50 uM concentration (Table 17). It was found that unsaturated
GBB analogue (5), previously identified as an inhibitor of BBOX from Pseudomonas sp AK1 also
inhibited human BBOX. The unsaturated methyl ester (196) was a BBOX inhibitor, however less

potent than its free carboxylate form (Table 18).

Table 17 Inhibition of BBOX by GBB analogues with different chain lenghts.

no Structure % RA
O
v 94410
195 AN
O
1 o~ 89+10
‘ ~
O
2 oA 98+8
‘ ~
O

|
3 + 10548
HOM N ~

Table 18 Inhibition of BBOX by unsaturated GBB analogues.

/A

no Structure % RA
(0]
| .
5 . 11+4
Ho” SN
O
196 - J N 5316
(0]

197 HO%N« 11045
‘ ~
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7.1.2 Chain substituted GBB analogues

Substitutions in the aliphatic chain of GBB did not lead to potent inhibitors of BBOX (analogues
(198)-(206)); however some inhibition was observed both in case of 2- and 3-substituted derivatives
(Table 19). L-Carnitine (199) was shown to weakly inhibit BBOX, while almost no inhibition could
be observed in case of D-carnitine (198). In general, (3R)-substitutions lead to more potent inhibitors
than (3S) analogues (Table 19). In the case of 2-substituted analogues, both (2S) and (2R) derivatives
were moderately good inhibitors (analogues (203)-(205)). N*-trimethyllysine (206), a precursor of
carnitine biosynthesis did not inhibit BBOX (Table 19).

Table 19 Inhibition of BBOX by chain-substituted GBB analogues.

no Structure % RA
108 oo 9047
HOJK/\/NK -
199 D 71+4
HOJK/'\/NK -
200 el 8145
HO)K/'\/NK -
(@] F
P
. 70+12
201 HO)K/k/N\
202 NC o e 106+7
(@]
P
203 HOJK/\/N\ 66+10
NH,
Q |
204 HO)H/VNK 72+3
NH,
Q | .
205 HoP N 7316
OH
Q | .
206 HoP N 10311
NH,

7.1.3 GBB analogues with modified carboxylate moiety

Replacement of the carboxylate with a keto moiety (207) led to loss of activity. The methyl ester
(208) was also a less potent inhibitor than GBB itself (Table 20). Only the hydroxamic acid

derivative (209) was quite good inhibitor, compared to the other tested GBB analogues.
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Table 20 Inhibition of BBOX by carboxylate modified GBB analogues.

7.1.4 GBB analogues with modifications in trimethyl ammonium moiety

no Structure % RA

207 e 982
0]

208 .\O/u\//\\/gi 6545
(0]

209 Ho. A~ 37+4

Iz
W

In general, replacement of the trimethyl ammonium group of GBB was not well tolerated and led to

loss of inhibitory properties. Analogues with aromatic rings were tested in the hope that they could

form interactions within the BBOX hydrophobic pocket constituted of several aromatic side chains,

responsible for binding of trimethyl ammonium group of GBB. However, those did not display any

inhibitory properties (i.e. analogues 214-216, Table 21). Only dimethyl GBB (4) displayed some

weak inhibition, probably due to possible protonation of the nitrogen atom, resulting in positively

charged group, capable of forming n-cation interactions within the BBOX hydrophobic pocket.*

Table 21 Inhibition of BBOX by trimethyl ammonium modified GBB analogues.

no Structure % RA
(@]
|
8624
4 HOMN\
(@]
210 9647
BN
o H
211 Ho/l\/NT(NHz 10645
NH
(0] NH
212 Ho/l\/»\HJkNHZ 104+6
Q|
213 Ho/u\/Nj(NHz 10047
NH
(6]
214 HoP N 116£11
)
N
(@]
215 HO B 95+8
N/
(o]
216 /l\/»\v/[::] 103+11
HO
(o]
217 Ho/l\/”\T::j 7146
PN
218 NC g 9243
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7.1.5 Mildronate analogues

Structural variations of Mildronate were also examined as an attempt to improve BBOX inhibition
properties. It was revealed that the analogue where trimethylammonium was replaced by tert-butyl
group (220) was still a good BBOX inhibitor, while dimethyl Mildronate analogue (222) was not
active under the assay conditions (Table 22). This might indicate that steric requirements (presence
of 3 methyl groups) are as important as charge requirements (presence of trimethylammonium
group) for analogue binding to BBOX. Analogue where nitrogen was replaced with oxygen (221)

was not active.

Table 22 Inhibition of BBOX by Mildronate analogues.

no Structure % RA

(6]

P

219 Ho/l\//\N NY 48+1
220 /M\//\ /Li 5046
906

O
222 Ho/l\//\N’N\ 105+2

7.1.6  Acetylcholine analogue

Acetylcholine analogues were examined as BBOX inhibitors, due to their close structural
resemblance to GBB, however none of them was found to inhibit BBOX under the assay conditions
(Table 23).

Table 23 Inhibition of BBOX by acetylcholine analogues.

no Structure % RA
(@]
|
223 )ko/\/w\ 11345
(@]
|
224 )ks/\/,\p\ 92+2
(@]
v +
225 A )ko/\/"‘\ 104+16
o | -
226 HO-P-0" >N 98+6
OH
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7.1.7 Cyclic GBB analogues

5-Membered and 6-membered cyclic GBB analogues were examined as BBOX inhibitors (Table 24
and 25). Analogues (228), (231) and (234) were identified as potential inhibitors of BBOX.

Table 24 Inhibition of BBOX by cyclic GBB analogues with a 5-membered ring.

no Structure % RA
COOH
227 (ﬁ 9718
N+
7/ N\
COOH
228 ) 6446
N
229 [N_>‘COOH 95+2
7/ N\
g*OH
230 i—(o 887
N+
7/ N\

Table 25 Inhibition of BBOX by cyclic GBB analogues with a 6-membered ring.

no Structure % RA no Structure % RA
COOH o o

231 50+12 237 [ T 93+13
N* JNp
/ '\

COOH

COOH

232 (ﬁ 9942 238 © 9946
N N
COOH COOH

233 h 9043 239 S? 94+20
N+
|
COOH P
234 QA 4249 240 HOOCUN\ 10546

VEERN
COOH (0} O
235 B 88111 241 7418
r\‘l+
SN COOH
236 L 82+10
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7.1.8 Daminozide analogues

A plant growth regulator, daminozide (242) was demonstrated to be an inhibitor of KDM2/7 family
of human JmjC histone demethylases.”® Analogues of daminozide were examined as BBOX
inhibitors because of their close resemblance to GBB/Mildronate structure. None of the tested
analogues demonstrated any BBOX inhibitory activity (Table 26).

Table 26 Inhibition of BBOX by daminozide analogues.

no Structure % RA* ICso [UM]
Q H
242 HOJWMN/ 8347 -
I
Q H
243 HOJWN\,( 8545 -
I
Q \
244 HOJWNN/ 7147 -
IO
Q H
245 HOJWN\NH 645 120
I
Q H
246 HOJWN\NHZ 14410 290
O
Q H
247 HOJWN 10745 -
[T
(o]
248 HOJWO\N/ 1446 ;
I
Q H
249 HOJWN\OH 2445 -
O
(o] (6]
250 HOJUK/YOH 1043 ;
(6]
Q H
251 N 999 -

\
Iz
Of
Z
—z
\

* %RA when 0.5 mM of inhibitor was used.
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8 Modulating of carnitine levels in cell

8.1 Regulation of carnitine levels by Mildronate

8.1.1 Influence of Mildronate on different cell lines

Mildronate is a clinically used agent with carnitine lowering properties. The influence of Mildronate
on carnitine levels in different cell types was examined. HEK 293T kidney embryonic cells, MCF7
breast cancer cells, RCC4 renal carcinoma cells (both VHL deficient and expressing VHL), 786-0
renal carcinoma cells (both VHL deficient and expressing VHL) were tested. The results revealed
that Mildronate decreases carnitine levels across a range of different cell lines to a similar extent
(Fig. 25).

100
90;
80—-
?0—-
60:
50;
40

30—. ¥ T l J

20 | -

% carnitine levels

T . T ¥ T . T ¥ T ¥ T .
MCF7 RCC4 VA RCC4 VHL 786-0 VA 786-0 VHL HEK 293T
cell line

Figure 25 Decrease of carnitine levels in different cell lines by 50 uM Mildronate. % Carnitine levels are
defined as percentage of carnitine in the Mildronate treated cells compared to carnitine levels in non-treated
cells. Carnitine levels were as follows: MCF7 - 34+2%, RCC4 VA - 25+7%, RCC4 VHL - 40+4%, 786-0 VA
- 24+2%, 786-0 VHL - 31+7%, HEK 293T - 37+£10%.

8.2 GBB analogues can decrease carnitine levels in cell

GBB analogues that were good inhibitors of BBOX in vitro were tested for their influence on
carnitine levels in cells. Surprisingly, hydroxamic acid (209) did not lower cell carnitine content as it
may have been expected from one of the best in vitro inhibitors in the GBB analogue set. Moreover,
the Mildronate analogue (253) did not show any effect on carnitine levels, consistent with its in vitro
activity (Table 27). Unsaturated analogue (5) had a carnitine lowering effect similar to that of
Mildronate. Analogues (252), (254) and (234) were the best carnitine lowering agents. However, in
this set, only analogue (254) was a potent BBOX inhibitor in vitro, which suggest analogues (252)

and (234) likely decrease carnitine levels through a mechanism different from BBOX inhibition.
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Table 27 Inhibition of BBOX by selected GBB analogues in vitro and their effect on the carnitine levels in

cell.

no

Structure

ICso [UM]*

% carnitine levels**

50 uM 10 pM
(6]
|
219 oS NS 62+10 48+3 -
H
(6]
|
4 >150 - -
HOMN\
O
i 8.7+1.1 42+2 -
5 HOJV\/N\ I -
(o]
196 - J N 122424 - -
(0]
|
252 AN 42+15 6.4+0.3 13+1
(6]
220 Ho)ka 63+14 - -
H
O
253 HO)KANJ< 46+14 91+6 1042
|
Q | .
254 oS N 2.3+0.6 15+0.3 34+4
\
(0]
209 HO AL~ ~ 2618 8043 733
H | >
COOH
228 [ 97420 - -
/N\
COOH
231 >150 - -
N+
/\\
[»TT/\COOH
234 " 67+7 3.4+0.2 8.8+0.6
/ N\

*1Cso as measured with recombinant human BBOX by fluoride release assay; **carnitine levels
in HEK293T cells treated with 50 uM or 10 uM compound, relative to carnitine levels in control
cells with no inhibitor added.
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8.3  Influence of 20G dependent oxygenase inhibitors on carnitine levels in cell

o , o OH O
o 0 - P -
- ¥ _ 0 0 N7 N> cooH
o © 0 _N
(255) (256) Ci (79)
0 o 0 o
WO I P
OH OH
(257) (258)

Figure 26 Structures of cell permeable derivatives of 20G dependent oxygenases inhibitors.

8.3.1 DMOG and analogues

20G analogues, including N-oxalylglycine (NOG), are known 20G dependent oxygenases
inhibitors. The influence of NOG on carnitine levels in cells was tested employing a cell permeable
derivative dimethyl-NOG (DMOG, 255). The results revealed that DMOG had only small influence
on the carnitine levels in cells, even at high concentrations of the inhibitor (up to 1 mM), which is
consistent with high 1Cs, value obtained for DMOG in assay with isolated BBOX (ICs, > 200 uM)
(Fig. 27).

100

80

HH

60

40

% carnitine levels

20

T T T T T T T T T ]
control  DMOG 0.1 DMOGO0.2 DMOGO05 DMOG 1
DMOG concentration [mM]

Figure 27 Influence of DMOG on the carnitine levels in cell. Carnitine levels were as follows: control -
100£4%, DMOG 0.1 mM - 72+2%, DMOG 0.2 mM - 65+3%, DMOG 0.5 mM - 66+4%, DMOG 1mM -
62+1%.

The NOG derivative, D-phenyl-N-oxalylglycine (NOFD) — an inhibitor of 20G dependent

H*“ _ was also tested in the cell based assay. To improve cell uptake,

asparaginyl hydroxylase FlI
the dimethyl derivative DM-NOFD (256) was used; however, no reduction in carnitine levels was
observed at 0.2 mM of DM-NOFD. Similarly, the isoquinoline analogue (75), which was found to
be an inhibitor of 20G dependent prolyl hydroxylase PHD2**** as well as inhibitor of BBOX with
moderate potency (ICso 30 pM), did not affect carnitine levels in cells when used at 0.2 mM

concentration.
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832 2HG

2-Hydroxyglutarate (2HG) is a 20G analogue associated with certain cancer types and often referred
to as an oncometabolite®®*!. It was suggested 2HG may act as a competitive inhibitor of 20G
dependent oxygenases. Both its enantiomers are weak BBOX inhibitors (ICso of 97 uM and 11 mM
for (S) and (R)-2HG, respectively)>. Therefore the effect of high concentrations (1 mM) of (R)-2HG
(257) and (S)-2HG (258) on the carnitine levels in cell was examined, however no significant change
in carnitine levels was observed (Fig. 28).

120 4

100 [

80

60

40

% carnitine levels

20

T T T T T
control (S)-2HG (R)-2HG

Figure 28 Influence of (R)- and (S)-2HG on the carnitine levels in cell. Carnitine levels were as follows:
control - 100£15%, (S)-2HG - 97+24%, (R)-2HG - 88+15%.
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9 Inhibition through ejection of structural zinc

9.1 Zinc binding domains in 20G dependent oxygenases

Structural studies have revealed that 20G oxygenases contain a conserved double stranded B-helix
(DSBH) core which supports the residues responsible for Fe(Il) and 20G binding®****. However
many 20G oxygenases contain additional domains which also have the ability to bind metals, in
particular zinc finger type domains. The functions of zinc binding domains are diverse and in some
cases they have been shown to be required for folding and catalytic activity, e.g. in histone
demethylase KDM4A the C-terminal zinc finger is required for activity and conformational stability
and is likely involved in substrate binding®®. There are also examples of 20G dependent
oxygenases where zinc finger type domains are not required for catalysis; some of these are
responsible for mediating protein-protein interactions, e.g. the N-terminal zinc finger of prolyl
hydroxylase protein domain 2 (PHD2)*® and the zinc binding domain(s) of the TET family DNA
hydroxylases’.

9.2 BBOX zinc binding domain

As observed both in solution and by crystallographic analyses'®, BBOX is mainly present as a
homodimer, with each monomer containing N- and C- terminal domains (Fig. 29). The C-terminal
BBOX domain has a DSBH core fold and contains the active site, with the Fe(ll), 20G and GBB
binding residues. The N-terminal domain contains the Zn(ll) binding site, where the Zn(ll) is
chelated by a Cyss-His motif (Cys38, Cys 40, Cys43 and His 82). The zinc binding residues are
highly conserved in BBOX from different species (Fig. 30) and have been shown to be responsible
for BBOX dimerization*; however, the influence of the presence of Zn(Il) on BBOX catalytic

activity has not been previously investigated.

catalytic
domain

zinc binding
domain

Figure 29 View from a crystal structure of BBOX in complex with GBB, NOG (N-oxalylglycine — a mimic of
20G) and Zn(I1) (PDB id: 302G). BBOX is a homodimer comprising of catalytic domain where Fe(ll) and
substrates bind and zinc binding domain. The close up shows the Zn(I1) binding site of one monomer.
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Figure 30 Alignment of BBOX sequences from Homo sapiens (Hs, gi 4502369), Rattus norvegicus (Rn, gi
12018320), Danio rerio (Dr, gi 62955403), Drosophila melanogaster (Dm, gi 221329931), Pseudomonas sp.
AK1 (Ps, gi 231642) reveals conserved cysteine and histidine residues forming the zinc binding domain.

9.3 Inhibition of BBOX by selenium and sulphur-containing zinc ejectors

Selenium and sulphur based compounds are reported to be effective zinc ejectors, due to their
demonstrated ability to interact with cysteine-residues involved in Zn(Il) binding in many proteins.
A set of potential zinc ejectors was examined for their ability to inhibit BBOX (Table 28). As a
positive control, an isoquinoline derivative BIQ (75) was used. BIQ has been previously reported to
inhibit BBOX™ and other 20G dependent oxygenases® through chelating active site Fe(ll) ion and
interacting with specific active site residues.”***® Compounds (259)-(265) were inhibitors of
BBOX; the ICs, values were found to be dependent on the time of preincubation prior to reaction
(Table 28, Fig. 31), i.e. consistent with mechanism involving irreversible ejection of structural zinc.
Interestingly, ebselen (259) was the most potent inhibitor with 1Cs, value of 0.5 pM. Ebselen is
known to be an effective zinc ejector, as shown on the example of metallothionein® and human
histone demethylase KDM4A.*® Ebselen is currently in late stage clinical development for stroke
treatment.®*® The observation that ebselen inhibits BBOX is interesting from a therapeutic

perspective, because inhibition of BBOX has been shown to aid in recovery after acute stroke.
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Figure 311Cs, curves for inhibition of BBOX by A — ebselen, B — PhSeCl, C — PhSeBr, D — PhSeOOH, E —
PhSeOH, F — PhSeSePh, G — thiram, H — BIQ. Curves obtained after 1, 10 and 20 min of inhibitor

preincubation with BBOX
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Table 28 Inhibition of BBOX by zinc ejectors. I1Csq values are given for the 1, 10 and 20 min preincubation of
the compound with BBOX.

compound structure ICs BBOX [UM]
1 min 10 min 20 min

Ebselen (259) 0

0.59+0.11 0.55+0.08 0.46+0.07
N

PhSeClI (260)

@ ¢l 5.140.6 2.240.3 1.9+0.3
PhSeBr (261) Se,
@ Br 7.0+1.7 2.4+0.4 2.6+0.3
PhSeOOH (262) o
@SG\OH 35+7 1042 5.0+1.8
PhSeOH (263 Se.
(263) @( OH 54+11 3443 2643
PhSeSePh (264) Q
©/Se\3e 5545 3319 3946
Thiram (265) S \
\NkS/SYN\ 160+67 1642 5.5+8
‘ s
BIQ (75) OH ©
N7 N7 cooH
I 364 33+9 32+13
Cl
Na;SeO, (266) : >500 : :
Na,SeO; (267) - >500 - -
Saccharin (268) o
@E«/NH >500 ; ;
/,S\\
(@]

9.4  Zinc ejection by analogues (259)-(265)

Having shown that selenium and sulphur containing compounds were BBOX inhibitors, the Zn(ll)
ejection from BBOX induced by analogues (259)-(265) was examined (Fig. 32-34). The work
employed a fluorescence based assay, wherein the amount of Zn(1l) was quantified by measuring the
increase in fluorescence upon binding of Zn(ll) to a Zn(ll) specific probe. As expected compounds
(259)-(265) ejected Zn(Il) in a time and dose-dependent manner (Fig. 32-34). PhSeCl (260), PhSeBr
(261) and PhSeOOH (262) were the most effective zinc ejectors, consistent with their good
inhibitory properties and increased potency with increasing pre-incubation times (Table 28).
PhSeOH (263) and PhSeSePh (264) were apparently poor zinc ejectors, consistent with their
relatively high 1Cs, values. A control experiment demonstrated that no Zn(Il) ejection was triggered
by BIQ (75), in good agreement with a mechanism involving binding to the active site iron of 20G

oxygenases. Interestingly, thiram (265) displayed sigmoidal dependence of free Zn(ll) on time,
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which suggests a cooperative mechanism of zinc-released form BBOX. Surprisingly, ebselen (259)
displayed only moderate ability to eject zinc under the standard assay conditions. This observation

suggests the mode of BBOX inhibition by ebselen (259) may be more complex than simply Zn(ll)
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Figure 32 Ejection of zinc from BBOX by analogues (259)-(265) and (75). Time course of Zn(Il) ejection
from BBOX by 0.4 mM (A) and 0.1 mM (B) of inhibitor (259)-(265) and (75). Dose-response curves for zinc
ejection from BBOX by (259)-(265) and (75) as measured after 1 min (C) and 20 min (D) of incubation of
BBOX with an inhibitor.
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Figure 33 Dependency of the amount of Zn(l1) release on the concentration of an inhibitor. A — ebselen, B —
PhSeCl, C — PhSeBr, D — PhSeOOH, E — PhSeOH, F — PhSeSePh, G — thiram, H — BIQ. The curves are
derived from signal obtained after 1, 10, 20, 30, 40, 50 and 60 min incubation of BBOX (10 pM) with
inhibitor.
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Figure 34 Time course of Zn(Il) release with time, using increasing concentrations of inhibitors. A — ebselen,
B — PhSeCl, C — PhSeBr, D — PhSeOOH, E — PhSeOH, F — PhSeSePh, G — thiram, H — BIQ. The inhibitor
concentrations used were 6.25, 12.5, 25, 50, 100, 200 and 400 pM.
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9.5 Binding studies

To further investigate the interactions of compounds 259-265 with BBOX, we carried out binding
assays. The binding was determined by quenching of intrinsic tryptophan fluorescence of BBOX
upon binding of an inhibitor (Section 2.3). The binding of the compounds correlated with their
inhibitory potencies, with ebselen (259), followed by PhSeCl (260), PhSeBr (261) and PhSeOOH
(262) being the best binders (Fig. 35). Binding studies were also conducted on BBOX which did not
contain Fe(ll) in the active site; as anticipate in this case binding of the control inhibitor BIQ (75)
was very weak. Binding of BIQ (75) was greatly improved after addition of an Fe(ll) to the
measured solution, consistent with the proposed mechanism of inhibition of BBOX by BIQ (75),
involving coordination of the active site Fe(ll). Binding of the sulphur/selenium containing
compounds (259-265), including ebselen (259) (Fig. 36), was not significantly changed by the
presence of an added Fe(ll), suggesting they probably do not interact within the active site of
BBOX, but rather with the Zn chelating cysteine residues following their previously proposed

mechanism of action.

1.2 5
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Figure 35 Binding of compounds 259-265 to BBOX (in the absence of Fe(ll) in the active site) as determined
by intrinsic fluorescence quenching of BBOX — comparison of binding of analogues 259-265.
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Figure 36 Changes in BBOX fluorescence upon titration with inhibitors. A — ebselen, B — PhSeCl, C —
PhSeBr, D — PhSeOOH, E — PhSeOH, F — PhSeSePh, G — thiram, H — BIQ. BBOX concentration was 5 puM.
Blue curves represent binding to apo BBOX (no Fe(l1)) and the red curves represent binding to BBOX (5 uM)

incubated

with Fe(Il) (50 uM).
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Table 29 Kp values for binding of inhibitors to apo BBOX and BBOX/Fe(ll) complex, as determined by
fluorescence quenching binding assays.

compound Kb seox [MM] Kb seoxirey [MM]
Ebselen (259) 3.6+0.2 4.6+0.4
PhSeCl (260) 9.4+1.1 7.5+1.1
PhSeBr (261) 13+1 1142

PhSeOOH (262) 7.6+1.1 12+3
PhSeOH (263) >200 >200
PhSeSePh (264) >200 >200
Thiram (265) 59+8 3543
BIQ (75) 122463 13+1

* Data were fitted with equation: y=(([Lo]+[Po]+Kp)-(([Lo]*+[Pol+Kp)*-
A[Lo][PoD)®°)/(2[Po]), where [Lo] is total concentration of ligand and [P] is total
concentration of the protein (OriginPro 8.5.1).

9.6 Mass spectrometry analyses

Mass spectrometry (MS) analyses were carried out to investigate potential covalent modifications of
BBOX by the most potent inhibitors ((259)-(262)). It was envisaged that BBOX-SSeR’ bonds may
survive under LC-MS chromatography and ionisation conditions. Indeed in MS spectra of BBOX
treated with one equivalent of PhSeCl (263), PhSeBr (261) and PhSeOOH (262) a single covalent
modification was observed, corresponding to a PhSe- group mass shift (+156) (Fig. 37), i.e. reaction
with a cysteinyl thiol. In the case of ebselen (259), even after prolonged (24 h) incubation, only
small amounts of covalent modification were detected (+274 peak, Fig. 37); however at high
concentrations of ebselen (10 equiv.), BBOX underwent multiple apparent covalent modifications
corresponding to nine ebselen molecules bound per BBOX molecule (Fig. 38). Non-denaturing MS
analyses (Fig. 39) suggested that ebselen can bind at low concentrations forming adducts stable
under MS conditions (80 V cone voltage). Thus, ebselen may inhibit both by covalent and non-

covalent mechanism.
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Figure 37 MS analyses for binding of inhibitors 259-262 to BBOX. Denaturing MS reveals analogues 260-
262 likely covalentely modify BBOX when used in a 1:1 enzyme : inhibitor ratio. Note relatively little binding
was observed for ebselen (259).

[ BBOX + ebselen 10 equiv. |

6x10*
47270

5x10* 4

4x10°

intensity

3x10° - 47315

2x10° 4

1510° 47356

olh otomad |

T T T
47000 47200 47400 47600
mass [Da]

Figure 38 Denaturing MS analyses of BBOX treated with an excess of ebselen. BBOX incubated with 10
equiv. of ebselen displays a mass shift (+2467) corresponding to addition of 9 molecules of ebselen. This
observation is consistent with the number of cysteine residues present in the BBOX construct used.
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Figure 39 Non-denaturing MS analyses of BBOX treated with 2 equiv. of ebselen. In the absence of ebselen a
single peak is detected for each charge state and corresponds to the apo-form (B). BBOX incubated with
ebselen at low concentrations was found to non-covalently bind up to four ebselen molecules (A). The
deconvoluted masses of the bound form are shown and are in agreement with these stochiometries (inset;
overlay of 19+ charge state).

9.7 Summary of zinc ejection studies

In summary, it was demonstrated that selenium and sulphur containing compounds can inhibit
BBOX catalysis. The mechanism likely involve covalent modification of one or more cysteine
residues following removal of the structural Zn(ll). The results imply that a functional zinc binding
domain is indispensible for BBOX catalysis, as for some 20G dependent histone demethylases, e.g.
KDMA4A.> New inhibitors of BBOX were identified, with ebselen — a clinical trial candidate for the
treatment of acute stroke — being particularly potent. Because BBOX inhibition is reported to aid
recovery after cardiac dysfunctions, the therapeutic effect of ebselen could thus, at least in part, be

due to BBOX inhibition.
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10 Summary and perspectives

A set of new assays for assessing inhibitor binding, zinc ejection from BBOX and determination of
cellular carnitine contents was developed. The assays will aid further studies on BBOX and related
proteins. The new set of assay tools enabled identification of scaffolds for potential BBOX
inhibitors. Further synthetic development gave the first potent BBOX inhibitor (AR692B), whose
prodrug form was demonstrated to lower carnitine levels in cultured cells. A crystal structure of
human BBOX in complex with AR692B revealed interesting features — the compound displayed two
binding modes, one of which featured an intermolecular n-stacked conformation, unprecedented in
20G dependent oxygenases. Moreover, the overall fold of BBOX changed upon inhibitor binding,
raising questions about the role of active site loop movement in the catalytic cycle. The investigation
of other scaffolds like quinolines, isoquinolines or hydroxythiazoles led to the identification of other
potent inhibitors, most likely exhibiting different binding modes to BBOX. Screening of a library of
GBB analogues led to the identification of structural motifs important for GBB binding. These
results may aid the development of GBB-based BBOX inhibitors and/or alternative substrates for
biosynthetic purposes. Among GBB analogues, the most effective cell carnitine lowering agents
were discovered — which is of interest from a therapeutic perspective. Finally, inhibition studies
using zinc ejectors revealed that N-terminal zinc binding domain of BBOX is indispensible for
BBOX conformational stability and activity. Ebselen — a drug candidate for treatment of stroke, was
identified as a potent BBOX inhibitor with an unusual mode of inhibition. Interestingly,
cardioprotective properties of ebselen may be, at least in part, due to the inhibition of BBOX

activity.
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12 Experimental section

12.1 NMR

NMR assays were performed on Bruker AVIIlI 700 with inverse TCI cryoprobe using 3 mm
MATCH tubes. Pulses were calibrated using single-pulse nutation method (Bruker pulsecal routine).

Water suppression was achieved using the excitation sculpting method.

12.1.1 General conditions for NMR assays

40 uM GBB, 150 uM 20G, 500 uM ascorbate, 200 mM KCI, 50 uM Fe(ll), BBOX 50 nM, TRIS d-
11 50 mM pH 7.5, 10% D,0, 0.01% NaNs, final volume 160 pul. Error calculated as standard

deviation from data derived from eight different time points per reaction.

12.1.1.1 Conditions for substrate competition experiments

The following conditions were used: 50 UM GBB (for 20G competition experiment), 150 uM 20G
(for GBB competition experiment), 500 UM ascorbate, 200 mM KCI, 50 uM Fe(ll), 400 nM
AR692B, 50 nM BBOX, 50 mM TRIS d;; pH 7.5, 10% D,0, 0.01% NaN;.

12.2 Fluoride release assays

The fluorinated GBB analogue (GBBF) and TBS-protected fluorescein probe were synthesised as
described in Chapter 2. Other reagents were from Sigma-Aldrich. Reactions were performed in a
final volume of 10 ul (black 384-well plates, clear, flat bottom, Grenier BioOne). The following
final concentrations of reagents were used: 40 uM GBBF (fluorinated analogue of GBB), 500 uM
20G (disodium salt, Sigma-Aldrich), 250 uM ascorbate (potassium salt, Sigma-Aldrich), 160 mM
KCI, 40 uM Fe(Il) (Fe(NH,),(SO,), salt, prepared fresh as a 100 mM solution in 20 mM HCI and
added to the reaction mixture just prior to the initiation of the assay), BBOX 200 nM. Reactions
were performed in 50 mM TRIS buffer pH 7.0, initiated by addition of BBOX to the mixture
containing all cofactors and inhibitor and quenched after 10 min by addition of TBS-fluorescein
probe in DMSO (40 pl, to a final concentration of 5 uM). The plate was then sealed and incubated
for 60 min at room temperature prior to addition of 10 pl of 50 mM HEPES buffer pH 7.0. The
resultant signal was read up to 5 min after addition of HEPES buffer using an EnVision Multilabel
plate reader (Perkin Elmer) fitted with FITC FP 480/30 (480 nm, bandwidth 30 nm) and FITC FP
535/40 emission (535 nm, bandwidth 40 nm) filters. For each reaction, controls containing all
reagents except BBOX (negative control) or inhibitor (positive control) were recorded. The
normalised fluorescence signal was defined as the observed fluorescence signal minus the negative
control signal. Percentage activity was calculated as a ratio of normalised signal for reaction
containing inhibitor to positive control signal. Errors were calculated as standard deviations from
four separate measurements. ICs, data were fitted using XLfit software (IDBS Solutions) using 4-
parameter logistic model (sigmoidal dose-response with variable slope).
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12.2.1 Fluoride release assay protocol for inhibition with preincubation

Procedure was as for the standard fluoride release assay, with the exception that reactions were
initiated by addition of a mixture containing all cofactors to a solution of BBOX and the inhibitor
(preincubated for 0, 10 or 20 min prior to the start of the reaction).

12.3 Cell based assays

12.3.1 Cell culture
HEK 293T cells were cultured in Dulbecco’s modified Eagle medium (DMEM) (Lonza/

BioWhittaker, supplemented with 4.5 g/L glucose) with a Penicillin/ Streptomycin antibiotic mixture
(Sigma, 0.1 mg/mL Streptomycin and 100 units/mL Penicillin), 2 mM GlutaMAX (Gibco) and 10%
FBS (PAA) in 10 cm sterile Petri dishes. When cells reached confluence, the media was removed
and cells washed twice with PBS (Lonza). The pellet was re-suspended in 6 mL of PBS and split
into 6 new Petri dishes (1 mL of cell suspension each (~3x10°)) with 10 mL of media containing
desired additives. Cells were grown for 48 h (37°C, 5% CO,). Media was discarded and cells washed
3 times with 5 mL of PBS, cells were scraped and centrifuged for 5 min at 1000 rpm. The
supernatant was removed and the pellet was frozen at -80°C. Before measurement the pellet was
incubated on ice with 100 mL of PBS for 20 min. Cells were re-suspended in PBS by vortexing and
lysed in sonication water bath (5 cycles of 1sec sonication-1 sec break) and spun down at 14800 rpm

for 10 min. Supernatants were collected and transferred to MS vials for measurement.

12.3.2 MS method for cell analyses

Chromatographic separation of the carnitine biosynthesis metabolites was performed using mixed
mode chromatography. Chromatographic separation was performed using an Aquity UPLC system
(Waters). Column: PrimeSep 200 mixed mode, 2.1x250 mm, particles 5 um (SIELC, Prospect
Heights, US). Mobile phase: Solvent A —9:1 H,O-acetonitrile mixture, 0.05% formic acid, solvent B
— 8:2 H,O-acetonitrile mixture, 0.2% formic acid. Gradient: Linear gradient from 0% to 100% B in
25 min, column reconditioning: 25-26 min from 0% to 100% A, 26-30 min 100% A. Flow rate:
0.3 mL/min. Injection volume 10 pL. Detection was performed using a Waters Quattro Micro
instrument (triple quadrupole MS, electrospray ionisation, positive ion mode). The single ion mode

was used and scan mode was running in parallel as a control.

12.4 Fluorescence binding assays

Fluorescence was measured using a Pherastar FS plate reader (BMG Labtech) using following

parameters: excitation 280 nm, emission 350 nm, 5 pM BBOX, 20 puM Fe(ll) and variable

concentration of tested compound. Assays were performed in 50 mM Tris buffer pH 7.5 containing

200 mM NaCl in total volume of 50 pL per well in 96-well plates (Greiner, black, bottom: flat,

clear). Measurements were done in triplicates, error bars represent standard deviation from mean.
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The concentration of inhibitor was plotted against AFq,s/ AFax, Where AFs is the observed decrease
in fluorescence signal and AF .« is maximum measured decrease in fluorescence signal (decrease in
fluorescence signal when the saturation was reached compared to initial fluorescence measurement
for BBOX alone). Data were fitted with equation: y = (([Lo]*[Po]+Kbo)-(([Lo]*+[Po]+Kp)*
A[Lo][Pa])®°)/(2[Po]), where [Lo] is total concentration of ligand and [Po] is total concentration of the
protein (OriginPro 8.5.1).

12.5 Zinc ejection assays

Zinc(ll) concentrations were determined by measuring the increase in fluorescence upon binding of
Zn(ll) to the Zn(ll)-specific fluorophore FluoZin™-3 (Invitrogen). Fluorescence was measured
using a Pherastar FS plate reader (BMG Labtech) using the following parameters: excitation 485
nm, emission 520 nm. Assays generally contained 10 uM BBOX, 10 puM FluoZin-3 probe and
variable concentration of the tested compound in 50 mM Tris-HCI buffer pH 7.5 with a final volume
of 50 pL in 96-well plates (Greiner, black, bottom: flat, clear). A calibration curve was obtained
between 0-10 UM Zn(11) in the presence of 10 uM BBOX (the shape of the curve was shown to be
affected by the presence of BBOX). Readings were performed in 60 cycles at rate of 1 min per
cycle.

12.6 Denaturing mass spectrometry

Samples were prepared by treatment of BBOX (10 puM) in 50 mM Tris-HCI buffer pH 7.5,
containing 200 mM NaCl, with inhibitor to final concentration of 10 uM (total vol. 50 pL). Samples
were run on Waters LCT Premier XE Spectrometer equiped with electrospray interface coupled to
an Agilent 1100 Series HPLC with a CTC-autosampler inlet system. The column used was Merck
Chromolith® C-18 2 x 5 mm column (Merck). Samples were kept at 4°C before injection and run
with a gradient from 5% B to 100% B in A over 5 min (solvent A — water, 0.1% formic acid; B —

acetonitrile).

12.7 Non-denaturing mass spectrometry

Native mass spectrometry measurements of BBOX were performed on a modified Synapt G1
HDMS ion mobility instrument (Waters Co., Manchester UK) as previously described®. The MS
instrument parameters were as follows: capillary voltage 1.3 kV, cone voltage 80 V, extraction cone
1.0 V, trap collision voltage 5.0 V, trap DC bias voltage 15 V, trap gas flow 3.0 mL/min, IMS gas
flow 40mL/min. 5uM BBOX was buffer-exchanged into 200mM ammonium acetate pH 7.4 using
Micro BioSpin 6 columns (BioRad, UK). Ebselen (diluted in 200mM ammonium acetate with 0.05%
DMSO) was added immediately prior to MS. Data analysis was performed using MassLynx v4.1

software.
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12.8 Selectivity screen conditions

The enzyme activities of JMID2A, JMJD1A, PHF8, FBXL11, JMJD3, FIH and PHD2 were
measured by relative demethylation/hydroxylation of known substrate peptides using Matrix-
assisted laser-desorption/ionization (MALDI) time-of-flight (TOF) mass spectrometry (MS), Waters.
The reaction mixture composition varied as optimised for each reaction (JMID2A, FBXL11 — 1 uM
enzyme, 10 uM peptide, 50 mM HEPES pH 7.5, 200 uM 2-oxyglutarate (disodium salt, Sigma), 10
UM FeSO,x7 H,0, 100 uM sodium ascorbate (Sigma); IMID1A, PHF8, IMJD3 with additional 150
mM NaCl; FIH and PHD2, in TRIS pH 7.5, 100 mM NacCl). Enzyme, sodium ascorbate and Fe(ll)
were incubated with 100 uM AR692B for 15 min before adding peptide and 2-oxoglutarate mix.
Reaction was incubated for 20 min at 25°C, quenched with MeOH and spotted using a-Cyano-4-
hydroxycinnamic acid (CHCA) matrix. Inhibition was calculated relative to the activity of a null-
inhibitor control.

12.9 Crystallography

Crystallisation was performed in 24-well plates; hanging drops were equilibrated against 400 pl of
reservoir solution. Drops consisted of 1 pl reservoir solution and 1 pl protein solution. The reservoir
solution contained: 0.2 M ammonium citrate, 1 mM NiSO,, 2% 1,6-diaminohexane, 19% PEG 3350.
Protein (20 mg/ml) was in TRIS buffer (50 mM pH 7.5) containing 200 mM NaCl and was
supplemented with 5 mM AR692B (100 mM solution in TRIS 50 mM, pH adjusted to 7.0) prior to
crystallisation. Crystals formed after a week were used for micro seeding to yield bigger crystals
which formed overnight. No crystals were observed in the presence of GBB. Crystals were flash
cooled in liquid nitrogen using 25% glycerol in the mother liquor as a cryoprotectant. A dataset for
BBOX.Ni.AR692B complex was collected at the Diamond beamline 102 with a Pilatus 6M detector.
Difficulties in data processing arose, as there was a crack/warping in the crystal. Therefore, data
were integrated and scaled using only the most intense spots setting a I/cl cut-off of 3.0 and using
HKL2000.%” The structure was solved by molecular replacement using PHASER ® (search model
PDB ID: 302G). Parameter and topology files for AR692B were generated using PRODRG ® for
refinement in CNS.” Iterative cycles of model building in COOT ™ and slowcool-simulated
annealing refinement using the maximum-likelihood function and bulk-solvent modeling in CNS
proceeded until the Reysi/Riee NO longer decreased. PROCHECK 2 was used to monitor the

geometric quality of the model between refinement cycles.
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Table 30 Crystallographic data processing, refinement statistics of the BBOX.Ni(Il).AR692B complex.

Measurement BBOX.Ni(l1).AR692B
PDB acquisition code 4C8R
Data collection
Space Group P2,2:2,
Cell dimensions a,b,c (A) 195.744
91.659
167.132

Resolution (A) 48.42 — 2.82 (2.90 - 2.82)*
No. of unique reflections 71043 (7115)*
Completeness (%) 97.8 (99.3)*
Redundancy 3.7 (3.5)*
Reym™™* 0.203 (0.801)*
Mean l/o(l) 4.0 (1.9)*
Wilson B value (A% 58.9
Refinement
Rfactor 0.215
Riree 0.244
R.m.s. deviation

Bond length, A 0.009

Bond angle, ° 1.3

*Highest resolution shell shown in parenthesis.
**Rgym = Y|I-<I>|/3l, where | is the intensity of an individual measurement and <I> is the average

intensity from multiple observations.
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12.10 Synthesis

12.10.1 Reagents

General synthetic considerations are according to Synthesis section in the Appendix 1. Reagents
were from Acros, Aldrich, Fluka, Lancaster, TCI, Fluorochem and used as supplied. Solvents for
chemical transformation, work-up and chromatography were from Rathburn at HPLC grade and
used without further purification. Anhydrous solvents were from Aldrich or prepared by filtration

through columns containing activated aluminium oxide under argon.

12.10.2 General procedure for preparation of amino acids conjugates of 3-hydroxypicolinic
acid
3-Hydroxypicolinic acid (300 mg, 2.16 mmol) and CDI (420 mg, 2.59 mmol, 1.2 eq) were stirred in
anhydrous DMF (3 mL) for 10 min, prior to the addition of solution of amino acid methyl ester (2.59
mmol, 1.2 eq) and EtzN (320 pL, 2.27 mmol, 1.05 eq) in DMF (3 mL). The resultant mixture was
stirred overnight at room temperature. Upon reaction completion, most of the DMF was evaporated
in vacuo and the resultant residue was suspended in CH,Cl, (10 mL) and washed with H,O (3 x 5
mL). The organic phase was dried over MgSO,, filtered and subjected to the column
chromatography (Biotage SNAP KP-SIL™ 25 g cartridge, eluent system: cHex/EtOAc). The
obtained product was dissolved in a mixture of THF/H,O (1:1, 6 mL) and subsequently treated with
LiOH - H,0 (450 mg, 10.8 mmol, 5 eq). The reaction was stirred at room temperature for 12 h. THF
was evaporated in vacuo and the remaining aqueous solution was neutralized with conc. HCI. If
precipitate was formed it was filtered-off and dried in vacuo to yield the desired product. In case no
precipitate was formed, the aqueous solution was extracted with EtOAc (3 x 10 mL). The combined

organic layers were dried over MgSQ,, filtered and evaporated in vacuo to yield the desired product.
12.10.2.1 (3-Hydroxypicolinoyl)glycine (33)"

\OH o

H
| NT NJJ\OH
O

The desired compound (33) was obtained as a white solid (178 mg, 0.91 mmol, 42%) from 3-
hydroxypicolinic acid (300 mg, 2.16 mmol).

'H NMR (400 MHz, DMSO-dg) & = 12.28 (br. s., 1 H, OH), 9.33 (t, J=6.0 Hz, 1 H, NH), 8.18 (dd,
J=4.5, 1.5 Hz, 1 H), 7.55 (dd, J=8.5, 4.5 Hz, 1 H), 7.43 (dd, J=8.5, 1.5 Hz, 1 H), 3.99 (d, J=6.0 Hz, 2
H, CH,) ppm. *C NMR (101 MHz, DMSO-ds) & = 171.4, 169.8, 158.0, 140.9, 131.8, 130.2, 126.9,
41.5 ppm. Mp = 136-139 °C (lit. 169-170°C) °. HRMS (ESI-TOF) calcd for CgHgN,NaO, [M+Na']:
219.0376, found: 219.0366. FT-IR vy (neat): 3234, 3017, 1608, 1519, 1404, 1344, 816, 662 cm™.
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12.10.2.2 (3-Hydroxypicolinoyl)-L-phenylalanine (34a)

The desired compound (34a) was obtained as a white solid (277 mg, 0.97 mmol, 45%) from 3-
hydroxypicolinic acid (300 mg, 2.16 mmol).

'H NMR (400 MHz, CDCl5) & = 8.48 (br. s., 1 H, NH), 8.05 (br. s., 1 H), 7.10 - 7.40 (m, 8 H), 5.06
(q, J=7.0 Hz, 1 H, CH), 3.35 (dd, J=14.0, 5.5 Hz, 1 H, CHCH H""), 3.24 (dd, J=14.0, 7.0 Hz, 1 H,
CHCH'H'") ppm. *C NMR (101 MHz, CDCl;) & = 175.9, 168.5, 157.9, 139.8, 135.5, 130.7, 129.3,
129.0, 128.7, 127.3, 126.5, 53.0, 37.7 ppm. Mp = 116-118 °C. [a]®5 = +25.6 (c = 0.1 in MeOH).
HRMS (ESI-TOF) calcd for C15H;4N,NaO, [M+Na']: 309.0846, found: 309.0834. FT-IR vy, (neat):
3344, 3027, 1727, 1635, 1272, 637 cm™,

12.10.2.3 (3-Hydroxypicolinoyl)-D-phenylalanine (34b)

OH
X
| o
~
N OH

@)

The desired compound (34b) was obtained as a white solid (246 mg, 0.86 mmol, 40%) from 3-
hydroxypicolinic acid (300 mg, 2.16 mmol).

'H NMR (400 MHz, CDCl;) & = 8.48 (br. s., 1 H, NH), 8.05 (br. s., 1 H), 7.10 - 7.40 (m, 8 H), 5.06
(9, J=7.0 Hz, 1 H, CH), 3.35 (dd, J=14.0, 5.5 Hz, 1 H, CHCH H'"), 3.24 (dd, J=14.0, 7.0 Hz, 1 H,
CHCH'H"") ppm. *C NMR (101 MHz, CDCls) 8 = 175.9, 168.5, 157.9, 139.8, 135.5, 130.7, 129.3,
129.0, 128.7, 127.3, 126.5, 53.0, 37.7 ppm. Mp = 123-126 °C. [a]® = -23.2 (¢ = 0.1 in MeOH).
HRMS (ESI-TOF) calcd for C15H1,N,NaO, [M+Na']: 309.0846, found: 309.0835. FT-IR vy (neat):
3345, 3032, 1727, 1635, 1265, 639 cm™.
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12.10.2.4 (3-Hydroxypicolinoyl)-L-tryptophan (35a)"

D
N” N\:)J\OH
o = _
NH

The desired compound (35a) was obtained as a yellow solid (295 mg, 0.91 mmol, 35%) from 3-
hydroxypicolinic acid (300 mg, 2.16 mmol).

'H NMR (400 MHz, CD;0D) & = 8.28 (br. s., 1 H), 7.77 - 7.93 (m, 2 H), 7.53 (dd, J=7.5, 3.5 Hz, 1
H), 7.28 -7.39 (m, 1 H), 7.11 - 7.18 (m, 1 H), 7.03 - 7.11 (m, 1 H), 6.88 - 7.00 (m, 1 H), 4.99 - 5.06
(m, 1 H, CH), 3.41 - 3.58 (m, 2 H, CH,) ppm. **C NMR (101 MHz, CD;0D) & = 172.1, 156.9,
137.0, 136.4, 132.5, 130.2, 127.6, 123.8, 121.6, 118.9, 118.1, 111.5, 108.7, 54.1, 27.3 ppm. Mp =
170-174 °C (lit. 109-111 °C)"™. [a]®p = +7.6 (c = 0.2 in MeOH). HRMS (ESI-TOF) calcd for
Ci7H1sN3NaO, [M+Na']: 348.0955, found: 348.0947. FT-IR v (neat): 3328, 1715, 1522, 1324,
1198, 779cm™.

12.10.2.5 (3-Hydroxypicolinoyl)-D-tryptophan (35b)

XN OH o

H
~ N
N OH

O
=

NH

The desired compound (35b) was obtained as a yellow solid (287 mg, 0.89 mmol, 34%) from 3-
hydroxypicolinic acid (300 mg, 2.16 mmol).

'H NMR (400 MHz, CDsOD) & = 8.28 (br. s., 1 H), 7.77 - 7.93 (m, 2 H), 7.53 (dd, J=7.5, 3.5 Hz, 1
H), 7.28 - 7.39 (m, 1 H), 7.11 - 7.18 (m, 1 H), 7.03 - 7.11 (m, 1 H), 6.88 - 7.00 (m, 1 H), 4.99 - 5.06
(m, 1 H, CH), 3.41 - 3.58 (m, 2 H, CH,) ppm. *C NMR (101 MHz, CD;0D) & = 172.1, 156.9,
137.0, 136.4, 132.5, 130.2, 127.6, 123.8, 121.6, 118.9, 118.1, 111.5, 108.7, 54.1, 27.3 ppm. Mp =
180-182 °C. [0]% = -7.9 (¢ = 0.2 in MeOH). HRMS (ESI-TOF) calcd for Ci7H1gN:Os [M+H']:
326.1135, found: 326.1128. FT-IR v (neat): 3329, 1715, 1618, 1518, 1324, 1198, 778 cm™
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12.10.2.6 (3-Hydroxypicolinoyl)-L-tyrosine (36a)

The desired compound (36a) was obtained as a white solid (294 mg, 0.97 mmol, 45%) from 3-
hydroxypicolinic acid (300 mg, 2.16 mmol).
'H NMR (400 MHz, CD;0D) & = 8.10 (dd, J=4.5, 1.0 Hz, 1 H), 7.44 (dd, J=8.5, 4.5 Hz, 1 H), 7.34
(dd, J=8.5, 1.0 Hz, 1 H), 7.05 (d, J=8.5 Hz, 2 H), 6.69 (d, J=8.5 Hz, 2 H), 4.84 (dd, J=7.0, 5.5 Hz, 1
H, CH), 3.23 (dd, J=14.0, 5.5 Hz, 1 H, CH'H'"), 3.13 (dd, J=14.0, 7.0 Hz, 1 H, CH'H ") ppm. **C
NMR (101 MHz, CD;0D) 6 = 173.1, 168.7, 158.0, 156.5, 140.0, 131.2, 130.4, 129.1, 127.4, 126.2,
115.3, 53.5, 36.6 ppm. Mp = 123-125 °C. [0]%p = +41.6 (¢ = 0.2 in MeOH). HRMS (ESI-TOF)
calcd for Ci5H14N,NaOs [M+Na']: 325.0795, found: 325.0782. FT-IR vy (neat): 3497, 2941, 1674,
1534, 1275, 1132, 836, 637 cm™.
12.10.2.7 (3-Hydroxypicolinoyl)-D-tyrosine (36b)

OH

N OH

OH

The desired compound (36b) was obtained as a white solid (294 mg, 0.97 mmol, 45%) from 3-
hydroxypicolinic acid (300 mg, 2.16 mmol).

'H NMR (400 MHz, DMSO-dg) & = 8.93 (d, J=8.5 Hz, 1 H, NH), 8.15 (dd, J=4.5, 1.5 Hz, 1 H), 7.52
(dd, J=8.5, 4.5 Hz, 1 H), 7.40 (dd, J=8.5, 1.0 Hz, 1 H), 7.01 (d, J=8.5 Hz, 2 H), 6.62 (d, J=8.5 Hz, 2
H), 4.57 - 4.72 (m, 1 H, CH), 3.04 - 3.15 (m, 2 H, CH,) ppm. *C NMR (101 MHz, DMSO-d) & =
172.6, 168.7, 157.6, 156.4, 140.5, 131.1, 130.5, 129.9, 127.6, 126.6, 115.6, 53.8, 35.7 ppm. Mp =
123-125 °C. [a]*’p = -40.9 (¢ = 0.2 in MeOH). HRMS (ESI-TOF) calcd for C;5H1,N;NaOs [M+Na']:
325.0795, found: 325.0783. FT-IR vy (Neat): 3488, 2941, 1674, 1276, 1132, 636 cm™.
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12.10.2.8 (3-Hydroxypicolinoyl)-L-alanine (37a)"

The desired compound (37a) was obtained as a white solid (190 mg, 0.91 mmol, 42%) from 3-
hydroxypicolinic acid (300 mg, 2.16 mmol).

'H NMR (400 MHz, DMSO-dg) & = 12.26 (s, 1 H, OH), 9.17 (d, J=7.5 Hz, 1 H, NH), 8.19 (dd,
J=4.5,1.0 Hz, 1 H), 7.55 (dd, J=8.5, 4.5 Hz, 1 H), 7.43 (dd, J=8.5, 1.0 Hz, 1 H), 4.49 (quin, J=7.5x4
Hz, 1 H, CH), 1.45 (d, J=7.5 Hz, 3 H, CHs) ppm. *C NMR (101 MHz, DMSO-ds) & = 174.1, 169.1,
158.1, 140.9, 131.7, 130.2, 126.9, 48.4, 17.8 ppm. Mp = 188-190 °C (187-189 °C)". [a]?p = +24.4
(c = 0.5 in MeOH). HRMS (ESI-TOF) calcd for CoHioN,NaO, [M+Na']: 233.0533, found:
233.0524. FT-IR vy (neat): 3354, 2947, 1729, 1596, 1187, 698 cm™.

12.10.2.9 (3-Hydroxypicolinoyl)-D-alanine (37b)

The desired compound (37b) was obtained as a white solid (170 mg, 0.81 mmol, 37%) from 3-
hydroxypicolinic acid (300 mg, 2.16 mmol).

'H NMR (400 MHz, DMSO-dg) & = 12.26 (s, 1 H, OH), 9.17 (d, J=7.5 Hz, 1 H, NH), 8.19 (dd,
J=4.5,1.0 Hz, 1 H), 7.55 (dd, J=8.5, 4.5 Hz, 1 H), 7.43 (dd, J=8.5, 1.0 Hz, 1 H), 4.49 (quin, J=7.5x4
Hz, 1 H, CH), 1.45 (d, J=7.5 Hz, 3 H, CH3) ppm. *C NMR (101 MHz, DMSO-dg) & = 174.1, 169.1,
158.1, 140.9, 131.7, 130.2, 126.9, 48.4, 17.8 ppm. Mp = 195-196 °C. [0]*’p = -24.7 (c = 0.5 in
MeOH). HRMS (ESI-TOF) calcd for CoH;oN,NaO, [M+Na']: 233.0533, found: 233.0522. FT-IR
Vmax (N€at): 3354, 2947, 1730, 1627, 1596, 1187, 701 cm™.

12.10.2.10 (3-Hydroxypicolinoyl)-L-valine (38a)

\OH o

| N H\)J\OH

0 AL
The desired compound (38a) was obtained as a white solid (180 mg, 0.76 mmol, 35%) from 3-
hydroxypicolinic acid (300 mg, 2.16 mmol).
'H NMR (400 MHz, CDCl3) & = 8.48 (br. s., 1 H, NH), 8.01 - 8.12 (m, 1 H), 7.23 - 7.41 (m, 2 H),
4.70 (dd, J=8.5, 4.5 Hz, 1 H, CHCO,H), 2.32 - 2.49 (m, 1 H, CH(CHs),), 1.05 (br. s., 3 H, CHs),
1.03 (br. s., 3 H, CHs) ppm. *C NMR (101 MHz, CDCl,) & = 176.2, 168.6, 157.9, 139.6, 130.8,
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128.9, 126.5, 56.8, 31.1, 19.1, 17.7 ppm. Mp = 81-83 °C. [a]®, = +36.9 (c = 0.3 in MeOH). HRMS
(ESI-TOF) calcd for Ci;HN,NaO, [M+Na']: 261.0846, found: 261.0844. FT-IR vpay (neat): 3348,
2964, 1728, 1647, 1528, 1451, 805 cm™.

12.10.2.11 (3-Hydroxypicolinoyl)-D-valine (38b)

The desired compound (38b) was obtained as a white solid (196 mg, 0.83 mmol, 38%) from 3-
hydroxypicolinic acid (300 mg, 2.16 mmol).
'H NMR (400 MHz, CDCl;) & = 10.65 (br. s., 1 H, OH), 8.46 (d, J=8.0 Hz, 1 H, NH), 8.10 (dd,
J=4.0, 1.0 Hz, 1 H), 7.37 (dd, J=8.5, 4.5 Hz, 1 H), 7.32 (d, J=8.0 Hz, 1 H), 4.72 (dd, J=9.0, 5.0 Hz, 1
H, CHCO,H), 2.40 (sptd, J=6.8x6, 5.5 Hz, 1 H, CH(CHj3),), 1.07 (d, J=7.0 Hz, 3 H, CH3), 1.06 (d,
J=7.0 Hz, 3 H, CHs) ppm. *C NMR (101 MHz, CDCl;) & = 176.2, 168.6, 157.9, 139.6, 130.8,
128.9, 126.5, 56.8, 31.1, 19.1, 17.7 ppm. Mp = 73-77 °C. [0]®, = -36.5 (¢ = 0.3 in MeOH). HRMS
(ESI-TOF) calcd for Cy3H1,N,NaO, [M+Na']: 261.0846, found: 261.0846. FT-IR v (neat): 3378,
3340, 2965, 2874, 1740, 1647, 1528, 1451, 1339, 806 cm™.
12.10.2.12 (3-Hydroxypicolinoyl)-L-leucine (39a)

OH

The desired compound (39a) was obtained as a white solid (230 mg, 0.91 mmol, 42%) from 3-
hydroxypicolinic acid (300 mg, 2.16 mmol).

'H NMR (400 MHz, DMSO-dg) & = 11.82 (br. s., 1 H, OH), 8.31 (d, J=8.5 Hz, 1 H, NH), 8.09 (d,
J=4.5 Hz, 1 H), 7.35 - 7.40 (m, 1 H), 7.30 - 7.35 (m, 1 H), 4.70 - 4.89 (m, 1 H, CHCOOH), 1.70 -
1.95 (m, 3 H, CH,, CH(CHy),), 1.01 (br. s, 3 H, CHs), 0.99 (br. s, 3 H, CHs) ppm. *C NMR (101
MHz, DMSO-dg) 6 = 177.4, 168.7, 157.9, 139.7, 130.9, 128.9, 126.3, 50.3, 41.0, 24.9, 22.8, 21.7
ppm. Mp = 93-95 °C. [a]®p = +7.4 (c = 0.1 in MeOH). HRMS (ESI-TOF) calcd for C1,H:6N,NaO,
[M+Na*]: 275.1002, found: 275.1003. FT-IR vy (neat): 3372, 2961, 1724, 1654, 1445, 1295, 632

cm,
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12.10.2.13 (3-Hydroxypicolinoyl)-D-leucine (39b)

~M 5

N OH

The desired compound (39b) was obtained as a white solid (200 mg, 0.79 mmol, 37%) from 3-
hydroxypicolinic acid (300 mg, 2.16 mmol).

'H NMR (400 MHz, DMSO-dg) & = 11.82 (br. s., 1 H, OH), 8.31 (d, J=8.5 Hz, 1 H, NH), 8.09 (d,
J=4.5 Hz, 1 H), 7.35 - 7.40 (m, 1 H), 7.30 - 7.35 (m, 1 H), 4.70 - 4.89 (m, 1 H, CHCOOH), 1.70 -
1.95 (m, 3 H, CH,, CH(CHs),), 1.01 (br. s, 3 H, CH5), 0.99 (br. s, 3 H, CHs) ppm. *C NMR (101
MHz, DMSO-dg) 6 = 177.4, 168.7, 157.9, 139.7, 130.9, 128.9, 126.3, 50.3, 41.0, 24.9, 22.8, 21.7
ppm. Mp = 90-92 °C. [a]ZOD =-7.8 (¢ = 0.1 in MeOH). HRMS (ESI-TOF) calcd for C;,H;6N,NaO,
[M+Na*]: 275.1002, found: 275.0998. FT-IR v (neat): 3372, 2961, 1724, 1654, 1445, 1295, 632

cmt,

12.10.2.14 (3-Hydroxypicolinoyl)-L-glutamic acid (40a)

The desired compound (40a) was obtained as a pink solid (170 mg, 0.63 mmol, 24%) from 3-
hydroxypicolinic acid (300 mg, 2.16 mmol).

'H NMR (400 MHz, CD;0OD) & = 8.15 (d, J=4.5 Hz, 1 H), 7.46 (dd, J=8.5, 4.5 Hz, 1 H), 7.36 (d,
J=8.5 Hz, 1 H), 4.71 (dd, J=8.5, 4.5 Hz, 1 H, CH), 2.43 - 2.52 (m, 2 H, CH,COOH), 2.31 - 2.43 (m,
1 H, CHCH'H'"), 2.08 - 2.22 (m, 1 H, CHCH'H ") ppm. *C NMR (101 MHz, CD,0D) & = 175.3,
173.3, 169.3, 158.1, 140.0, 131.3, 129.2, 126.2, 51.6, 30.1, 27.1 ppm. Mp = 73-75 °C. [a]*, = +6.3
(c = 0.1 in MeOH). HRMS (ESI-TOF) calcd for C;;H3,N,NaOs [M+Na']: 291.0588, found:
291.0576. FT-IR vy (neat): 3366, 2961, 2931, 1733, 1647, 1527, 1239, 1149, 806, 700 cm™.

203



Chapter 5 Inhibition of BBOX

12.10.2.15 (3-Hydroxypicolinoyl)-D-glutamic acid (40b)

N OH

O~ OH

The desired compound (40b) was obtained as a pink solid (140 mg, 0.53 mmol, 20%) from 3-
hydroxypicolinic acid (300 mg, 2.16 mmol).

'H NMR (400 MHz, CD;0D) & = 8.15 (d, J=4.5 Hz, 1 H), 7.46 (dd, J=8.5, 4.5 Hz, 1 H), 7.36 (d,
J=8.5Hz, 1 H), 4.71 (dd, J=8.5, 4.5 Hz, 1 H, CH), 2.43 - 2.52 (m, 2 H, CH,COOH), 2.31 - 2.43 (m,
1 H, CHCH'H'"), 2.08 - 2.22 (m, 1 H, CHCH'H ") ppm. *C NMR (101 MHz, CD;0D) & = 175.3,
173.3, 169.3, 158.1, 140.0, 131.3, 129.2, 126.2, 51.6, 30.1, 27.1 ppm. Mp = 84-87 °C. [a]*’, = -6.8
(c = 0.1 in MeOH). HRMS (ESI-TOF) calcd for C;;H1,N,NaOg [M+Na']: 291.0588, found:
291.0585. FT-IR v (neat): 3363, 2961, 1715, 1645, 1526, 1448, 1187, 1119, 801 cm™.

12.10.2.16 (3-Hydroxypicolinoyl)-L-aspartic acid (41a)

\OH o

| N HJJ\OH

O S OH
g
0]

The desired compound (41a) was obtained as a pink solid (185 mg, 0.73 mmol, 28%) from 3-
hydroxypicolinic acid (300 mg, 2.16 mmol).

'H NMR (400 MHz, CD;0OD) & = 8.13 (dd, J=4.5, 1.5 Hz, 1 H), 7.45 (dd, J=8.5, 4.5 Hz, 1 H), 7.35
(d, J=8.5 Hz, 1 H), 4.99 (m, 1H, CH overlapped with H,0, assigned from ‘H-'H COSY and 'H-"*C
HSQC spectra), 3.09 (dd, J=17.0, 5.5 Hz, 1 H, CH'H'"), 2.98 (dd, J=17.0, 5.0 Hz, 1 H, CH'H ")
ppm. *C NMR (101 MHz, CD;0D) & = 173.2, 172.6, 169.0, 158.0, 140.1, 131.3, 129.2, 126.1, 48.4,
35.8 ppm. Mp = 196-198 °C. [a]® = +36.7 (¢ = 0.3 in MeOH). HRMS (ESI-TOF) calcd for
CioH10N;NaOg [M+Na']: 277.0431, found: 277.0426. FT-IR v (neat): 3053, 1611, 1517, 1322,
1206, 802 cm™.
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12.10.2.17 (3-Hydroxypicolinoyl)-D-aspartic acid (41b)
OH
X
| o
~
N OH
o OH
0]

The desired compound (41b) was obtained as a pink solid (150 mg, 0.60 mmol, 23%) from 3-
hydroxypicolinic acid (300 mg, 2.16 mmol).

'H NMR (400 MHz, CD;0D) & = 8.13 (dd, J=4.5, 1.5 Hz, 1 H), 7.45 (dd, J=8.5, 4.5 Hz, 1 H), 7.35
(d, J=8.5 Hz, 1 H), 4.99 (m, 1H, CH overlapped with H,O, assigned from *H-'H COSY and *H-**C
HSQC spectra), 3.09 (dd, J=17.0, 5.5 Hz, 1 H, CH'H'"), 2.98 (dd, J=17.0, 5.0 Hz, | H, CH'H")
ppm. *C NMR (101 MHz, CD;0D) & = 173.2, 172.6, 169.0, 158.0, 140.1, 131.3, 129.2, 126.1, 48.4,
35.8 ppm. Mp = 196-199 °C. [a]®p = -35.6 (¢ = 0.3 in MeOH). HRMS (ESI-TOF) calcd for
CioH1oN,NaOg [M+Na']: 277.0431, found: 277.0424. FT-IR v (neat): 3053, 1615, 1517, 1325,
1206, 803 cm™.

12.10.2.18 (3-Hydroxypicolinoyl)-L-histidine (43)

\OH o

| N7 H\)J\OH

o) -
=
\’\Q\/NH

The desired compound (43) was obtained as a white solid (250 mg, 0.91 mmol, 35%) from 3-
hydroxypicolinic acid (300 mg, 2.16 mmol).

'H NMR (400 MHz, D,0) & = 8.49 (s, 1 H), 8.23 (d, J=5.0 Hz, 1 H), 7.99 (d, J=9.0 Hz, 1 H), 7.85
(dd, J=9.0, 5.5 Hz, 1 H), 7.22 (s, 1 H), 4.92 (dd, J=7.5, 5.0 Hz, 1 H, CH), 3.39 (dd, J=15.5, 5.0 Hz, 1
H, CH'H'"), 3.29 (dd, J=15.5, 7.5 Hz, 1 H, CH'H"") ppm. *C NMR (101 MHz, D,0) & = 173.2,
160.7, 157.5, 135.8, 134.9, 133.9, 130.8, 128.7, 127.8, 117.7, 52.9, 26.6 ppm. Mp = 222-225 °C.
[a] = -9.6 (¢ = 0.2 in MeOH). HRMS (ESI-TOF) calcd for C1,H1,N,O, [M+H']: 277.0931, found:
277.0928. FT-IR vy (neat): 3217, 2460, 1720, 1658, 1523, 810, 621 cm™.

205



Chapter 5 Inhibition of BBOX

12.10.2.19 (2-Hydroxybenzoyl)glycine (44)™

The desired compound (44) was obtained as a white solid (205 mg, 0.98 mmol, 45%) starting from
salicylic acid (300 mg, 2.17 mmol) and following the general procedure.

'"H NMR (400 MHz, DMSO-dg) & = 12.24 (s, 1 H, OH), 9.15 (t, J=5.5 Hz, 1 H, NH), 7.89 (dd,
J=8.0, 1.5 Hz, 1 H), 7.42 (ddd, J=8.5, 7.5, 1.5 Hz, 1 H), 6.82 - 7.01 (m, 2 H), 4.00 (d, J=6.0 Hz, 2 H,
CH,) ppm. *C NMR (101 MHz, DMSO-dg) & = 171.4, 169.2, 160.0, 134.3, 128.7, 119.3, 117.8,
115.8, 41.5 ppm. Mp = 165-167 °C (lit. 150-152 °C)™. HRMS (ESI-TOF) calcd for CoHsNaNO,
[M+Na']: 218.0424, found: 218.0414. FT-IR vy (neat): 3389, 3345, 1705, 1607, 1546, 1234, 793

cm™.

12.10.2.20 Picolinoylglycine (45)"

The desired compound (45) was obtained as a white solid (293 mg, 1.63 mmol, 40%) starting from
picolinic acid (500 mg, 4.07 mmol) and following the general procedure.

'H NMR (400 MHz, DMSO-dg) & = 9.01 (t, J=6.0 Hz, 1 H, NH), 8.65 (d, J=4.5 Hz, 1 H), 7.95 -
8.07 (m, 2 H), 7.61 (ddd, J=7.0, 5.0, 1.5 Hz, 1 H), 3.99 (d, J=6.0 Hz, 2 H, CH,) ppm. *C NMR (101
MHz, DMSO-dg) 6 = 171.9, 165.0, 150.2, 149.4, 138.7, 127.6, 122.8, 41.8 ppm. Mp = 180-183 °C
(lit. 119-121 °C)"®. HRMS (ESI-TOF) calcd for CgHgNaN,O; [M+Na']: 203.0427, found: 203.0427.
FT-IR v (neat): 3335, 2933, 2160, 1751, 1633, 1532, 1196, 671 cm™.

12.10.2.21 3-(3-Hydroxypicolinamido)propanoic acid (46)
| XN OHH
N/ N\/\H/OH
o @)

The desired compound (46) was obtained as a white solid (204 mg, 0.97 mmol, 45%) from 3-
hydroxypicolinic acid (300 mg, 2.16 mmol).

'H NMR (400 MHz, DMSO-dg) 8 = 9.12 (t, J=6.0 Hz, 1 H, NH), 8.16 (dd, J=4.5, 1.5 Hz, 1 H), 7.54
(dd, J=8.5, 4.5 Hz, 1 H), 7.44 (dd, J=8.5, 1.5 Hz, 1 H), 3.52 (td, J=7.0, 6.0 Hz, 2 H, NHCH,), 2.56
(t, J=7.0 Hz, 2 H, CH,CO,H) ppm. *C NMR (101 MHz, DMSO-ds) & = 173.7, 168.9, 158.0, 140.4,
131.8, 130.1, 127.2, 35.5, 34.3 ppm. Mp = 175-177 °C. HRMS (ESI-TOF) calcd for CoH;oN,NaO,
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[M+Na+]: 233.0533, found: 233.0523. FT-IR viax (neat): 3354, 3107, 2933, 2166, 1713, 1664, 1397,
672 cm™.

12.10.2.22 Picolinoyl-L-tryptophan (47)"

] w9
N N;JJ\OH
O i
=

The desired compound (47)" was obtained as a white solid (478 mg, 1.55 mmol, 38%) starting from
picolinic acid (500 mg, 4.07 mmol) and following the general procedure.

'H NMR (400 MHz, DMSO-dg) & = 10.88 (br. s., 1 H), 8.67 (d, J=8.0 Hz, 1 H), 8.60 (d, J=4.5 Hz, 1
H), 7.93 - 8.09 (m, 2 H), 7.56 - 7.63 (m, 1 H), 7.52 (d, J=8.0 Hz, 1 H), 7.32 (d, J=8.1 Hz, 1 H), 7.14
(d, J=2.0 Hz, 1 H), 7.05 (t, J=7.5 Hz, 1 H), 6.92 (t, J=7.5 Hz, 1 H), 4.73 - 4.84 (m, 1 H), 3.36 (d,
J=6.0 Hz, 2 H) ppm. *C NMR (101 MHz, DMSO-d¢) & = 173.8, 164.2, 150.1, 149.4, 138.8, 137.0,
128.1, 127.7, 124.6, 122.7, 121.8, 119.2, 119.2, 112.3, 110.2, 53.7, 27.7 ppm. Mp = 144-146 °C.
[0]®p = +10.2 (c = 0.2 in MeOH). HRMS (ESI-TOF) calcd for C1;H1sNaN;O; [M+Na']: 332.10086,
found: 332.0993. FT-IR vy (neat): 3353, 1724, 1657, 1521, 1211, 741 cm™.

12.10.2.23 (2-Hydroxybenzoyl)-L-tryptophan (48)

The desired compound (48)" was obtained as a white solid (339 mg, 1.05 mmol, 48%) starting from
salicylic acid (300 mg, 2.17 mmol) and following the general procedure.

'H NMR (400 MHz, DMSO-dg) § = 11.98 (br. s., 1 H, OH), 10.91 (d, J=1.5 Hz, 1 H, NH), 9.01 (d,
J=7.5 Hz, 1 H, NH), 7.94 (dd, J=8.0, 1.5 Hz, 1 H), 7.57 (d, J=7.5 Hz, 1 H), 7.29 - 7.43 (m, 2 H),
7.18 (d, J=2.5 Hz, 1 H), 7.05 (td, J=7.5, 1.0 Hz, 1 H), 6.85 - 7.01 (m, 3 H), 4.63 - 4.84 (m, 1 H, CH),
3.31 (m, 2 H, CH,) ppm. *C NMR (101 MHz, DMSO-ds) & = 174.0, 168.4, 159.7, 137.0, 134.5,
129.8, 128.0, 124.5, 121.8, 119.7, 119.3, 119.0, 118.0, 116.8, 112.3, 110.6, 54.2, 27.6 ppm. Mp =
130-133 °C. [a]®%, = -11.9 (¢ = 0.2 in MeOH). HRMS (ESI-TOF) calcd for C15H:sNaN,O, [M+Na']:
347.1002, found: 347.0992. FT-IR v (neat): 3395, 1718, 1597, 1490, 1215, 741 cm™,
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12.10.2.24 3-Hydroxy-N-phenethylpicolinamide (49)
OH

The desired compound (49) was obtained as yellow oil (290 mg, 1.19 mmol, 55%) by coupling 3-
hydroxypicolinic acid (300 mg, 2.16 mmol) with 2-phenylethan-1-amine (300 ul, 2.38 mmol, 1.1eq)
and following the general procedure.

'H NMR (400 MHz, CDCly) & = 12.24 (s, 1 H, OH), 8.15 (br. s., 1 H, NH), 8.02 (dd, J=4.0, 2.0 Hz,
1 H), 7.21 - 7.39 (m, 7 H), 3.60 - 3.83 (m, 2 H, CH,), 2.96 (t, J=7.3 Hz, 2 H, CH,) ppm. *C NMR
(101 MHz, CDCl3) 6 = 168.8, 157.8, 139.5, 138.5, 131.5, 128.8, 128.7, 128.6, 126.6, 126.0, 40.3,
35.8 ppm. HRMS (ESI-TOF) calcd for C14H1N,NaO, [M+Na']: 265.0947, found: 265.0949. FT-IR
vmax (neat): 3370, 3027, 1647, 1531, 1447, 1296, 808 cm™.
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12.10.3 Synthesis of AR692B and derivatives
12.10.3.1 Methyl N-(tert-butoxycarbonyl)-S-(pyridin-2-ylmethyl)-L-cysteinate (50)"

\o)vs | NS

IilHBoc =
EtzN (1.69 mL, 12.15 mmol, 2.5 eq) was added dropwise to a stirred solution of 2-

(bromomethyl)pyridine hydrobromide (1.29 g, 5.10 mmol, 1.05 eq) in anhydrous DCM (10 mL).
Methyl (tert-butoxycarbonyl)-L-cysteinate (1 mL, 4.86 mmol, 1 eq) was dissolved in 5 mL of DCM
and added to 2-(bromomethyl)pyridine solution dropwise at 0 °C. The resultant mixture was stirred
overnight at room temperature. The DCM was then evaporated in vacuo and remaining residue was
subjected to column chromatography on silica (Biotage SNAP KP-SIL™ 50 g cartridge,
cHex/EtOAc). Solvents were evaporated to yield the desired compound as a yellow oil (1.19 g, 3.65
mmol, 75%).

'H NMR (400 MHz, CDCl3) & = 8.49 - 8.58 (m, 1 H, ArH), 7.65 (td, J=8.0, 2.0 Hz, 1 H, ArH), 7.30
(d, J=8.0 Hz, 1 H, ArH), 7.17 (ddd, J=7.5, 5.0, 1.0 Hz, 1 H, ArH), 5.92 (d, J=7.5 Hz, 1 H, NH), 4.42
-4.61 (m, 1 H, CH), 3.85 (s, 2 H, SCH,), 3.71 (s, 3 H, OCH3), 2.94 (d, J=5.3 Hz, 2 H, CHCH,), 1.43
(s, 9 H, C(CHs)s) ppm, *C NMR (101 MHz, CDCl;) § = 171.6, 158.0, 155.4, 149.2, 137.0, 123.2,
122.2, 79.9, 53.6, 52.5, 38.2, 33.9, 28.3 ppm. [0]% = -27.2 (¢ = 0.5 in MeOH). HRMS (ESI-TOF)
calcd for CisH,,N,NaO,S [M+Na']: 349.1192, found: 349.1199. FT-IR vy (neat): 2978, 1747,
1712, 1159, 730 cm™.

12.10.3.2 Methyl N-(tert-butoxycarbonyl)-S-(pyridin-4-ylmethyl)-L-cysteinate (51)"’
@)
\O)K:/\S | AN
NHBoc _N

EtzN (1.69 mL, 12.15 mmol, 2.5 eq) was added dropwise to a stirred solution of 2-
(bromomethyl)pyridine hydrobromide (1.29 g, 5.10 mmol, 1.05 eq) in anhydrous DCM (10 mL).
Methyl (tert-butoxycarbonyl)-L-cysteinate (1 mL, 4.86 mmol, 1 eq) was dissolved in 5 mL of DCM
and added to 2-(bromomethyl)pyridine solution dropwise at 0 °C. The resultant mixture was stirred
overnight at room temperature. DCM was evaporated in vacuo and remaining residue was subjected
to column chromatography on silica (Biotage SNAP KP-SIL™ 50 g cartridge, cHex/EtOAc). The
solvents were evaporated to yield the desired compound as a yellow oil (1.08 g, 3.32 mmol, 68%).
'H NMR (400 MHz, CDClI3) & = 8.55 (d, J=5.5 Hz, 2 H), 7.25 (d, J=5.5 Hz, 2 H), 5.32 (d, J=7.0 Hz,
1 H, NH), 4.46 - 4.62 (m, 1 H, CH), 3.75 (s, 3 H, OCHj3), 3.69 (s, 2 H, SCH,), 2.89 (dd, J=14.0, 4.5
Hz, 1 H, CHCH'H'"), 2.78 (dd, J=14.0, 5.5 Hz, | H, CHCH'H""), 1.46 (s, 9 H, C(CH3)s) ppm, *C
NMR (126 MHz, CDCl) & = 171.3, 155.2, 149.4, 148.2, 124.6, 80.5, 53.1, 52.8, 35.5, 33.9, 28.3
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ppm. [0]®p = -34.0 (c = 0.3 in MeOH). HRMS (ESI-TOF) calcd for Ci5H,N,NaO,S [M+Na']:
349.1192, found: 349.1193. FT-IR v (neat): 3191, 2982, 1743, 1708, 1604, 1163, 740 cm™.

12.10.3.3 Methyl N-(3-hydroxypicolinoyl)-S-(pyridin-2-ylmethyl)-L-cysteinate (AR692, 52)

~ OHH o
N NQJ\O/
0 g
N
| AN
=

Methyl N-(tert-butoxycarbonyl)-S-(pyridin-2-ylmethyl)-L-cysteinate (2.35 g, 7.20 mmol, 1 eq) was
treated with a 1M solution of HCI in Et,O (20 mL) and stirred overnight at room temperature. The
reaction mixture was evaporated in vacuo and dissolved in 5 mL of anhydrous DMF. Et;N (1.5 mL,
10.8 mmol, 1.5 eq) was then added. The resultant solution was added to a mixture of commercially
available 3-hydroxypicolinic acid (1.00 g, 7.20 mmol, 1 eq) stirred with CDI (1.40 g, 8.64 mmol, 1.2
eq) in anhydrous DMF (5 mL) for 15 min prior to addition of the amine solution in DMF. After
stirring for 24 h at room temperature the DMF was evaporated in vacuo and the remaining residue
was taken up in 20 mL DCM and washed 3 times with 10 mL of water. The organic layer was dried
over MgSQO,, evaporated in vacuo and subjected to column chromatography on silica (Biotage
SNAP KP-SIL™ 50 g cartridge, cHex/EtOAc). The solvent was evaporated to yield the desired
compound as a yellow oil (1.12 g, 3.24 mmol, 45%).
'H NMR (400 MHz, CDCl3) & = 11.76 (s, 1 H, OH), 8.81 (d, J=8.0 Hz, 1 H, NH), 8.47 - 8.59 (m, 1
H), 8.10 (dd, J=4.5, 1.5 Hz, 1 H), 7.61 (td, J=7.5, 2.0 Hz, 1 H), 7.25 - 7.43 (m, 3 H), 7.14 (m, 1 H),
4.88-5.04 (m, 1 H, CH), 3.89 (d, J=2.8 Hz, 2 H, SCH,), 3.79 (s, 3 H, OCH3), 3.09 (m, 2 H, CHCH,)
ppm, *C NMR (101 MHz, CDCl5) § = 170.6, 168.7, 157.9, 157.8, 149.4, 139.8, 136.8, 131.1, 128.9,
126.0, 123.1, 122.1, 52.8, 51.7, 38.2, 33.3 ppm. [a]*p = -37.2 (¢ = 0.1 in MeOH). HRMS (ESI-TOF)
calcd for CygH17N3sNaO,S [M+Na']: 370.0832, found: 370.0836. FT-IR vy (neat): 3370, 2953,
1743, 1648, 1526, 1473, 701 cm™.
12.10.3.4 Methyl N-(3-hydroxypicolinoyl)-S-(pyridin-4-ylmethyl)-L-cysteinate (53)

OH

B
N7 N;QJ\O/
0O g
| N
_N

Methyl N-(tert-butoxycarbonyl)-S-(pyridin-4-ylmethyl)-L-cysteinate (430 mg, 1.32 mmol, 1 eq) was

treated with a 1M solution of HCI in diethyl ether (5 mL) and stirred overnight at room temperature.
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The reaction mixture was evaporated in vacuo and dissolved in 3 mL of the anhydrous DMF
followed by the addition of EtzN (275 uL, 1.98 mmol, 1.5 eq). The resultant solution was added to a
mixture of commercially available 3-hydroxypicolinic acid (186 mg, 1.32 mmol, 1 eq) stirred with
CDI (255 mg, 1.58 mmol, 1.2 eq) in anhydrous DMF (3 mL) for 15 min prior to addition of the
amine solution in DMF. After stirring for 24h at room temperature DMF was evaporated in vacuo
and remaining residue was taken up in 10 mL of DCM and washed 3 times with 5 mL of water. The
organic layer was dried over MgSQ,, evaporated in vacuo and subjected to the column
chromatography on silica (Biotage SNAP KP-SIL™ 25 g cartridge, eluent system cHex/EtOAC).
Solvent was evaporated to yield the desired compound as a yellow oil (183 mg, 0.53 mmol, 40%).
'"H NMR (400 MHz, CDCl5) & = 11.66 (br. s., 1 H, OH), 8.66 (d, J=8.0 Hz, 1 H, NH), 8.53 - 8.59
(m, 2 H), 8.14 (dd, J=4.5, 1.5 Hz, 1 H), 7.30 - 7.44 (m, 4 H), 4.92 - 5.02 (m, 1 H, CH), 3.82 (s, 3 H,
OCHs), 3.77 (s, 2 H, SCH,), 2.92 - 3.10 (m, 2 H, CHCH,) ppm, *C NMR (101 MHz, CDCls) & =
170.3, 168.7, 157.9, 149.1, 147.8, 140.0, 130.8, 129.1, 126.2, 124.3, 53.0, 51.4, 35.5, 33.5 ppm.
[a]®, = -33.4 (c = 0.1 in MeOH). HRMS (ESI-TOF) calcd for CysHisNO,S [M+H™]: 348.1013,
found: 348.1005. FT-IR v (neat): 3370, 3067, 2954, 1744, 1647, 1523, 701 cm’™.

12.10.3.5 N-(3-hydroxypicolinoyl)-S-(pyridin-2-ylmethyl)-L-cysteine (AR692B, 54)

| N OHH o
N/ N\E)J\OH
@) _\S
N
| A
=

Methyl N-(3-hydroxypicolinoyl)-S-(pyridin-2-ylmethyl)-L-cysteinate (53) (200 mg, 0.58 mmol) was
stirred overnight with LiOH-H,0 (120 mg, 2.90 mmol, 5eq) in a mixture of THF (2 mL) and water
(2 mL). The THF was evaporated in vacuo and the resultant aqueous solution was acidified with
concentrated HCI. Upon acidification product precipitated as a white solid, which was filtered off
and dried under vacuum to yield the desired compound (153 mg, 0.46 mmol, 80%).

'H NMR (400 MHz, DMSO-dg) § = 12.17 (br. s., 1 H, OH), 9.28 (d, J=8.0 Hz, 1 H, NH), 8.46 (dd,
J=5.0, 1.0 Hz, 1 H), 8.21 (dd, J=4.5, 1.0 Hz, 1 H), 7.73 (td, J=7.5, 2.0 Hz, 1 H), 7.57 (dd, J=8.5, 4.5
Hz, 1 H), 7.46 (dd, J=8.5, 1.0 Hz, 1 H), 7.39 (d, J=8.0 Hz, 1 H), 7.18 - 7.28 (m, 1 H), 4.64 - 4.83 (m,
1 H, CH), 3.86 (d, J=4.5 Hz, 2 H, SCH,), 3.06 - 3.13 (m, 2 H, CHCH,) ppm, *C NMR (101 MHz,
DMSO-dg) 6 = 171.8, 169.0, 158.7, 157.7, 149.4, 140.6, 137.4, 131.2, 130.0, 126.6, 123.5, 122.6,
51.7, 37.3, 32.4 ppm. Mp = 165-167 °C. [a]®p = -26.8 (¢ = 0.1 in MeOH). HRMS (ESI-TOF) calcd
for Cy5HisNsNaO,S [M+Na']: 356.0675, found: 356.0677. FT-IR vmax (neat): 3362, 1721, 1649,
1530, 1445, 702 cm™.
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12.10.3.6 N-(3-hydroxypicolinoyl)-S-(pyridin-4-ylmethyl)-L-cysteine (AR693B, 55)

(] w9
N” NEJJ\OH
(0] _\S
| X
/N

Methyl N-(3-hydroxypicolinoyl)-S-(pyridin-4-ylmethyl)-L-cysteinate (50 mg, 0.15 mmol) was
stirred overnight with LiOH-H,O (30 mg, 0.73 mmol, 5eq) in a mixture of THF (1 mL) and water (1
mL). The THF was evaporated in vacuo and the resultant aqueous solution was acidified with
concentrated HCI. Upon acidification the product precipitated as a white solid, which was filtered
off and dried under the vacuum to yield the desired compound (30 mg, 0.087 mmol, 58%).

'H NMR (400 MHz, DMSO-dg) & = 12.12 (br. s., 1 H, OH), 9.24 (d, J=8.5 Hz, 1 H, NH), 8.47 - 8.57
(m, 2 H), 8.20 (dd, J=4.5, 1.5 Hz, 1 H), 7.57 (dd, J=8.5, 4.5 Hz, 1 H), 7.45 (dd, J=8.5, 1.5 Hz, 1 H),
7.38 - 7.41 (m, 2 H), 4.67 (td, J=8.5, 4.5 Hz, 1 H, CH), 3.81 (br. s, 2 H, SCH,), 2.95 - 3.08 (m, 2 H,
CHCH,) ppm, **C NMR (101 MHz, DMSO-dg) & = 171.6, 169.0, 157.7, 149.5, 149.1, 140.6, 131.1,
130.0, 126.6, 124.8, 51.7, 34.4, 32.4 ppm. Mp = 190-192 °C. [a]*’, = -23.4 (c = 0.1 in MeOH).
HRMS (ESI-TOF) calcd for CisHisN3NaO,S [M+Na']: 356.0675, found: 356.0678. FT-IR Viux
(neat): 3368, 1645, 1515, 1448, 1298, 701 cm™.

12.10.3.7 Octyl N-(tert-butoxycarbonyl)-S-(pyridin-2-ylmethyl)-L-cysteinate (56)

/\/\/\/\O)K/\S N\

NHBoc _

A solution of methyl N-(tert-butoxycarbonyl)-S-(pyridin-2-ylmethyl)-L-cysteinate (1.70 g, 5.45
mmol, 1 eq) in THF (10 mL) was treated with 20 mL of a 1M solution of LiOH in water and stirred
overnight at room temperature. The THF was evaporated and resultant aqueous solution brought to
pH 7.0 with concentrated HCI and extracted 3 times with 10 mL of DCM. The organic layer was
dried over MgSQO, and evaporated. Obtained residue was mixed with DCC (1.70 g, 8.17 mmol, 1.5
eq) and DMAP (200 mg, 1.64 mmol, 0.3 eq) in anhydrous DMF (15 mL) prior to the dropwise
addition of n-octanol (4.3 mL, 27.3 mmol, 5eq). After 12 h the DMF was evaporated and remaining
residue taken into DCM (20 mL) and washed with H,O (3x10 mL). Organic layer was dried over
MgSO,, evaporated and subjected to column chromatography on silica (Biotage SNAP KP-SIL™ 50
g cartridge, cHex/EtOAC). Solvents were evaporated to yield the desired compound as a yellow oil
(2.30 g, 3.07 mmol, 56%).

'H NMR (400 MHz, CDCl3) & = 8.54 - 8.66 (m, 1 H), 7.89 (t, J=7.0 Hz, 1 H), 7.54 (d, J=8.0 Hz, 1
H), 7.35 - 7.46 (m, 1 H), 5.80 (d, J=7.0 Hz, 1 H, NH), 4.53 (d, J=5.0 Hz, 1 H, CH), 4.15 (t, J=6.5
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Hz, 2 H, OCH),), 4.06 (d, J=3.5 Hz, 2 H, SCH,), 2.94 - 3.09 (m, 2 H, CHCH,), 1.61 - 1.68 (m, 2 H),
1.47 (s, 9 H, C(CHs)s), 1.26 - 1.36 (m, 10 H), 0.90 (t, J=6.1 Hz, 3 H, CH,CH;) ppm, *C NMR (126
MHz, CDCl;) & = 170.9, 156.8, 155.4, 145.7, 140.5, 125.0, 123.3, 80.1, 66.0, 53.7, 35.9, 34.4, 32.8,
31.8, 29.2, 28.5, 28.4, 25.8, 22.7, 14.1 ppm. [a]®p = -20.5 (¢ = 0.2 in MeOH). HRMS (ESI-TOF)
caled for CpHssN,NaO,S [M+Na']: 447.2288, found: 447.2283. FT-IR vm. (neat): 2926, 2856,
1714, 1435, 1165, 748 cm™.

12.10.3.8 Octyl N-(3-hydroxypicolinoyl)-S-(pyridin-2-ylmethyl)-L-cysteinate (AR780, 57)

OH
AN
T w9
/N/\/\/\/\
N <0

Octyl N-(tert-butoxycarbonyl)-S-(pyridin-2-ylmethyl)-L-cysteinate (0.93 g, 2.20 mmol, 1 eq) was
treated with a 1M solution of HCI in Et,O (10 mL) and stirred overnight at room temperature. The
reaction mixture was evaporated in vacuo and dissolved in 7 mL of anhydrous DMF followed by
addition of EtzN (460 pL, 3.3 mmol, 1.5 eq). The resultant solution was added to the mixture of
commercially available 3-hydroxypicolinic acid (370 mg, 2.64 mmol, 1.2 eq) stirred with CDI (430
mg, 2.64 mmol, 1.2 eq) in anhydrous DMF (7 mL) for 15 min prior to the addition of the amine
solution in DMF. After stirring for 24h at room temperature DMF was evaporated in vacuo and
remaining residue was taken up in DCM (20 mL) and washed with H,O (3x10 mL). Organic layer
was dried over MgSQO,, evaporated in vacuo and subjected to column chromatography on silica
(Biotage SNAP KP-SIL™ 25 g cartridge, eluent system cHex/EtOAc). The solvent was evaporated
to yield the desired compound as a yellow oil (290 mg, 0.66 mmol, 30%). ‘H NMR (400 MHz,
CDCl;) 8 = 11.70 (s, 1 H, OH), 8.71 (d, J=8.5 Hz, 1 H, NH), 8.43 - 8.49 (m, 1 H), 8.03 (dd, J=4.0,
1.5 Hz, 1 H), 7.60 (td, J=7.5, 2.0 Hz, 1 H), 7.27 - 7.33 (m, 2 H), 7.23 (dd, J=8.5, 1.5 Hz, 1 H), 7.12
(ddd, J=7.5, 5.0, 0.5 Hz, 1 H), 4.87 (ddd, J=8.5, 6.5, 5.0 Hz, 1 H, CH), 4.12 (td, J=7.0, 1.0 Hz, 3 H,
OCHy,), 3.88 (br. s, 2 H, SCH,), 3.07 (dd, J=14.0, 5.0 Hz, 1 H, CHCH H"'"), 3.00 (dd, J=14.0, 6.5 Hz,
1 H, CHCH'H""), 1.58 (quin, J=7.0 Hz, 2 H), 1.17 - 1.26 (m, 10 H), 0.77 - 0.85 (m, 3 H, CH,CH,)
ppm, *C NMR (101 MHz, CDCl5) & = 170.1, 168.7, 157.8, 157.6, 148.4, 139.9, 137.6, 131.1, 128.9,
126.0, 123.6, 122.3, 66.2, 51.8, 37.6, 33.5, 31.7, 29.1, 28.5, 25.8, 22.6, 14.1 ppm. [a]*’p = -38.1 (c =
0.2 in MeOH). HRMS (ESI-TOF) calcd for C,3H3;NsNaO,S [M+Na']: 468.1927, found: 468.1934.
FT-IR vimax (neat): 3372, 2957, 2926, 2854, 1739, 1649, 1570, 1470, 1179, 701 cm™.
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12.10.4 General procedure for synthesis of amino acids conjugates of 1-chloro-4-
hydroxyisoquinolines
1-Chloro-4-hydroxyisoquinoline-3-carboxylic acid (300 mg, 1.35 mmol), amino acid methyl ester
(1.2 eq), PyBOP (1.2 eq) and Et3N (1.5 mmol) were dissolved in the anhydrous DMF (5 mL) and
subsequently stirred at room temperature for 24h. Upon completion of the reaction the DMF was
evaporated in vacuo and the resultant residue was suspended in CH,Cl, (20 mL) and washed with
H,O (2 x 10 mL). The organic phase was dried over MgSQO,, filtered and subjected to column
chromatography (Biotage SNAP KP-SIL™ 25 g cartridge, eluent system: cHex/EtOAc, ratio for
elution of each methyl ester is given along with characterization of final product). The obtained
product was dissolved in a mixture of THF/H,O (1:1, 10 mL) and subsequently treated with LiOH -
H,O (5 eq). The reaction was stirred at room temperature for 12 h. The THF was evaporated in
vacuo and the remaining aqueous solution was neutralized with conc. HCI. If a precipitate was
formed, it was filtered-off and dried in vacuo to yield the desired product. In case no precipitate was
formed, the aqueous solution was extracted with EtOAc (3 x 10 mL). The combined organic layers

were dried over MgSQ,, filtered and evaporated in vacuo to yield desired product.

12.10.4.1 1-Chloro-4-hydroxyisoquinoline-3-carboxylic acid (86)™
OH O

N OH
N

Cl

Commercially available methyl 1-chloro-4-hydroxyisoquinoline-3-carboxylate (5.0 g, 21.0 mmol)
was dissolved in a mixture of H,O and THF (1:1, 50 mL) and treated with lithium hydroxide (LiOH
H,0, 4.42 g, 0.21 mol, 10 eq). The reaction was stirred at room temperature for 24h. The THF was
evaporated and resulting water solution extracted with EtOAc (2 x 20 mL). The aqueous phase was
acidified with conc. HCI (pH = 1) and subsequently extracted with EtOAc (3 x 20 mL). The
combined organic extracts were dried over MgSO,, filtered, and evaporated in vacuo to yield the
desired compound as a white solid (4.47 g, 95%).

'H NMR (400 MHz, DMSO-dg): & = 8.31-8.36 (m, 1H, ArH), 8.21-8.25 (m, 1H, ArH), 7.96-8.01 (m,
2H, ArH) ppm. *C NMR (101 MHz, DMSO-dg) 6 = 171.5, 156.0, 138.8, 132.1, 131.8, 129.1, 128.8,
125.9, 123.2, 119.5 ppm. Mp = 202-205°C (194-196 °C)’®. HRMS (ESI-TOF) calcd. for
C10HsCINO; [M+H™]: 221.9963, found: 221.9958. FT-IR vy (neat): 2966, 1656, 1312, 1233, 768

cm,
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12.10.4.2 2-(1-Chloro-4-hydroxyisoquinoline-3-carboxamido)acetic acid (75)"

OH O
OH
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N
_N H (@)
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The desired compound (75)" was obtained as a white solid (175 mg, 46%) starting from 1-chloro-4-
hydroxyisoguinoline-3-carboxylic acid (300 mg, 1.35 mmol).

'H NMR (400 MHz, DMSO-de) & = 9.16 (t, J=6.0 Hz, 1 H, NH), 8.30 (m, 1 H, ArH) 8.24 (m, 1 H,
ArH), 7.84 - 8.09 (m, 2 H, ArH) 4.02 (d, J=6.0 Hz, 2 H, CH,) ppm, *C NMR (101 MHz, DMSO-d)
0 =171.4, 169.6, 155.1, 139.4, 132.6, 132.5, 130.3, 129.3, 126.9, 123.8, 121.3, 41.7 ppm. Mp = 212-
214 °C, HRMS (ESI-TOF) calcd for C1,HgCIN,NaO, [M+Na']: 303.0144, found: 303.0143, FT-IR
Vmax (n€at): 3402, 2915, 1712, 1641, 1354, 1255, 794 cm™.

12.10.4.3 (S)-2-(1-chloro-4-hydroxyisoquinoline-3-carboxamido)-3-(1H-indol-3-yl)propanoic
acid (76a)®

_NH
OH ©

Ay OH
N P oo
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The desired compound (76a) was obtained as an off-white solid (232 mg, 42%) starting from 1-
chloro-4-hydroxyisoquinoline-3-carboxylic acid (300 mg, 1.35 mmol).

'H NMR (400 MHz, DMSO-dg) & = 13.50 (s, 1H, OH), 10.93 (s, 1H, NH indole), 8.80 (d, J = 8.1
Hz, 1H, NH), 8.30 - 8.38 (m, 1H, ArH), 8.24 - 8.30 (m, 1H, ArH), 7.93 - 8.08 (m, 2H, ArH), 7.58 (d,
J = 8.0 Hz, 1H, ArH), 7.33 (d, J = 8.0 Hz, 1H, ArH), 7.19 (d, J = 2.0 Hz, 1H, H7), 7.05 (t, J = 7.0
Hz, 1H, ArH), 6.95 (t, J = 7.5 Hz, 1H, ArH), 4.83 (td, J = 7.5, 5.0 Hz, 1H, H5), 3.46 (overlapping
with water signal, 2H, H6, determined by HSQC) ppm. *C NMR (176 MHz, DMSO-dg) & = 172.9,
168.7, 154.7, 139.0, 136.6, 132.3, 132.3, 129.9, 129.0, 127.7, 126.6, 124.2, 123.5, 121.5, 120.8,
119.0, 118.7, 111.9, 109.8, 53.3, 26.9 ppm. Mp = 205-208 °C (lit. 205-208 °C)¥°, [0]*’p = -21.7 (c =
0.133 in DMSO). HRMS (ESI-TOF) calcd for CyH;sCIN;NaO, [M+Na']: 432.0722, found:
432.0737. FT-IR vy (neat): 3365, 1718, 1633, 1529, 1320, 768 cm™.
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12.10.4.4 (R)-2-(1-chloro-4-hydroxyisoquinoline-3-carboxamido)-3-(1H-indol-3-yl)propanoic
acid (76b)®
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- OH
AN
N
_N (0]
Cl

The desired compound (76b) was obtained as a white solid (249 mg, 45%) starting from 1-Chloro-4-
hydroxyisoquinoline-3-carboxylic acid (300 mg, 1.35 mmol).

'H NMR (400 MHz, DMSO-dg) & = 13.50 (s, 1H, OH), 10.93 (s, 1H, NH indole), 8.80 (d, J = 8.0
Hz, 1H, NH), 8.30 - 8.38 (m, 1H, ArH), 8.24 - 8.30 (m, 1H, ArH), 7.93 - 8.08 (m, 2H, ArH), 7.58 (d,
J =8.0 Hz, 1H, ArH), 7.33 (d, J = 8.0 Hz, 1H, ArH), 7.19 (d, J = 2.0 Hz, 1H, H7), 7.05 (t, J = 7.0
Hz, 1H, ArH), 6.95 (t, J = 7.5 Hz, 1H, ArH), 4.83 (td, J = 7.5, 5.0 Hz, 1H, H5), 3.46 (overlapped
with water signal, 2H, H6, determined by HSQC) ppm. *C NMR (176 MHz, DMSO-ds) & = 172.9,
168.7, 154.7, 139.0, 136.6, 132.3, 132.3, 129.9, 129.0, 127.7, 126.6, 124.2, 123.5, 121.5, 120.8,
119.0, 118.7, 111.9, 109.8, 53.3, 26.9 ppm. Mp = 212-214 °C (lit. 212-214 °C)¥, [a]*% = 24.9 (c =
0.088 in DMSO). HRMS (ESI-TOF) calcd for CyH;sCIN;NaO, [M+Na']: 432.0722, found:
432.0729. FT-IR vy (Neat): 3362, 1634, 1529, 1319, 770 cm™.

12.10.4.5 (S)-2(1-Chloro-4-hydroxyisoquinoline-3-carboxamido)propanoic acid (77a)*"

OH O

LA o
[

N H O

Cl

The desired compound (77a) was obtained as a white solid (145 mg, 38%) starting from 1-chloro-4-
hydroxyisoquinoline-3-carboxylic acid (300 mg, 1.35 mmol).

'H NMR (400 MHz, DMSO-dg) & = 9.15 (d, J=7.5 Hz, 1 H, NH), 8.39 - 8.45 (m, 1 H, ArH), 8.32 -
8.39 (m, 1 H, ArH), 8.02 - 8.10 (m, 2 H, ArH), 4.63 (quin, J=7.5 Hz, 1 H, CH), 1.55 (d, J=7.5 Hz, 3
H, CH3) ppm, *C NMR (101 MHz, DMSO-ds) & = 173.7, 168.7, 154.9, 139.0, 132.3, 132.2, 130.0,
129.0, 126.6, 123.5, 120.9, 48.1, 17.4 ppm. Mp =195-198 °C (lit. 178-180 °C) ®, [0]*°p = -11.7 (c =
0.100 in DMSO). HRMS (ESI-TOF) calcd for Cy3H1,CIN,O, [M-H™]: 293.0335, found: 293.0327,
FT-IR vimax (neat): 3440, 3372, 1735, 1620, 1547, 1361, 1286, 770 cm™
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12.10.4.6 (R)-2(1-Chloro-4-hydroxyisoquinoline-3-carboxamido)propanoic acid (77b)

OH O =
~ OH
AN
N
_N H (@)
Cl

The desired compound (77b) was obtained as a white solid (148 mg, 40%) starting from 1-chloro-4-
hydroxyisoquinoline-3-carboxylic acid (300 mg, 1.35 mmol).

'H NMR (400 MHz, DMSO-dg) & = 9.15 (d, J=7.5 Hz, 1 H, NH), 8.39 - 8.45 (m, 1 H, ArH), 8.32 -
8.39 (m, 1 H, ArH), 8.02 - 8.10 (m, 2 H, ArH), 4.63 (quin, J=7.5 Hz, 1 H, CH), 1.55 (d, J=7.5 Hz, 3
H, CH3) ppm, *C NMR (101 MHz, DMSO-ds) & = 173.7, 168.7, 154.9, 139.0, 132.3, 132.2, 130.0,
129.0, 126.6, 123.5, 120.9, 48.1, 17.4 ppm. Mp =191-193 °C (lit. 116-118 °C)®, [a]®p = +10.5 (C =
0.100 in DMSO). HRMS (ESI-TOF) calcd for Cy3H;oCIN,O, [M-H™]: 293.0335, found: 293.0329,
FT-IR v (neat): 3441, 3370, 1735, 1622, 1544, 1361, 1286, 772 cm™.

12.10.4.7 (S)-Methyl 2-(1-chloro-4-hydroxyisoquinoline-3-carboxamido)-3-methylbutanoic acid

(78a)%
OH ©
N N OH
_N H O
Cl

The desired compound (78a) was obtained as a white solid (148 mg, 34%) starting from 1-chloro-4-
hydroxyisoquinoline-3-carboxylic acid (300 mg, 1.35 mmol).

'H NMR (400 MHz, DMSO-ds) & = 8.55 (d, J=8.5 Hz, 1 H, NH), 8.40 (m, 1 H, ArH), 8.35 (m, 1 H,
ArH), 8.06 (m, 2 H, ArH), 4.49 (dd, J=8.5, 5.5 Hz, 1 H, CHCO,H), 2.38 (sptd, J=7.0x4, 5.5 Hz, 1 H,
CH(CHa),), 1.04 (d, J=7.0 Hz, 3 H, CHy), 1.03 (d, J=7.0 Hz, 3 H, CH5) ppm, *C NMR (101 MHz,
DMSO-ds) & = 172.6, 168.7, 154.8, 139.2, 132.4, 132.3, 130.0, 129.1, 126.6, 123.5, 120.6, 57.6,
30.6, 19.5, 18.6 ppm. Mp =165-168°C (lit. 178-180 °C)*, [a]*, = +16.7 (¢ = 0.100 in DMSO).
HRMS (ESI-TOF) calcd for CysHisCINaN,O, [M+H™]: 345.0613, found: 345.0611, FT-IR Vi
(neat): 3447, 3373, 2965, 1759, 1572, 1259, 776 cm™.
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12.10.4.8 (R)-Methyl 2-(1-chloro-4-hydroxyisoquinoline-3-carboxamido)-3-methylbutanoic
acid (78b)®

oH o Y
‘. _OH
AN
N
N H (@)
Cl

The desired compound (78b) was obtained as a white solid (165 mg, 38%) starting from 1-chloro-4-
hydroxyisoquinoline-3-carboxylic acid (300 mg, 1.35 mmol).

'H NMR (400 MHz, DMSO-dg) & = 8.55 (d, J=8.5 Hz, 1 H, NH), 8.40 (m, 1 H, ArH), 8.35 (m, 1 H,
ArH), 8.06 (m, 2 H, ArH), 4.49 (dd, J=8.5, 5.5 Hz, 1 H, CHCO,H), 2.38 (sptd, J=7.0x4, 5.5 Hz, 1 H,
CH(CHs),), 1.04 (d, J=7.0 Hz, 3 H, CHj), 1.03 (d, J=7.0 Hz, 3 H, CH3) ppm, *C NMR (101 MHz,
DMSO-dg) 6 = 172.6, 168.7, 154.8, 139.2, 132.4, 132.3, 130.0, 129.1, 126.6, 123.5, 120.6, 57.6,
30.6, 19.5, 18.6 ppm. Mp =172-175°C (lit. 178-180 °C)*, [a]®p = -18.1 (c = 0.100 in DMSO).
HRMS (ESI-TOF) calcd for C;sHisCINaN,O, [M+H"]: 345.0613, found: 345.0614, FT-IR Vi
(neat): 3447, 3373, 2965, 1759, 1572, 1259, 776 cm™.

12.10.4.9 (S)-2-(1-chloro-4-hydroxyisoquinoline-3-carboxamido)-4-methylpentanoic acid
(79a)®
OH O
X N OH
N H (@]
Cl

The desired compound (79a) was obtained as an off-white solid (160 mg, 35%) starting from 1-
chloro-4-hydroxyisoquinoline-3-carboxylic acid (300 mg, 1.35 mmol).

'H NMR (400 MHz, DMSO-dg) & = 13.67 (br. s., 1H, OH), 9.03 (d, J = 8.5 Hz, 1H, NH), 8.29 - 8.35
(m, 1H, ArH), 8.24 - 8.29 (m, 1H, ArH), 7.91 - 8.06 (m, 2H, ArH), 4.44 - 4.66 (m, 1H, H5), 1.96 (m,
1H, H6'), 1.54 - 1.77 (m, 2H, H6", H7), 0.91 (d, J = 6.0 Hz, 3H, H8), 0.92 (d, J = 6.0 Hz, 3H, H9)
ppm. *C NMR (101 MHz, DMSO-dg) & = 174.0, 169.7, 155.3, 139.4, 132.6, 132.6, 130.4, 129.4,
126.9, 123.8, 121.2, 51.1, 39.6 (overlapped with DMSO signal), 25.4, 23.8, 22.1 ppm. Mp = 158-
160 °C (lit. 158-160 °C)*, [a]* = 13.4 (¢ = 0.104 in DMSO). HRMS (ESI-TOF) calcd for
C1sH17CIN,NaO, [M+Na']: 359.0769, found: 359.0763. FT-IR vy (neat): 3380, 2966, 1656, 1312,
1233, 768 cm™.

218



Chapter 5 Inhibition of BBOX

12.10.4.10 (R)-2-(1-chloro-4-hydroxyisoquinoline-3-carboxamido)-4-methylpentanoic acid

(79b)%
OH O )\

~ OH

_N O
Cl

The desired compound (79b) was obtained as an off-white solid (146 mg, 32%) starting from 1-
chloro-4-hydroxyisoquinoline-3-carboxylic acid (300 mg, 1.35 mmol).

'H NMR (400 MHz, DMSO-d) & = 13.67 (br. s., 1H, OH), 9.03 (d, J = 8.5 Hz, 1H, NH), 8.29 - 8.35
(m, 1H, ArH), 8.24 - 8.29 (m, 1H, ArH), 7.91 - 8.06 (m, 2H, ArH), 4.44 - 4.66 (m, 1H, H5), 1.96 (m,
1H, H6'), 1.54 - 1.77 (m, 2H, H6", H7), 0.91 (d, 3H, J = 6.0 Hz, H8), 0.92 (d, J = 6.0 Hz, 3H, H9)
ppm. *C NMR (101 MHz, DMSO-dg) & = 174.0, 169.7, 155.3, 139.4, 132.6, 132.6, 130.4, 129.4,
126.9, 123.8, 121.2, 51.1, 39.6 (overlapped with DMSO signal), 25.4, 23.8, 22.1 ppm. Mp = 157-
159 °C (lit. 157-159 °C)¥, [a]® = -12.6 (c = 0.095 in DMSO). HRMS (ESI-TOF) calcd for
C16H17CIN,NaO, [M+Na']: 359.0769, found: 359.0765. FT-IR v (neat): 3379, 2968, 1656, 1312,
1233, 768 cm™.

12.10.4.11 (S)-2-(1-Chloro-4-hydroxyisoquinoline-3-carboxamido)-3-phenylpropanoic acid
(80a)™

OH O

N N OH
[

N H O

Cl

The desired compound (80a) was obtained as a white solid (219 mg, 44%) starting from 1-chloro-4-
hydroxyisoquinoline-3-carboxylic acid (300 mg, 1.35 mmol).

'H NMR (400 MHz, DMSO-dg) & = 8.99 (d, J=8.5 Hz, 1 H, NH), 8.37 (m, 1 H, ArH), 8.32 (m, 1 H,
ArH), 8.03 (m, 2 H, ArH), 7.32 (m, 4 H, PhH), 7.25 (m, 1 H, PhH), 4.86 (dt, J=8.5, 7.0 Hz, 1 H,
CH), 3.35 (d, J=7.0 Hz, 2 H, CH,Ph) ppm, *C NMR (101 MHz, DMSO-ds) & = 172.5, 168.8, 154.8,
139.0, 137.8, 132.3, 132.3, 129.9, 129.6, 129.0, 128.8, 127.1, 126.6, 123.4, 120.7, 53.6, 36.4 ppm.
Mp =180-183 °C (lit. 185-188 °C)®, [a]*’p = -31.1 (¢ = 0.100 in DMSO). HRMS (ESI-TOF) calcd
for CyoH15CINaN,O, [M+H"]: 393.0613, found: 393.0610, FT-IR v (neat): 3448, 3360, 2931,
1736, 1570, 1259, 773 cm'™.

219



Chapter 5 Inhibition of BBOX

12.10.4.12 (R)-2-(1-Chloro-4-hydroxyisoquinoline-3-carboxamido)-3-phenylpropanoic

acid (80b)*
OH O /O

SN ’}‘/-\[(OH

~.N H O
Cl

The desired compound (80b) was obtained as a white solid (205 mg, 41%) starting from 1-chloro-4-
hydroxyisoquinoline-3-carboxylic acid (300 mg, 1.35 mmol).

'H NMR (400 MHz, DMSO-dg) & = 8.99 (d, J=8.5 Hz, 1 H, NH), 8.37 (m, 1 H, ArH), 8.32 (m, 1 H,
ArH), 8.03 (m, 2 H, ArH), 7.32 (m, 4 H, PhH), 7.25 (m, 1 H, PhH), 4.86 (dt, J=8.5, 7.0 Hz, 1 H,
CH), 3.35 (d, J=7.0 Hz, 2 H, CH,Ph) ppm, *C NMR (101 MHz, DMSO-dg) & = 172.5, 168.8, 154.8,
139.0, 137.8, 132.3, 132.3, 129.9, 129.6, 129.0, 128.8, 127.1, 126.6, 123.4, 120.7, 53.6, 36.4 ppm.
Mp =168-171 °C (lit. 184-186 °C)*, [0]*°p = +29.7 (¢ = 0.100 in DMSO). HRMS (ESI-TOF) calcd
for CyoH;5CINaN,O, [M+H']: 393.0613, found: 393.0612, FT-IR vy (neat): 3449, 3359, 2931,
1736, 1574, 1260, 770 cm™,

12.10.4.13 (S)-2-(1-chloro-4-hydroxyisoquinoline-3-carboxamido)pentanedioic acid (81a)®

O.__OH
OH O

Ay OH
N 10
Cl

The desired compound (81a) was obtained as a cream white solid (133 mg, 28%) starting from 1-
chloro-4-hydroxyisoquinoline-3-carboxylic acid (300 mg, 1.35 mmol).

'H NMR (400 MHz, DMSO-dg) & = 13.63 (br. s., 1H, OH), 9.14 (d, J = 8.0 Hz, 1H, NH), 8.31 - 8.36
(m, 1H, ArH), 8.25 - 8.31 (m, 1H, ArH), 7.94 - 8.03 (m, 2H, ArH), 4.54 - 4.65 (m, 1H, H5), 2.37 (t,
J = 7.5 Hz, 2H, H7), 2.07 - 2.31 (m, 2H, H6) ppm. *C NMR (101 MHz, DMSO-dg) & = 174.2,
172.8,169.3, 154.9, 139.1, 132.0, 132.0, 130.0, 129.0, 126.4, 123.3, 120.2, 51.8, 30.7, 26.1 ppm. Mp
= 128-130 °C (lit. 128-130 °C)*, [a]*’p = -6.4 (¢ = 0.125 in DMSO). HRMS (ESI-TOF) calcd for
Ci5H15CIN,NaOs [M+Na']: 375.0354, found: 375.0352, FT-IR v (Neat): 2923, 2853, 1709, 1528,
1319, 1214, 766 cm™.
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12.10.4.14 (R)-2-(1-chloro-4-hydroxyisoquinoline-3-carboxamido)pentanedioic acid (81b)%
Oj/OH
OH O =
~__OH
A
T

N

Cl

The desired compound (81b) was obtained as a cream white solid (166 mg, 35%) starting from 1-
chloro-4-hydroxyisoquinoline-3-carboxylic acid (300 mg, 1.35 mmol).

'H NMR (400 MHz, DMSO-dg) & = 13.63 (br. s., 1H, OH), 9.14 (d, J = 8.0 Hz, 1H, NH), 8.31 - 8.36
(m, 1H, ArH), 8.25 - 8.31 (m, 1H, ArH), 7.94 - 8.03 (m, 2H, ArH), 4.54 - 4.65 (m, 1H, H5), 2.37 (t,
J = 7.5 Hz, 2H, H7), 2.07 - 2.31 (m, 2H, H6) ppm. *C NMR (101 MHz, DMSO-dq) & = 174.2,
172.8, 169.3, 154.9, 139.1, 132.0, 132.0, 130.0, 129.0, 126.4, 123.3, 120.2, 51.8, 30.7, 26.1 ppm. Mp
= 135-138 °C (lit. 135-138 °C)*, [a]® = 6.2 (c = 0.127 in DMSO). HRMS (ESI-TOF) calcd for
C1sH13CIN,NaOs [M+Na']: 375.0354, found: 375.0342. FT-IR vy (neat): 2923, 2853, 1709, 1527,
1319, 1214, 766 cm™.

12.10.4.15 (S)-2-(1-chloro-4-hydroxyisoquinoline-3-carboxamido)succinic acid (82a)®

O

OH O ¢OH

N N OH

Cl
The desired compound (82a) was obtained as a pink solid (186 mg, 41%), starting from 1-chloro-4-
hydroxyisoquinoline-3-carboxylic acid (300 mg, 1.35 mmol).
'H NMR (400 MHz, DMSO-dg) & =13.56 (br. s., 1H, OH), 9.16 (d, J = 8.5 Hz, 1H, NH), 8.22 - 8.43
(m, 2H, ArH), 7.95 - 8.13 (m, 2H, ArH), 4.78 - 5.05 (m, 1H, H5), 2.97 (d, J = 6.0 Hz, 2H, H6) ppm.
3C NMR (101 MHz, DMSO-dg) & = 172.6, 172.2, 168.7, 154.9, 139.1, 132.3, 132.3, 130.0, 129.1,
126.6, 123.5, 120.8, 48.8, 36.0 ppm. Mp = 240-243 °C (lit. 240-243 °C)¥, [0]*°p = -14.2 (c = 0.098

in DMSO). HRMS (ESI-TOF) calcd for Cy4H1;CIN;NaOg [M+Na']: 337.0233, found 337.0247. FT-
IR viax (neat): 3413, 2927, 1707, 1528, 1212, 767 cm™
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12.10.4.16 (R)-2-(1-chloro-4-hydroxyisoquinoline-3-carboxamido)succinic acid (82b)%
o

OH O }OH
N NWOH
_N 10

Cl

The desired compound (82b) was obtained as a pink solid (177 mg, 39%), starting from 1-chloro-4-
hydroxyisoquinoline-3-carboxylic acid (300 mg, 1.35 mmol).

'H NMR (400 MHz, DMSO-dg) & = 13.56 (br. s., 1H, OH), 9.16 (d, J = 8.5 Hz, 1H, NH), 8.22 - 8.43
(m, 2H, ArH), 7.95 - 8.13 (m, 2H, ArH), 4.78 - 5.05 (m, 1H, H5), 2.97 (d, J = 6.0 Hz, 2H, H6), ©*C
NMR (101 MHz, DMSO-dg) 6 = 172.6, 172.2, 168.7, 154.9, 139.1, 132.3, 132.3, 130.0, 129.1,
126.6, 123.5, 120.8, 48.8, 36.0 ppm. Mp = 239-241 °C (lit. 239-241 °C)*, [a]*’5 = 13.8 (¢ = 0.102 in
DMSO). HRMS (ESI-TOF) calcd for C14H;;CIN,NaOg [M+Na']: 337.0233, found: 337.0248, FT-IR
Vinax (neat): 3357, 2926, 1704, 1526, 1194, 765 cm™.
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12.10.5 Synthesis of other bicyclic derivatives

12.10.5.1 (Isoquinoline-3-carbonyl)glycine (83)"
O

Isoquinoline-3-carboxylic acid (500 mg, 2.89 mmol), glycine methyl ester hydrochloride (363 mg,
2.89 mmol, 1 eq), PyBOP (1.65 g, 3.18 mmol, 1.2 eq) and Et;N (400 pL, 2.89 mmol, 1 eq) were
dissolved in the anhydrous DMF (10 mL) and stirred at room temperature for 24h. Upon completion
of the reaction the DMF was evaporated in vacuo and the resultant residue was suspended in CH,Cl,
(20 mL) and washed with H,O (2 x 10 mL). The organic phase was dried over MgSQO,, filtered and
subjected to the column chromatography (eluent system: cHex/EtOAc). The obtained product was
dissolved in a mixture of THF/H,O (1:1, 10 mL) and treated with LiOH - H,O (600 mg, 14.45 mmol,
5 eq). The reaction was stirred at room temperature for 12h. The THF was evaporated in vacuo and
the remaining aqueous solution was neutralized with conc. HCI. The precipitate was collected by
filtration and dried in vacuo to yield the desired product (266 mg, 1.16 mmol, 40%).

'H NMR (400 MHz, DMSO-dg) & = 9.42 (s, 1 H, H6), 9.14 (t, J=6.0 Hz, 1 H, NH), 8.58 (s1 H, H5),
8.27 (d, J=8.0 Hz, 1 H, H3), 8.22 (d, J=8.0 Hz, 1 H, H4) 7.90 (ddd, J=8.0, 7.0, 1.0 Hz, 1 H, H2) 7.83
(ddd, J=8.0, 7.0, 1.0 Hz, 1 H, H1) 4.05 (d, J=6.0 Hz, 2 H, H7', H7' )ppm. *C NMR (101 MHz,
DMSO-dg) 6 = 171.7, 164.9, 152.1, 143.8, 135.8, 131.9, 129.8, 129.7, 128.5, 128.3, 120.3, 41.6
ppm. Mp = 208-210 °C (223-224 °C)". HRMS (ESI-TOF) calcd for Ci,H;oN,NaO; [M+Na']:
253.0584, found: 253.0595, FT-IR vy (neat): 3378, 1733, 1631, 1531, 1233, 766 cm™.

12.10.5.2 (1-Hydroxy-2-naphthoyl)glycine (84)

1-Hydroxy-2-naphthoic acid (500 mg, 2.66 mmol) was stirred with CDI (639 mg, 3.94 mmol, 1.5
eq) in the anhydrous DMF (5 mL) for 10 min prior to the addition of mixture of glycine methyl ester
hydrochloride (400 mg, 3.18 mmol, 1.2 eq) and EtzN (440 pL, 3.18 mmol, 1.2 eq). The resultant
mixture was stirred at room temperature for 24h. Upon completion of the reaction DMF was
evaporated in vacuo and the residue was suspended in CH,Cl, (20 mL) and washed with H,O (2 x 10
mL). The organic phase was dried over MgSO,, filtered and subjected to the column
chromatography (eluent system: cHex/EtOAc). The obtained product was dissolved in a mixture of
THF/H,O (1:1, 10 mL) and treated with LiOH - H,O (560 mg, 13.30 mmol, 5 eq). The reaction was
stirred at room temperature for 12h. The THF was evaporated in vacuo and the remaining aqueous
solution was neutralized with conc. HCI. The precipitate was collected by filtration and dried in
vacuo to yield the desired product as a solid (325 mg, 1.33 mmol, 50%).
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'H NMR (500 MHz, DMSO-dg) & = 14.29 (br. s., 1 H, OH), 9.43 (t, J=6.0 Hz, 1 H, NH), 8.27 (d,
J=8.5 Hz, 1 H, ArH), 7.84 - 7.95 (m, 2 H, ArH), 7.65 (ddd, J=8.0, 7.0, 1.0 Hz, 1 H, H4), 7.56 (ddd,
J=8.0, 7.0, 1.0 Hz, 1 H, H3), 7.41 (d, J=8.5 Hz, 1 H, ArH), 4.01 (d, J=6.0 Hz, 2 H, H7', H7 ') ppm.
C NMR (126 MHz, DMSO-dg) & = 171.4, 171.3, 160.1, 136.3, 129.5, 128.0, 126.4, 125.1, 123.5,
122.9, 118.3, 107.3, 41.5 ppm. Mp = 225-227 °C. HRMS (ESI-TOF) calcd for C13H1oN,0, [M-H']:
244.0615, found: 244.0615, FT-IR vy (neat): 3408, 1730, 1622, 1547, 1243, 760 cm™.

12.10.5.3 (1-Hydroxy-2-naphthoyl)-L-tryptophan (85)

1-Hydroxy-2-naphthoic acid (500 mg, 2.66 mmol) was stirred with CDI (639 mg, 3.94 mmol, 1.5
eq) in anhydrous DMF (5 mL) for 10 min prior to the addition of mixture of tryptophan methyl ester
hydrochloride (847 mg, 3.18 mmol, 1.2 eq) and Et;N (440 pL, 3.18 mmol, 1.2 eq). The resultant
mixture was stirred at room temperature for 24h. Upon completion of the reaction DMF was
evaporated in vacuo and the residue was suspended in CH,CI, (20 mL) and washed with H,O (2 x 10
mL). The organic phase was dried over MgSO,, filtered and subjected to the column
chromatography (eluent system: cHex/EtOAc). The obtained product was dissolved in a mixture of
THF/H,0 (1:1, 10 mL) and treated with LiOH - H,O (560 mg, 13.30 mmol, 5 eq). The reaction was
stirred at room temperature for 12h. The THF was evaporated in vacuo and the remaining aqueous
solution was neutralized with conc. HCI. The precipitate was collected by filtration and dried in
vacuo to yield the desired product as a solid (460 mg, 1.22 mmol, 46%).

'H NMR (400 MHz, DMSO-dg) & = 14.13 (br. s., 1 H, OH), 10.87 (d, J=1.5 Hz, 1 H, NH), 9.17 (d,
J=8.0 Hz, 1 H, NH), 8.22 (d, J=8.5 Hz, 1 H, ArH), 7.97 (d, J=9.0 Hz, 1 H, ArH), 7.87 (d, J=8.5 Hz,
1 H, ArH), 7.58 - 7.68 (m, 2 H, ArH), 7.54 (ddd, J=8.0, 7.0, 1.0 Hz, 1 H, ArH), 7.39 (d, J=9.0 Hz, 1
H, ArH), 7.33 (d, J=8.0 Hz, 1 H, ArH), 7.25 (d, J=2.0 Hz, 1 H, ArH), 7.06 (ddd, J=8.0, 7.0, 1.0 Hz,
1 H, ArH), 6.99 (ddd, J=8.0, 7.0, 1.0 Hz, 1 H, ArH), 4.75 (ddd, J=9.5, 7.5, 5.0 Hz, 1 H, CH), 3.27 -
3.42 (m, 2 H, CH,) ppm. **C NMR (101 MHz, DMSO-dg) & = 173.5, 171.1, 160.0, 136.5, 136.3,
129.5, 127.9, 127.4, 126.4, 125.0, 124.1, 123.4, 123.2, 121.5, 119.0, 118.5, 118.2, 112.0, 110.6,
107.2, 54.1, 26.8 ppm. Mp = 230-232 °C, [0]*°p = -41.3 (¢ = 0.100 in DMSO). HRMS (ESI-TOF)
calcd for C,Hi7N,O4 [M-H™]: 373.1194, found: 373.1197, FT-IR v (neat): 3345, 1708, 1620,
1527, 1283, 746 cm™.
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12.10.6 Synthesis of quinoline derivatives

o)
0 0
93 \OKNHz 96
N 1. PyBOP, Et;N, DMF N o, ©
7 OH e N
N 2. LiOH, THF/H,0 N QJ\OH
OH O 86 - LY, 2 OH o) o7
| > | o H Q
~ OH P §
N N JJ\OH
OH O
87 OH O 99

Scheme S6: Synthesis of quinoline based inhibitors.

12.10.7 General procedure for synthesis of glycine conjugates with quinoline derivatives:

The quinoline analogue (300 mg, 1.59 mmol), glycine methyl ester hydrochloride (240 mg, 1.91
mmol, 1.2 eq), PyBOP (990 mg, 1.91 mmol, 1.2 eq) and Et;N (553 pl, 3.98 mmol, 2.5 mmol) were
dissolved in anhydrous DMF (10 mL) and subsequently stirred at room temperature for 24h. Upon
the completion of the reaction the DMF was evaporated in vacuo and the resultant residue was
suspended in DCM (30 mL) and washed with H,O (2 x 15 mL). The organic phase was dried over
MgSO,, filtered and subjected to the column chromatography (Biotage SNAP KP-SIL™ 25 g
cartridge, eluent system: cHex/EtOAc). The obtained product was dissolved in a mixture of
THF/H,0 (1:1, 10 mL) and subsequently treated with LiOH - H,O (5 eq). The reaction was stirred at
room temperature for 12h. The THF was evaporated in vacuo and the resultant agqueous solution was
neutralized with conc. HCI. If a precipitate was formed it was filtered-off and dried in vacuo to yield
the desired product. In case no precipitate was formed, the aqueous solution was extracted with
EtOAc (3 x 10 mL). The combined organic layers were dried over MgSQ,, filtered and evaporated

in vacuo to yield the desired product.
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12.10.7.1 3-Hydroxyquinoline-2-carboxylic acid (93)%

\OH

7 OH
N

O
3-hydroxyquinoline-2-carboxylic acid (93) was synthesised according to a literature procedure and
obtained as a brown solid®.
'H NMR (400 MHz, DMSO-dg) & = 11.91 (br. s., 1 H, OH), 8.43 - 8.50 (m, 1 H), 8.02 - 8.11 (m, 1
H), 7.77 - 7.84 (m, 3 H) ppm. *C NMR (101 MHz, DMSO-ds) & = 165.5, 163.5, 151.5, 134.0,
130.9, 130.3, 129.9, 127.8, 118.6, 114.4 ppm. Mp = 155-157 °C. HRMS (EI/FI) calcd for C1oH/NO5
[M*]: 189.0426, found: 189.0426. FT-IR vy (neat): 3374, 1655, 1510, 1448, 1229, 1141, 763 cm™.

12.10.7.2 (3-Hydroxyquinoline-2-carbonyl)glycine (96)"

\OH o

H

N Ao

o

The desired compound (96)" was obtained as a yellow solid (150 mg, 0.60 mmol, 38%) starting
from 3-hydroxyquinoline-2-carboxylic acid (300 mg, 1.59 mmol) and following the general
procedure.
'H NMR (400 MHz, DMSO-dg) & = 11.55 (t, J=5.0 Hz, 1 H, NH), 8.44 (d, J=8.5 Hz, 1 H), 7.92 (d,
J=75Hz, 1 H),7.61-7.75 (m, 2 H), 7.51 (s, 1 H, OH), 4.17 (d, J=5.5 Hz, 2 H, CH,) ppm. *C NMR
(101 MHz, DMSO-dg) 6 = 170.5, 164.9, 153.9, 136.7, 130.8, 130.4, 128.8, 127.6, 119.6, 111.1, 41.8
ppm. Mp = 218-220°C. HRMS (ESI-TOF) calcd for C;,Hi0NaN,O, [M+Na']: 269.0533, found:
269.0538. FT-IR vy (Neat): 3346, 1712, 1651, 1332, 835 cm™,

12.10.7.3 (8-Hydroxyquinoline-2-carbonyl)glycine (97)*

X Y (o)

N N\)J\OH

OH 0]

The desired compound (97) was obtained as a yellow solid (160 mg, 0.66 mmol, 42%) starting from
8-hydroxyquinoline-2-carboxylic acid and following the general procedure.
'H NMR (400 MHz, CD,0D) & = 8.42 (d, J=8.5 Hz, 1 H), 8.18 (d, J=8.5 Hz, 1 H), 7.55 (t, J=8.0 Hz,
1 H), 7.44 (dd, J=8.5, 1.0 Hz, 1 H), 7.18 (dd, J=7.5, 1.5 Hz, 1 H), 4.23 (s, 2 H, CH,) ppm. *C NMR
(101 MHz, CD5;0D) 6 = 172.1, 166.2, 154.0, 147.3, 137.9, 137.4, 130.5, 129.7, 118.9, 117.9, 111.7,
40.9 ppm. Mp = 236-238 °C (lit. 292 °C)*. HRMS (ESI-TOF) calcd for C;,Hy,NaN,0, [M+Na']:
269.0533, found: 269.0529. FT-IR vy (Neat): 3344, 1726, 1656, 1504, 1210, 855 cm™,
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12.10.7.4 (8-hydroxyquinoline-7-carbonyl)glycine (99)®

B yo 9
N/ N\)J\OH
OH O

The desired compound (99)*° was obtained as a yellow solid (160 mg, 0.66 mmol, 42%) starting
from 8-hydroxyquinoline-7-carboxylic acid (Sigma-Aldrich) (300 mg, 1.59 mmol) and following the
general procedure.

'H NMR (400 MHz, DMSO-dg) & = 9.17 (t, J=5.5 Hz, 1 H, NH), 8.92 (d, J=3.0 Hz, 1 H), 8.37 (d,
J=8.0 Hz, 1 H), 8.00 (d, J=9.0 Hz, 1 H), 7.67 (dd, J=8.0, 4.0 Hz, 1 H), 7.45 (d, J=9.0 Hz, 1 H), 4.07
(d, 3=5.0 Hz, 2 H, CH,) ppm. **C NMR (101 MHz, DMSO-ds) § = 171.5, 168.0, 156.4, 149.5, 139.3,
136.8, 131.1, 126.1, 124.1, 117.6, 113.2, 41.8 ppm. Mp = 224-226°C, HRMS (ESI-TOF) calcd for
C12H10NaN,O,4 [M+Na']: 269.0533, found: 269.0542. FT-IR v (neat): 3350, 2160, 1695, 1632,
1543, 1300, 832 cm™.
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12.10.8 Synthesis of GBB analogues

Synthesis of analogues 1-3, 203-205, 207 and 208 is described in Chapter 6. Synthesis of analogues
227-229, 231-234 and 238 is described in Chapter 4. Analogue 201 was synthesised as described in
chapter 2.

12.10.9 General procedure for synthesis of unsaturated GBB analogues

To a solution of corresponding bromide derivative in anhydrous acetonitrile (1 equiv.) a 4.2 M
solution of trimethylamine in ethanol was added (1.5 equiv), then the mixture was stirred for 3 h, at
which point a white precipitate formed. Solvents and trimethylamine were evaporated in vacuo. The
residue was taken up in small volume of cold acetonitrile and the solid was filtered off and dried
under vacuum to yield the desired product as bromide salt.

12.10.9.1 Ny-trimethyl-(E)-4-aminobut-2-enoic acid bromide (5)

| -
HO)K/\/N-'-\

Compound (5) was synthesised according to General Procedure starting from (E)-4-bromobut-2-
enoic acid (100 mg, 0.61 mmol). (5) was obtained as a white solid (63 mg, 0.28 mmol, 46%).

'H NMR (700 MHz, D,0) & = 6.73 (dt, J=15.5, 7.5 Hz, 1 H), 6.28 (d, J=15.5 Hz, 1 H), 4.03 (d,
J=7.5 Hz, 2 H), 3.08 (s, 9 H) ppm, *C NMR (176 MHz, D,0) & = 170.6, 135.5, 130.2, 66.1, 52.8
ppm. Mp = 182-184°C. HRMS (ESI-TOF) calcd for C;HNO," [M*]: 144.1091, found: 144.1015.
FT-IR vmax (neat): 3399, 3019, 1720, 1485, 1215, 1003 cm'™.

12.10.9.2 Methyl Ny-trimethyl-(E)-4-aminobut-2-enoate bromide (196)

Compound (196) was synthesised according to General Procedure starting from methyl (E)-4-
bromobut-2-enoate (100 mg, 0.56 mmol). (196) was obtained as a white solid (83 mg, 0.35 mmol,
63%).

'H NMR (700 MHz, D,0) & = 6.96 (dt, J=15.5, 7.5 Hz, 1 H), 6.34 (d, J=15.5 Hz, 1 H), 4.08 (d,
J=7.5Hz, 2 H), 3.74 (s, 3 H), 3.10 (s, 9 H) ppm, *C NMR (176 MHz, D,0) & = 167.1, 132.6, 131.2,
65.6, 52.7, 52.0 ppm. Mp = 147-149°C. HRMS (ESI-TOF) calcd for CgHy;sNO," [M™]: 158.1176,
found: 158.1182. FT-IR vmax (neat): 1724, 1662, 1226, 1183 cm™.
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12.10.9.3 2-( N*-trimethyl-aminomethyl)acrylic acid (197)
O
Ho)ﬁﬂ”ﬂ(

Compound (197) was synthesised according to General Procedure starting from 2-
(bromomethyl)acrylic acid (100 mg, 0.61 mmol). (196) was obtained as a white solid (63 mg, 0.28
mmol, 46%).

'H NMR (700 MHz, D,0) & 6.57 (s, 1 H), 6.08 (s, 1 H), 4.15 (s, 2 H), 3.03 (s, 9 H) ppm, *C NMR
(176 MHz, D,O) 6 = 171.4, 136.9, 133.0, 65.9, 52.7 ppm. Mp = 143-145°C. HRMS (ESI-TOF)

calcd for CgHigNO,* [M*]: 144.1019, found: 144.1016. FT-IR vmax (neat): 3003, 2699, 2474, 1640,
1475, 1224, 982 cm™™.

12.10.10 General procedure for synthesis of Mildronate analogues

tert-Butyl 3-bromopropanoate (1 mL, 6.0 mmol) was added dropwise to a solution of amine (12
mmol) and potassium carbonate (1 g, 7.0 mmol) in anhydrous acetonitrile (5 mL) at 0°C and the
mixture was stirred for 12 h. Solvents and trimethylamine were evaporated in vacuo and the
remaining residue was purified on silica (cyclohexane/ethyl acetate) to yield tert-butyl ester of
desired product as a white solid. The solid was taken into 1 M HCI solution in water (5 mL), stirred

for 12 h and then evaporated to dryness. The desired product was obtained as a hydrochloride salt.

12.10.10.1 3-(tert-butylamino)propanoic acid (220)

0]
oAy K

(220) was synthesised following General Procedure starting from tert-butyl 3-bromopropanoate (1
mL, 6.0 mmol) and tert-butylamine (1.26 mL, 12 mmol). (200) was obtained as a white solid
(hydrochloride salt, 870 mg, 4.8 mmol, 80%).

'H NMR (400 MHz, D,0) & = 3.19 (t, J=6.5 Hz, 2 H), 2.68 (t, J=6.5 Hz, 2 H), 1.27 (s, 9 H) ppm, °C
NMR (101 MHz, D;,0O) 6 = 174.1, 57.4, 36.9, 30.5, 24.7 ppm. Mp = 225-227°C. HRMS (ESI-TOF)
calcd for C;HigNO," [M+H™]: 146.1176, found: 146.1178. FT-IR vmax (neat): 2937, 2813, 2778,
1733, 1377, 1196, 1004 cm'™.
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12.10.10.2 3-(tert-butyl(methyl)amino)propanoic acid (253)
o
HOMTk

(246) was synthesised following General Procedure starting from tert-butyl 3-bromopropanoate (1
mL, 6.0 mmol) and N-methyl-N-tert-butylamine (1.40mL, 12 mmol). (246) was obtained as a white
solid (820 mg, 4.2 mmol, 70%).

'H NMR (400 MHz, D,0) & = 3.67 (dt, J=14.0, 8.0 Hz, 1 H), 2.97 (dt, J=14.0, 6.0 Hz, 1 H), 2.71 -
2.87 (M, 2 H), 2.64 - 2.71 (s, 3 H), 1.31 (s, 9 H) ppm, *C NMR (101 MHz, D,0) & = 173.9, 64.5,

46.7, 34.3, 29.4, 23.6 ppm. Mp = 132-134°C. HRMS (ESI-TOF) calcd for CgHisNO," [M+H™]:
160.1332, found: 160.1338. FT-IR vmax (neat): 2856, 2650, 1709, 1404, 1225, 1188, 938 cm™.

12.10.11 Synthesis of N-methyl Mildronate (254)
\
~-Ns >L o ‘ 1. CHgl, KoCO5 o |
o H MeOH -
)K/\ N - )K/\ N
>Lo)v K,CO; © '\\' 2. HCI/ H,0 "o '\\l
MeCN

12.10.11.1 3-(1,2,2-trimethylhydrazinyl)propanoic acid
S A
O)k/\T,N\

tert-Butyl acrylate (0.95 mL, 6.5 mmol) was added dropwise to a solution of N-methyl-N'-
dimethylhydrazine hydrochloride (1 g, 6.8 mmol) and potassium carbonate (2.24 g, 16.2 mmol) in
anhydrous acetonitrile (10 mL). The mixture was stirred for 12 h and then the volatiles were
evaporated in vacuo and the remaining residue was taken in dichloromethane. The mixture was
filtered off and the filtrate concentrated in vacuo and purified on silica (ethyl acetate/cyclohexane).
The desired product was obtained as a yellow oil (100 mg, 0.50 mmol, 7%).

'H NMR (400 MHz, CDCls) & = 2.72 (t, J=6.5 Hz, 2 H), 2.43 (t, J=6.5 Hz, 2 H), 2.30 (s, 6 H), 2.28
(s, 3H), 1.46 (s, 9 H) ppm, *C NMR (101 MHz, CDCls) & = 172.4, 79.8, 49.8, 38.9, 35.0, 33.8, 28.1
ppm. HRMS (ESI-TOF) calcd for C1oH,,N,NaO," [M+Na']: 225.1573, found: 225.1582.
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12.10.11.2 2-(2-carboxyethyl)-1,1,1,2-tetramethylhydrazin-1-ium (254)

| .
HOMT,N\
Methyl iodide (17 pL, 0.27 mmol) was added to a solution of 3-(1,2,2-

trimethylhydrazinyl)propanoic acid (50 mg, 0.25 mmol) in anhydrous acetonitrile (2 mL) and stirred
for 12 h at room temperature. Volatiles were evaporated in vacuo and the residue was taken up in 1
M aqueous HCI (1 mL) and stirred for 12 h. The mixture was evaporated in vacuo to yield desired
compound as chloride salt (50 mg, 0.26 mmol, quant.). For further test crude material was used.

'H NMR (400 MHz, D,0) & = 3.22 (s, 9 H), 3.15 (t, J=7.5 Hz, 2 H), 2.66 (s, 3 H), 2.56 (t, J=7.5 Hz,
2 H) ppm. HRMS (ESI-TOF) calcd for C;H;7N,O," [M*]: 161.1285, found: 161.1280.

12.10.12 Synthesis of other GBB analogues

12.10.12.1 Hydroxyamino N°-trimethyl-5-aminopentanoate bromide (209)

HO\ )W\ -
N NZ

H | >

Hydroxylamine hydrochloride (0.58 g, 8.3 mmol) was dissolved in methanol (5 mL) and then added
to a stirred solution of KOH (0.46 g, 8.3 mmol) in methanol (2 mL) at 0 °C and stirred for 15 min at
0°C. The precipitate was filtered off and the filtrate kept for further use. Ethyl chloroformate (0.63
mL, 6.6 mmol) and N-methylmorpholine (0.79 mL, 7.2 mmol) were added to a solution of 5-
bromopentanoic acid (1 g, 5.5 mmol) in diethyl ether (15 mL) at 0 °C. The mixture was stirred for
10 min, then the solid was filtered off and the filtrate was added to a solution of hydroxylamine and
stirred for 30 min at room temperature. Volatiles were evaporated in vacuo and the remaining
residue was purified on silica (dichloromethane/ methanol). Purified bromo derivative was dissolved
in anhydrous acetonitrile and treated with 4.2 M solution of trimethylamine (1.5 equiv.) in ethanol.
The mixture was stirred for 3 h, upon which a precipitate formed. Solvents and trimethylamine were
evaporated in vacuo. The residue was taken up in small volume of cold acetonitrile and solid was
filtered off and dried under vacuum to yield the desired product as bromide salt (430 mg, 1.7 mmol,
30%).

'H NMR (400 MHz, D,0) & = 3.20 - 3.28 (m, 2 H), 3.02 (s, 9 H), 2.16 (t, J=7.5 Hz, 2 H), 1.65 - 1.77
(m, 2 H), 1.56 (dt, J=14.5, 7.5 Hz, 2 H) ppm, *C NMR (101 MHz, D,0) & = 172.3, 66.0, 52.9, 44.8,
31.6, 21.7 ppm. Mp = 120-123°C. HRMS (ESI-TOF) calcd for CgHygNO," [M*]: 175.1441, found:
175.1442. FT-IR vmax (neat): 3210, 3146, 2950, 2862, 1681, 1478, 1176 cm™.

231



Chapter 5 Inhibition of BBOX

12.10.12.2 N*-dimethyl, ethyl-4-aminopropionic acid trifluoroacetate salt (252)
0 |
MN+\
HO ~

Ethyl iodide (0.12 mL, 1.4 mmol) was added dropwise to a solution of N'-dimethyl-4-
aminopropionic acid hydrochloride (200 mg, 1.2 mmol) and potassium carbonate (0.4 g, 3 mmol) in
methanol (5 mL) and mixture was stirred for 12 h at room temperature. Methanol was evaporated
and residue re-dissolved in 1 M HCI in water (1 mL) and stirred for 1 h. The aqueous phase was
washed with diethyl ether and evaporated in vacuo and the resultant residue was purified by HPLC
(preparative C-18 reverse phase column; gradient: 50% B in 15 min, where A — water, 0.05% formic
acid, B — acetonitrile, 0.1% formic acid; fractions containing product identified using Evaporative
Light Scattering Detection (ELSD). The desired fractions were combined and freeze-dried to yield
the product as a highly hygroscopic solid. Due to the low level of compound recovery after HPLC
purification, IR spectra are not reported. Melting points are not given due to highly hygroscopic
nature of obtained material.

'H NMR (700 MHz, D,0) & = 3.32 (q, J=7.5 Hz, 2 H), 3.20 - 3.26 (m, 2 H), 2.98 (s, 6 H), 2.42 (t,
J=7.0 Hz, 2 H), 1.98 (dt, J=16.5, 7.5 Hz, 2 H), 1.27 (t, J=7.0 Hz, 3 H) ppm, *C NMR (176 MHz,
D,0) & = 176.6, 62.2, 59.3, 49.6, 30.3, 17.3, 6.8 ppm. HRMS (ESI-TOF) calcd for CgHisNO,* [M']:
160.1332, found: 160.1339.
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12.10.13 Synthesis of analogues for cell based studies
12.10.13.1 DMOG (Dimethyl N-oxalylglycine) (255)

\O Cl 0 EtsN \O HQ?\/
O)J\g HZNQJ\ o m’ O)J\g o

Glycine methyl ester hydrochloride (0.5 g, 4.0 mmol) and triethylamine (1.4 mL, 10 mmol, 2.5 eq)
were stirred in anhydrous CH,Cl, (10 mL) at 0°C (ice bath) under nitrogen atmosphere. Oxalyl
chloride methyl ester (0.44 mL, 4.8 mmol, 1.2 eq) was added dropwise and the mixture was stirred
for 2 h at room temperature. The reaction mixture was extracted with aqueous solutions of 1 M HCI
(3x5 mL) and 1M NaOH (3x5 mL), dried over MgSQ,, filtered, concentrated in vacuo and subjected
to column chromatography on silica (elution system: cyclohexane/ethyl acetate) to give desired
product as a yellow oil (0.5 g, 2.9 mmol, 72%).

'H NMR (400 MHz, CDCl,) & = 7.64 (br. s., 1 H, NH), 4.14 (d, J=5.5 Hz, 2 H, CH,), 3.92 (s, 3 H,
OCHs), 3.79 (s, 3 H, OCH;) ppm. *C NMR (101 MHz, CDCl5) & = 169.08, 160.39, 156.41, 53.73,
52.63, 41.36 ppm. TLC chex/EtOAc 1:1 Ry = 0.2. HRMS (ESI-TOF) calcd for CsHyNNaOs

[M+Na']: 198.0373, found: 198.0372. FT-IR v (neat): 3379, 2957, 1746, 1689, 1537, 1206 cm'™.
12.10.13.2 DM-NOFD (Dimethyl N-oxalyl-(R)-phenylalanine) (256)

o) o) o)
~ Cl o EtsN ~ H -
0 T HoN o CH.CI o) o
o) 2¥2 o)

(R)-Phenylalanine methyl ester hydrochloride (1.0 g, 4.6 mmol) and triethylamine (1.6 mL, 11.5

mmol, 2.5 eq) were stirred in anhydrous CH,Cl, (10 mL) at 0°C (ice bath) under nitrogen
atmosphere. Oxalyl chloride methyl ester (0.50 mL, 5.5 mmol, 1.2 eq) was added dropwise and
mixture was stirred for 2 h at room temperature. The reaction mixture was extracted with aqueous
solutions of 1 M HCI (3x5 mL) and 1M NaOH (3x5 mL), dried over MgSQ,, filtered, concentrated
in vacuo and subjected to column chromatography on silica (elution system: cyclohexane/ethyl
acetate) to give desired product as a yellow oil (0.9 g, 3.5 mmol, 75%).

'H NMR (400 MHz, CDCls) & = 7.42 (d, J=7.5 Hz, 1 H, NH), 7.15 - 7.28 (m, 3 H, ArH), 7.00 - 7.09
(m, 2 H, ArH), 4.82 (dt, J=8.5, 6.0 Hz, 1 H, CH), 3.82 (s, 3 H, OCH3), 3.67 (s, 3 H, OCH3), 3.11 (s,
2 H, CH,) ppm. *C NMR (101 MHz, CDCl3) & = 170.7, 160.4, 155.8, 135.1, 129.2, 128.8, 127.4,
53.7, 53.6, 52.6, 37.7 ppm. TLC cyclohexane/EtOAc 1:1 R; = 0.5. [a]?® = +12.3 (c = 0.28 in
MeOH). HRMS (ESI-TOF) calcd for Cy3H1gNOs [M+H]: 266.1023, found: 266.1033. FT-IR vy
(neat): 3410, 3030, 2955, 1737, 1701, 1290, 1204, 1031 cm™.
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12.10.13.3 Dimethyl (R)-2-hydroxyglutarate (257)
o o) 0

o HCI
0O \O O/
OH MeOH

OH

reflux

(R)-5-oxotetrahydrofuran-2-carboxylic acid (0.5 g, 3.8 mmol) was dissolved in MeOH (5 mL) and a
drop of conc. HCI was added. The mixture was refluxed for 12 h, cooled down and solid NaHCO4
was added (until basic). The resultant mixture was stirred for 10 min, filtered and the filtrate
concentrated in vacuo prior to purification on silica (elution system: cyclohexane/ethyl acetate) to
give desired product as a yellow oil (0.6 g, 3.6 mmol, 95%).

'H NMR (400 MHz, CDCl5) & = 4.18 (ddd, J=8.0, 5.5, 4.5 Hz, 1 H, CH), 3.73 (s, 3 H, OCH), 3.62
(s, 3 H, OCH3), 2.97 (d, J=5.5 Hz, 1 H, OH), 2.33 - 2.51 (m, 2 H), 2.05 - 2.17 (m, 1 H), 1.81 - 1.94
(m, 1 H) ppm. *C NMR (101 MHz, CDCIl3) & = 175.0, 173.6, 69.5, 52.6, 51.7, 29.4, 29.3 ppm. TLC
chex/EtOAc 1:1 R; = 0.4. [a]3’ = +6.2 (¢ = 0.30 in MeOH). HRMS (ESI-TOF) calcd for
C;H1;NaOs [M+H"]: 195.0577, found: 195.0578. FT-IR vy (neat): 3469, 2956, 1731, 1438, 1169,
1104cm™,

12.10.13.4 Dimethyl (S)-2-hydroxyglutarate (258)

O ( Al ~ )wj\ -
@“ OH MeOH o X o
OH

reflux

(S)-5-oxotetrahydrofuran-2-carboxylic acid (0.5 g, 3.8 mmol) was dissolved in MeOH (5 mL) and a
drop of conc. HCI was added. Mixture was refluxed for 12 h, cooled down and solid NaHCO; was
added (until basic). The resultant mixture was stirred for 10 min, filtered and filtrate concentrated in
vacuo prior to purification on silica (elution system: cyclohexane/ethyl acetate) to give desired
product as a yellow oil (0.6 g, 3.6 mmol, 95%).

Spectroscopic data matched those reported®. *H NMR (400 MHz, CDCls) & = 4.22 (ddd, J=8.0, 5.5,
4.5 Hz, 1 H, CH), 3.76 (s, 3 H, OCHj), 3.65 (s, 3 H, OCHj), 3.16 (d, J=5.5 Hz, 1 H, OH), 2.37 - 2.55
(m, 2 H), 2.08 - 2.20 (m, 1 H), 1.91 (dtd, J=14.2, 8.1, 8.1, 6.1 Hz, 1 H) ppm. *C NMR (101 MHz,
CDCl;) 8 = 175.0, 173.6, 69.4, 52.56, 51.7, 29.4, 29.2 ppm. TLC chex/EtOAc 1:1 R¢= 0.4. [a]?° = -
7.2 (c = 0.27 in MeOH). HRMS (ESI-TOF) calcd for C;H;,NaOs [M+H']: 195.0577, found:
195.0576. FT-IR v (n€at): 3469, 2956, 1731, 1438, 1169, 1104cm™.,
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Chapter 6

Studies on BBOX from Pseudomonas sp. AK1

Abstract

Chapter 6 describes studies on BBOX from Pseudomonas sp. AK1. The gene for the Pseudomonas
BBOX homologue (psBBOX) was cloned, expressed in E. coli and purified to homogeneity. A
structural model of psBBOX was obtained by homology modelling using the existing hBBOX
structure as a template. Kinetic parameters were determined and compared with the corresponding
parameters for human BBOX (hBBOX). The results revealed substantial differences between
hBBOX and psBBOX. The behaviour of both enzymes in the presence and absence of KCI and
ascorbate were studied. The results from reaction of GBB analogues, including fluorinated GBB
derivatives, reveal different substrate preferences for hBBOX and psBBOX. psBBOX is likely to be
more flexible in the aromatic cage region; analogues substituted at the trimethylammonium group,
such as GBBNF, are almost as good substrates as GBB itself, which is not the case for hBBOX.
Shorter and longer GBB analogues, such as GBB-5 and GBB-3, are not well tolerated by psBBOX,
in contrast with hBBOX, where both GBB-5 and GBB-3 were reasonably good substrates. psBBOX

can tolerate substitutions in position 3 of GBB (as in the case of GBBF and D-carnitine).
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Chapter 6 Pseudomonas BBOX

1 Introduction

1.1  Bacterial carnitine metabolism

Carnitine is a ubiquitous substance, which plays important roles in animals, e.g. in the transport of
long chain fatty acids through mitochondrial membrane or modulation of the ratio between acyl-
CoA/CoA.. In bacteria, the biological role of carnitine is incompletely defined. Carnitine has been
proposed to serve as an osmoprotectant’ or growth stimulant®; some microorganisms can utilise
carnitine as a carbon and nitrogen source.® The biosynthetic pathway in microorganisms has not
been identified and most existing literature on bacterial carnitine metabolism is limited to
degradation pathways.®’ This situation contrasts with animal systems, where the biosynthetic
pathway is well characterised,®® but little is known about carnitine catabolism.® Apparently, most
bacteria are not able to synthesise carnitine de novo; however some species, including certain

12 which is

Pseudomonas strains,™ produce a homologue of y-butyrobetaine hydroxylase (BBOX),
able to convert y-butyrobetaine to L-carnitine. The discovery of bacterial enzymes producing
carnitine was prompted by increasing demand for a cheap carnitine source. Carnitine is widely used
as food supplement or in the pharmaceutical industry for treatment of carnitine deficiencies or
cardiac conditions and therefore microbial based production presents an efficient method towards

carnitine synthesis.***°

1.2 BBOX from Pseudomonas sp. AK1 — previous studies

BBOX from Pseudomonas sp. AK1 (psBBOX) was previously isolated from Pseudomonas sp. AK1
and characterised as a protein of 383 amino acids per subunit, which in solution exists as a

homodimer.***3

psBBOX was reported to be fully dependent on the presence of Fe(Il) with Ky, app =
0.06 mM. For purified psBBOX an apparent Ky for y-butyrobetaine (GBB) and 2-oxoglutarate
(20G) were determined, with values of 2.4 mM and 0.45 mM respectively.** Lindstedt et al. have
studied substrate specificity of psBBOX! and reported that neither 3-trimethylaminopropionate, 5-
trimethylaminovalerate, 6-trimethylaminocaproate, 4-dimethylaminobutyrate or 4-
trimethylaminocrotonate can substitute GBB (i.e. ho 20G conversion to succinate was observed).
However, all the tested GBB analogues were moderately good inhibitors. None of the 20G
analogues  (succinic ~ semialdehyde, pyruvate,  2-ketobutyrate, = 2-ketovalerate, p-
hydroxyphenylpyruvate, oxalacetate, 2-ketoadipate, 2-ketopimelate, glutarate, 2-hydroxyglutarate,
glutamate, citrate, isocitrate, cis-aconitate, succinate, fumarate, or malate) serves as a co-substrate
(i.e. no GBB hydroxylation was observed). Oxalacetate, 2-ketopimelate, citrate and 2-ketoadipate
were found to be moderately good inhibitors. Several metal ions were potent inhibitors;"* the most
active ones were Co*, Ni**, Cu®*, zZn**, Cd*", and Hg”*. The 20G binding site of BBOX from

Pseudomonas sp. AK1 has been studied by Ng et al.'® A library of 20G analogues was tested as
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inhibitors resulting in the assignment of 2,4-pyridine dicarboxylate and 3,4-dihydroxybenzoate as
the most potent inhibitors. Two functional groups in the inhibitors were assigned as vital for efficient
binding: one substituting for the C-5 carboxylate of 20G and the other one enabling metal chelation.
The distance between these two moieties is important, as reflected in the failure of 20G analogues
with longer (2-ketoadipate) or shorter (oxaloacetate) carbon chain length to sustain BBOX catalysis

(no hydroxylation observed, when these analogues were used as co-substrates).
2  Sequence and structural comparison

2.1  Sequence alignments

Human and bacterial BBOX homologues share about 30% sequence identity, as determined by
BLAST analysis. Several bacterial BBOX sequences were aligned with the human BBOX
homologue to reveal that crucial residues involved in substrate and metal binding are conserved
among species (Fig. 1). The Zn(ll)-binding domain is present in both Pseudomonas and human
BBOX" and residues responsible for Zn(ll) binding (marked with yellow stars) are highly
conserved. The HxD/E...H — an iron binding motif characteristic for 20G oxygenase family
(indicated by green stars) and the arginine binding C-5 carboxylate of 20G (red star) are well
conserved.’® Blue circles indicate residues involved in formation of an aromatic cage, which
interacts with the trimethyammonium group of GBB via =-cation interactions. For both human and
Pseudomonas species, these residues are represented by aromatic amino acids such as phenylalanine
and tyrosine (psBBOX) or tyrosine and tryptophan (hBBOX). Residues involved in binding of the
GBB carboxylate are indicated as pink hexagons. In the human homologue they are both
asparagines, whereas psBBOX contains an aspartic acid and an alanine, which might suggest why

binding of GBB is less tight in the case of the bacterial BBOX homologue.

2.2  Structural comparisons

Several crystal structures are available for human BBOX. Based on the crystal structure of human
BBOX complexed with Ni(ll), GBB and NOG (N-oxalylglycine, a close 20G mimic), a model for
psBBOX was built using the SWISS-MODEL"?% server. The hBBOX structural (PDB id: 302G)
alignment with the psBBOX model reveals a similar position of all vital residues, including the
metal and ligand binding residues and similar overall fold of the enzyme (Fig. 2). A slight difference
can be observed in the active site loop region (residues 183-199 in human BBOX), in which human
BBOX forms a short helix linking the Bl and BlI strands of the DSBH (double-stranded B-helix
characteristic fold for 20G dependent oxygenases) (for comparison see Fig. 2B and C). However,
prediction of the overall fold of psBBOX has to be taken with care, as BBOX has been shown to
display substantial conformational flexibility (see Chapter 5). Nevertheless, the model enables
estimation of the differences between the GBB and 20G binding pockets, which may reflect the
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differences in catalytic properties of ps- and hBBOX. Metal and 20G binding sites are well
conserved between bacterial and human BBOX. The metal is coordinated by two histidine and
aspartate residues; the 20G C-5 carboxylate interacts with two arginine residues, one of which
forms interactions characteristic for 20G binding in the active sites of 20G dependent oxygenases
(Arg360/362). Differences are predominantly in the GBB binding region. The predicted aromatic
cage in the psBBOX structural model consists of aromatic amino acids; however the Trp181 and
Tyrl77 which are present in the human BBOX structure are replaced with phenylalanine 188 and
184, respectively, which results in a looser trimethylammonium binding pocket. In both ps- and
hBBOX an active site loop ‘lid’ is formed by a tyrosine residue (Tyr194 in human and Tyr 201 in
psBBOX). GBB carboxylate binding residues are not conserved; Asnl91 and Asn292 are
responsible for GBB carboxylate interactions in the hBBOX in the bacterial homologue are
apparently replaced with Ser198 and Ala296, respectively.
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Psp- AK1 190
Hs 183
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Figure 1 Sequence alignment of BBOX homologues from human (Hs, gi|158261239) and Pseudomonas
(Pseudomonas fluorescens Pf-5, gi|70733041; Pseudomonas fluorescens WHS6, gi|312963522; Pseudomonas
brassicacearum subsp. brassicacearum NFM421, @i|330812266; Pseudomonas fluorescens Pf0-1,
i|77461455; Pseudomonas mendocina ymp, gi|146305540; Pseudomonas sp. AK1, gi|231642). Yellow stars
represents residues involved in Zn(l1) binding, blue circles — involved in formation of an aromatic cage, which
interacts with trimethylammonium group of GBB via n-cation interactions; pink pentagons — residues involved
in GBB carboxylate binding, green stars represent HxD/E...H (an iron binding motif), red star represent

residue involved in binding of 20G C-5 carboxylate.
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catalytic domain

zinc binding domain

Figure 2 Overlay of an hBBOX structure (blue, PDB id: 302G) and the generated model of psBBOX
(yellow). Catalytic, zinc binding domains, the active site are indicated (A). Close-up comparison of the active
sites of hBBOX (B) and psBBOX (C) show a difference in the observed active site loop fold.
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Figure 3 Overlay of GBB and 20G binding pockets of hBBOX (blue, PDB id: 302G) and the model of
psBBOX (yellow).
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3 Pseudomonas BBOX cloning and purification

3.1 Cloning and expression trials

The gene encoding psBBOX was obtained from GeneArt Life Sciences gene synthesis services, and
supplied in a pMA-T plasmid which contained the ampicillin resistance gene. Additional restriction
sites for Ndel and BamHI were introduced. Codons were optimised for expression in E. coli with
lowered GC content compared to the wild type psBBOX DNA sequence. The DNA sequence was
designed by reverse transcription of the 383 residue y-butyrobetaine hydroxylase from Pseudomonas
sp. AK1 (gi 385463). The supplied plasmid was transformed into XL1 Blue E. coli cells and grown
overnight prior to plasmid DNA purification using the GeneJet DNA extraction kit (Thermo Fisher).
The obtained plasmid and empty pCOLDI (Takara) and pET28a(+) (Novagen) vectors were digested
with Ndel and BamHI restriction enzymes (New England Biolabs) using the following conditions:
10 pL of plasmid DNA (conc. 200 ug/uL) was mixed with 1.5 uL of Ndel and BamHI HF and 1.5
pL of NEB 4 buffer (10 x) and incubated for 3 h at 37°C. The digested DNA was run on a 1%
agarose gel at 60V for 40 min; the desired bands were cut out and the resultant DNA was purified
using a Gel Extraction Kit (Quiagen). The insert containing psBBOX was ligated with the digested
pCOLDI and pET28a vectors using T4 DNA ligase and the following conditions: 1 uL of vector (15
ug/uL), 4 uL of insert (5 png/uL), 1 uL of T4 DNA ligase, 1 uL of T4 DNA ligase buffer (10 x) and
3 uL of Milli-Q water were mixed and incubated for 3 h at 37°C. 2 uL of the ligation mixture was
then transformed into XL10 Gold competent cells and grown on agar plates containing kanamycin
for the pET28a(+) construct and ampicillin for the pCOLDI construct. Obtained colonies were
inoculated into fresh media containing the appropriate antibiotic and then grown overnight. Plasmid
DNA was purified using a DNA purification kit and the identity of the constructs was confirmed by
sequencing (Source Bio Science).

Constructs were transformed in E. coli BL21 (DE3) competent cells, which were grow overnight on
agar plates containing ampicillin (pCOLDI constructs) and kanamycin (pET28a constructs). A single
colony was grown in fresh media overnight and the resultant cell suspension was used for glycerol
stock preparation. Expression trials for both constructs were performed. The IPTG concentration,
incubation temperature and time were varied. The pET28a construct displayed satisfactory levels of
protein expression, however protein production was higher for the pCOLDI based construct (Fig. 4).
Therefore, the latter was used in further experiments. The pCOLDI vector utilises a promoter
derived from the cspA gene, which is one of the cold-shock genes. When the temperature of the
culture is sufficiently reduced, growth as well as expression of endogenous proteins is decreased,
while expression of ‘cold-shock’ proteins is induced, which can lead to high expression levels of the

desired protein.
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Figure 4 SDS-PAGE analysis of expression trials of psBBOX constructs in pET28a (A) and pCOLDI (B)
vectors. A — Lane 1. molecular weight marker, lanes 2-7: soluble fractions of expression trials cell lysates.
Lanes 2-4: cells grown for 4 h at 37°C after treatment with 0 mM (2), 0.2 mM (3) and 0.5 mM (4) of IPTG.
Lanes 5-7: cells grown for 18 h at 15°C after treatment with 0 mM (5), 0.2 mM (6) and 0.5 mM (7) of IPTG. B
— Lane 1: protein ladder. Lanes 2-4 soluble fractions of expression trials cell lysates obtained from cells grown
for 18h at 15°C after treatment with 0 mM (2), 0.2 mM (3) and 0.5 mM (4) of IPTG.

3.2 Expression

2TY media (600 mL) containing ampicillin was inoculated with 6 mL of an overnight starter culture
and grown at 37°C with shaking (200 rpm) until O.D.s reached 0.7; the temperature was then
reduced to 15°C and cultures were allowed to stand without shaking for 30 min, when IPTG was
then added to final concentration of 0.2 mM. The culture was incubated overnight at 15°C with
shaking, after which cells were pelleted by centrifugation (10 min, 7000 rpm). The cell pellet was
frozen at -80°C overnight. Cells were lysed according to the lysis protocol (Appendix 1) and lysate
was subjected to Ni(ll)-affinity chromatography (as described in Appendix 1). Purified protein was
stored at a concentration of 20 mg/mL in 50 mM Tris-HCI buffer containing 200 mM NaCl at -80°C.
Produced protein contained extra N-terminal amino acids originating from the vector sequence:
MNHKVHHHHHHIEGRHM, which gives protein product of 399 amino acids, MW = 45.35 kDa
(as determined by MS analyses, Fig. 5) and calculated &€ = 56.88 and theoretical pl = 6.1(ProtParam
tool on the EXPASY server). Expression yielded around 80 mg of protein per 1 L of bacterial culture.

CRL312591 235 (4.006) M1 [Ev-456480,1t27] (Gs,0.750,300:2499,1.00,L33,R33); Cm (234:271) TOF MS ES+
1004 45355 8.89e5

45400

45487

45530
43596

45297
41076 45572 47968

40989
T b \l‘ . T T T - T T ) T T T . T T T T T T T
40000 41000 42000 43000 44000 45000 46000 47000 48000 49000

Figure 5 MS spectra of purified psBBOX.

mass
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Figure 6 Ni-NTA chromatogram, B. SDS PAGE gel, lanes: 1. Molecular weight marker, 2. Total cell lysate,
3. Cell lysate flow through, 4. Wash flow through, then fractions 6-11.

Further purification for crystallography trials was performed using size exclusion chromatography
(Superdex S200, 300 mL column) and ion exchange chromatography (Source-Q column) as

described in Experimental Section. Unfortunately, the crystallization trials were unsuccessful.

b b bbee

[0

Figure 7 S200 column gel filtration chromatogram, B. SDS PAGE gel, lanes: 1. Molecular weight marker, 2.
empty, then fractions 43-55.

TxTolals 7 oloke i i e i 74 B b b b b b b b hd bl bd el b bd 54 b d b b b B b T
i 15 2o P

Figure 8 SourceQ column ion exchange chromatogram, B. SDS PAGE gel, lanes: 1. Molecular weight
marker, then fractions 29-40. Protein was eluted with 200-250 mM NaCl concentration.
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4 Kinetic analyses — comparison with human enzyme.

4.1 Kinetics of substrate turnover

Cofactor requirements and kinetic parameters for 20G and GBB substrates were determined using
an NMR based assay (see Experimental Section for details). Both psBBOX and hBBOX were shown
to efficiently hydroxylate GBB, however psBBOX was more active compared with the human
counterpart (Fig. 9, Table 1). The shape of the time-course curve was different for the human and
Pseudomonas BBOX. psBBOX catalysed GBB hydroxylation presents a typical product
accumulation curve. For the human enzyme, a short burst phase is observed followed by a linear rise

(Fig. 9). For both enzymes GBB hydroxylation was coupled to 20G decarboxylation.

Table 1 Initial rates of carnitine and succinate formation catalysed by human and psBBOX.

Ratio of succinate

Initial rate of Initial rate of succinate .
Enzyme v droxylation [uM/s]  formation [uMs] DA )
ydroxy H H hydroxylation
hBBOX 0.13 0.16 1.2
psBBOX 0.29 0.32 1.1
A = B = 100-
im - CAR im - CAR
c -& succinate c 80 L -& succinate
S o
® 1004 ki
5 £ ™
s 50 % at *
o o
e, g o
(= v T T 1 o v T T 1
0 500 1000 1500 0 500 1000 1500
time [s] time [s]
C = 150-
E.m -» hBBOX
_5 -= psBBOX
E 100
c
§ (]
S 504
£ o
.‘é
0 T T 1
° e 500 1000 1500
time [s]

Figure 9 Time course of psBBOX (A) and hBBOX (B) catalysed reaction as observed by carnitine and
succinate formation. Overlay of hBBOX and psBBOX catalysed GBB hydroxylation (C).

4.1.1 2-Oxoglutarate kinetics

Kinetic parameters for 20G were assigned using both succinate and carnitine formation ratios (Table
2). The parameters obtained from these two approaches are different as a large amount of uncoupled
20G turnover at high 20G concentrations was observed. GBB was not hydroxylated in the absence

of 20G, therefore the observed amount of GBB hydroxylation was always equal to or lower than the
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amount of 20G decarboxylation. The parameters for GBB were only calculated by observation of
carnitine formation, which is specific to GBB hydroxylation and the amount of uncoupled 20G
turnover was not taken into account. 20G turnover was generally faster for psBBOX with a 6 fold
higher vy« value, however Ky, for 20G was lower in the case of human BBOX. Human BBOX also
displayed inhibition by high levels of 20G with a K, value of 5 mM. In general, values obtained
from processing the data for succinate formation were higher than those from carnitine formation,

consistent with high uncoupled 20G turnover observed at higher 20G concentrations (Fig. 10).

Table 2 Kinetic properties of 20G turnover by psBBOX and hBBOX.

Kwm [UM] Vmax [HMS'l] kcat [S_l] Ki [mM]
€nzyme  carnitine  succinate  carnitine  succinate carnitine succinate carnitine
levels levels levels levels levels levels levels
psBBOX 271165 532+135 0.24 0.35 2.310.2 3.5+0.3 -

hBBOX 41+3* 153+44 0.044* 0.080 0.89+0.02* 1.6+0.1 5.2+0.8*

* value obtained by fitting with substrate inhibition equation. Other values were fitted with standard
Michaelis-Menten kinetic equation (see experimental section)
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Figure 10 Dependence of initial reaction rate on the 20G concentration for psBBOX (A) and hBBOX (B). Both
initial rate of carnitine and succinate formation are plotted.

4.1.2 y-Butyrobetaine kinetics

Data obtained for GBB were fitted with a substrate inhibition equation (Table 3, Fig. 11, details of
curve fitting are summarised in the Experimental section). hBBOX and psBBOX differ in their
affinity towards GBB. For psBBOX a Ky, value of 2.5 mM (consistent with the previously reported
value of 2.4 mM™) was 3 orders of magnitude higher than the Ky, of 4 uM for hBBOX. psBBOX
displayed only slight substrate mediated inhibition at high concentrations of GBB (>0.6 mM).
Fitting range without inhibition with the Michaelis-Menten equation gave a Ky value of 163 uM,
Vimax = 0.12 uM/s and ke = 2.5 1/s. In contrast, hBBOX was inhibited by GBB at very low
concentrations of substrate (>20 uM). These are key differences in the properties of human and
bacterial BBOX homologues. The GBB mediated substrate inhibition of human BBOX'', mentioned
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in Chapter 5 (also in the context of cell based studies) is a significant feature of hBBOX catalysis,
presumably important for regulation of carnitine biosynthesis. In the case of the bacterial
homologue, where the full biosynthesis pathway is most likely not present, the role of BBOX is
limited purely to turnover of GBB/CAR production and therefore substrate inhibition by GBB was
lost (or gained by the human enzyme during evolution). Lack of GBB substrate inhibition in the
psBBOX catalysed reaction gives further evidence for a potential physiological role of this

phenomenon in the regulation of carnitine biosynthesis in animals.

Table 3 Kinetic properties of GBB turnover by psBBOX and hBBOX.

Enzyme Km [UM] Vinex [MMs™] Keat [™] K, [uM]
psBBOX 247411466 1.1+0.6 21.3 125+74
hBBOX 4.2+3.9 0.041+0.02 0.83 24+14
A 0.16 B 0.03-

= =

= 0.10 = 0.02-

c c .

2 0.05 2 0.01 -

g g *

n-nn T 1 T 1 1 n-nn T 1 T 1 1
0 1000 2000 3000 4000 0 50 100 150 200 250

GBB concentration [pM] GBB concentration [pM]

Figure 11 Dependence of initial reaction rate on the GBB concentration for psBBOX (A) and hBBOX (B).

4.2 Uncoupled turnover

Some 20G dependent oxygenases catalyse turnover of 20G, independent of substrate
transformation (uncoupled 20G turnover).”®® The amount of uncoupled 20G turnover (in the
absence of GBB) was examined and revealed that a small amount of 20G can be slowly turned into
succinate by both h- and psBBOX (Fig. 12). A control experiment with no enzyme added showed no
decomposition of 20G over the investigated time scale, so the observed succinate formation has to

be attributed to an enzymatic reaction.
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4.3  Ascorbate dependence

Ascorbate was previously shown to aid the activation of some 20G dependent oxygenases, in part,
by preventing oxidation of Fe(11).2? In animals the link between ascorbate deficiency to decreased
concentrations of tissue carnitine levels has been made, suggesting ascorbate is an important
cofactor in carnitine biosynthesis.?*° The presence of ascorbate was found to stimulate hBBOX
activity; however it did not have significant influence on the activity of psBBOX (Fig. 13). In the
case of both enzymes, ascorbate did not affect the amount of uncoupling (data not shown).

For the hBBOX, initial rate of carnitine formation was similar in the presence or absence of
ascorbate, however the rate of carnitine formation changed significantly over time, as without
ascorbate the reaction did not proceed any further after certain amount of time. This observation
suggests that ascorbate can play a role in the protection of the enzyme against reactive oxygen
species, which leads to enzyme deactivation. The insensitivity of psBBOX towards the variation of
ascorbate concentrations suggests psBBOX might be less sensitive towards reactive oxygen species
than hBBOX. The mechanism of enzyme protection by ascorbate has been studied. It is known that
the way ascorbate affects certain 20G dependent oxygenases is not limited to its properties as a
reducing agent, because other reducing agents were not as effective as ascorbate. The dramatically
different behaviour of human and bacterial BBOX homologues towards the presence of ascorbate,
combined with substantial sequence, structural and catalytic similarities of both enzymes makes
BBOX an interesting system for further mechanistic studies on the influence of ascorbate on 20G
oxygenase catalysed reactions.
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Figure 12 Uncoupled turnover in the absence of substrate for psBBOX (A) and hBBOX (B) catalysed reaction
as observed by succinate formation (i.e. in the absence of GBB). Overlay of hBBOX and psBBOX catalysed
uncoupled 20G turnover (C).
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Figure 13 Comparison of time courses of psBBOX (A) and hBBOX (B) catalysed oxidations of GBB, in the
presence and absence of ascorbate.

4.4  Influence of KCI

KCI was found to stimulate hBBOX activity, which is consistent with the literature data on human
kidney® and rat liver BBOX.* In the case of hBBOX it also improved the coupling between
decarboxylation of 20G and GBB hydroxylation (Fig 14). On the other hand, for psBBOX,
increasing concentrations of KCI had an inhibitory effect, but it did not have significant influence on
the coupling between decarboxylation and GBB hydroxylation (Fig 14).

The stabilisation of human BBOX by potassium ions has been previously reported, however the
mechanism of this phenomenon remains unknown. Again the ps/h BBOX system because of its
dissimilarity when it comes to KCI influence on activity, presents a good system for further study.

A ElcR B ElcR
| succinate | succinate

product concentration [M]
product concentration [M]

0 mM KCI 1 mM KCI 100 mM KCI 0 mM KCI 1 mM KCI 100 mM KCI

Figure 14 Dependence of product formation (black — carnitine, grey — succinate) on amount of KCI present in
the reaction mixture for psBBOX (A) and hBBOX (B) catalysed oxidations of GBB as monitored by product
formation by *H NMR.
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5 Kinetic studies using fluorinated GBB analogues

Fluorinated GBB analogues were shown to be useful tools for determining activity of hBBOX, as
described in Chapter 2. (3S)-Fluoro-GBB (GBBF) was shown to undergo hBBOX catalysed
hydroxylation with subsequent fluoride ion release;* this was used as the basis for the development
of a BBOX activity assay (Chapter 2). psBBOX turnover GBBF in an analogous fashion to hBBOX
as determined by '"H NMR. N-Fluoromethylated GBB (GBBNF) also gives the same product as
hBBOX upon reaction with psBBOX (Chapter 2) (Scheme 1).

For both enzymes, GBBNF was a better substrate than GBBF, which is consistent with
crystallographic analyses revealing only little space available for substituents in position 3 (Fig. 15)
and possibly a higher tolerance for the substitutions placed in the aromatic cage region (Fig. 3).

A
o) | BBOX Q OH
+_ N*—
HOMN\ / N HOM/ \
GBB 20G Succinate CAR
0, CO,
B
o F BBOX o o
: _ ﬁ N*—
HO)K/\/N\ HOM \
GBBF 20G Succinate + F° CARO
0, CO,
C
E F
o r BBOX o OH
+_ N*—
HOMN\ HOM \
GBBNF 20G Succinate CARNF
0, CO,

Scheme 1 BBOX catalysed turnover of GBB (A), GBBF (B) and GBBNF (C).

substitutions in

position 3 hBBOX

psBBOX

3 binding ;
pocket

substitutions in
position 2

Figure 15 Comparison of GBB binding pockets from the psBBOX model (left, with GBB, NOG and metal
modelled in based on hBBOX structure) and hBBOX structure (right, PDB id: 302G). It implies there is only
limited space for substituents at C-3 of GBB chain in case of both hBBOX and psBBOX. The psBBOX active
site offers more space to fit GBB analogues substituted in position 2.
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With psBBOX, GBBNF was hydroxylated nearly as well as GBB, likely reflecting the larger size of
the trimethylammonium binding pocket in psBBOX compared to hBBOX (Tyrl77 and Trpl81
present in hBBOX are replaced with phenylalanines in psBBOX, Fig. 3). GBBF was turnovered at a
similar rate by both human and psBBOX and it was a poorer substrate than GBBNF, suggesting that
substitutions at the hydroxylation site are not well tolerated, possibly because of the steric reasons in
both enzymes’ binding pockets. In general the coupling between 20G decarboxylation and
hydroxylation was good in case of GBBNF. Some uncoupling was observed when GBBF was a
substrate, further indicating it is a poorer substrate than GBBNF?. Data is summarized in Table 4
and visualised in Fig. 16-18.

Table 4 Initial rates of BBOX catalysed hydroxylation reactions of GBB analogues.

Initial rate of In;'ﬂg(l:irr?:teeof Ratio of succinate
Enzyme Substrate hydroxylation - formation to
[LM/s] UEEILOn hydroxylation
[1MIs]
GBB 0.29 0.32 11
psBBOX GBBF 0.028 0.059 2.1
GBBNF 0.21 0.24 11
GBB 0.13 0.16 1.2
hBBOX GBBF 0.027 0.063 2.3
GBBNF 0.083 0.097 1.2
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Figure 16 Comparison of time courses of psBBOX (A) and hBBOX (B) catalysed oxidations of GBBF, as
observed by carnitine and succinate formation.
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Figure 17 Comparison of time courses of psBBOX (A) and hBBOX (B) catalysed oxidations of GBBNF, as
observed by carnitine and succinate formation.
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Figure 18 Comparison of time courses of psBBOX (left) and hBBOX (right) catalysed oxidations of GBB,

GBBF and GBBNF.

As in the case of GBB, psBBOX displayed much higher Ky values towards the fluorinated GBB

analogues than hBBOX (around an order of magnitude difference). psBBOX seemed not to be
inhibited by GBBF nor GBBNF, at least up to 0.5 mM concentration of substrate. hBBOX was

inhibited by low concentrations of GBBF, but much less inhibition was observed with GBBNF,

which is discussed in Chapter 2. This is consistent with the proposed mechanism of substrate

inhibition, where an N-fluoromethyl group alters interactions within the trimethylammonium

binding pocket. Because GBB inhibition was not observed at low concentrations with psBBOX, the

lack of substrate inhibition by GBBF or GBBNF is not surprising.

Table 5 Kinetic properties of GBBF turnover by psBBOX and hBBOX.

enzyme KM [uM]  Vmax [uMs-1] kcat [s-1] Kl [uM]

psBBOX 623+102 0.47+0.05 0.59 -

hBBOX 20+9 0.11+0.02 0.14 136+44
Table 6 Kinetic properties of GBBNF turnover by psBBOX and hBBOX.

enzyme Kum [UM] Vinax [HMs™] Keat [57] K [uM]

psBBOX 412448 1.0£0.07 5.0 -

hBBOX 17+13 0.12+0.04 0.30 2241209
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Figure 19 Dependence of initial reaction rate on the GBBF concentration for psBBOX (A) and hBBOX (B).
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Figure 20 Dependence of initial reaction rate on the GBBNF concentration for psBBOX (A) and hBBOX (B).
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6 Reaction with L- and D-carnitine

D-Carnitine (S-carnitine) is the enantiomer of physiologically active L-carnitine (R-carnitine). It is
not produced in animals but some bacteria are able to synthesise and metabolize D-carnitine,® with
the most common catabolic pathways involving carnitine racemase and carnitine dehydrogenase.**°
It was previously shown that human BBOX can hydroxylate D-carnitine to yield 3-keto-GBB'’
(Scheme 2), presumably via the same mechanism by which GBBF, is converted.* psBBOX was also
able to oxidise D-carnitine in a similar fashion to the human enzyme, yielding the same set of
products, as determined by ‘*H NMR (i.e. 3-keto-GBB). D-Carnitine was a poor psBBOX substrate
with the initial rate only at approximately 6% of the psBBOX catalysed GBB hydroxylation. A high
level of uncoupled turnover was also observed (Table 7, Fig. 21). The rate of hydroxylation was
comparable to that for GBBF (initial rate of 0.018 uM/s vs 0.028 uM/s for GBBF). D-Carnitine is a
better substrate for hBBOX with the initial rate at a level of 42% of hBBOX catalysed GBB
hydroxylation. The level of uncoupled 20G turnover is similar to that measured for the psBBOX
catalysed reaction.

L-Carnitine is the product of BBOX catalysed hydroxylation of GBB. It was previously
demonstrated that human BBOX can further oxidise L-carnitine in vitro to yield its keto form, which
then spontaneously decarboxylates to yield trimetylaminoacetone.” The proposed mechanism of
GBB hydroxylation by BBOX consists of a hydrogen abstraction/oxygen insertion step®™. The
reaction is stereospecific and in a native form, this is ensured by positioning of a substrate in the
active site, which enables only pro-(R) C-H bond cleavage.*® However, in L-carnitine the pro-(R)
position is occupied by a hydroxyl group, implying that L-carnitine has to adopt a different
arrangement in the active site or that a different mechanism has to be employed for catalysis to take
place. A similar observation was made with the fluorinated L-carnitine analogue, (3R)-fluoro-GBB,
which was shown to slowly undergo hBBOX catalysed oxidation with subsequent fluoride release,
yielding same products as (3S)-fluoro-GBB in the hBBOX catalysed reaction®® (Chapter 2). It was
found that L-carnitine was not a substrate for psBBOX under the tested reaction conditions (see
Experimental section). However, it stimulates uncoupled 20G turnover at a level of around 13% of
the total 20G turnover measured for native psBBOX catalysed GBB hydroxylation. L-Carnitine was
a rather poor substrate for hBBOX with the initial rate at approximately 4% of hBBOX catalysed
GBB hydroxylation. A large amount of uncoupled 20G turnover was also observed, consistent with

data obtained before.'’
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Scheme 2 BBOX catalysed D- and L-carnitine oxidation.

Table 7 Rates of D-carnitine hydroxylation by human and psBBOX.

Ratio of succinate
formation to
hydroxylation

hBBOX 0.055 0.127 2.3
psBBOX 0.018 0.054 3.0

Initial rate of Initial rate of succinate

Sz hydroxylation [uM/s] formation [UM/s]
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Figure 21 Time course of psBBOX (A) and hBBOX (B) catalysed reaction with D-carnitine as observed by
0x0-GBB and succinate formation. Overlay of hBBOX and psBBOX catalysed GBB hydroxylation (C).

Table 8 Rates of L-carnitine hydroxylation by human and psBBOX.

Ratio of succinate

enzyme o Initial rate of Initial rate of succinate formation to
ydroxylation [UM/s] formation [UM/s] hydroxylation
BBOX 0.0048 0.0760 15.8
psBBOX 0 0.0440 -
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Figure 22 Time course of psBBOX (A) and hBBOX (B) catalysed reaction with L-carnitine as observed by
0x0-GBB and succinate formation. Overlay of hBBOX and psBBOX catalysed GBB hydroxylation (C).
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7 Alternative substrates

7.1 GBB analogues with different carbon chain lengths

Structural analogues of GBB have been reported to be substrates for hBBOX. 3-
Trimethylaminopropionate (GBB-3) and 5-trimethylaminovalerate (GBB-5) were found to be
hydroxylated by hBBOX at C-2 and C-3, respectively.'” A similar experiment with psBBOX
revealed that only GBB-5 was a substrate, being hydroxylated at C-3, the same as for hBBOX
(assignments were made by 'H and 'H-"*C HSQC NMR spectra, Fig. 23). In the case of hBBOX,
GBB-3 was a reasonably good and GBB-5 a fair substrate, with GBB-3 hydroxylated at 58% and
GBB-5 at 12% of initial hydroxylation rate of GBB. Even though psBBOX did catalyse
hyroxylation of GBB-5, it was found to be a poor substrate (1.4% of the initial hydroxylation rate
compared to GBB). GBB-3 was not hydroxylated even when a high concentration of psBBOX was
used (13 uM). Both GBB-5 and GBB-3 stimulated uncoupled 20G turnover with psBBOX, which

suggest that they, at least weakly, bind to the active site, however in a predominantly unproductive

manner.
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HO N*— HO N*—
j‘(\/\/ N /_\ W \
o) 20G Succinate O OH
GBB-5 0, CO,
| hBBOX S
HO N*— HO N*—
TN TN \
gBB 3 20G Succinate ©
- 0, CO,
Scheme 3 BBOX catalysed GBB-5 and GBB-3 oxidation.
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Figure 23 *H and *C NMR assignments of GBB-5 and its hydroxylation product (A). GBB-5 hydroxylation
by psBBOX — *H-*C HSQC NMR spectra of reaction mixture (B).
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Table 9 Rates of GBB-5 and GBB-3 hydroxylation as catalysed by human and psBBOX.

Initial rate of Initial rate of Ratio of succinate
Enzyme Substrate hydroxylation [LM/s] succinate formation formation to
yaroxy H [UM/s] hydroxylation
GBB-5 0.016 0.029 1.8
hBBOX
GBB-3 0.075 0.087 1.2
GBB-5 0.004 0.035 8.8
psBBOX
GBB-3 0 0.036 -
A Em -e product 1 B E:zs- -e product 1
< -& succinate .5 20 - -& succinate
E £ 15 .
§ g 10 n »
a aIZI 5l!ll] 1IJIIZIIJ 15II]IZI a 3IZI 5l!ll] 1IJIIZIIJ 15II]I]
time [s] time [s]

Figure 24 Time course of psBBOX (A) and hBBOX (B) catalysed reaction with GBB-5 as observed by
hydroxylated product and succinate formation.
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Figure 25 Time course of psBBOX (A) and hBBOX (B) catalysed reaction with GBB-3 as observed by
hydroxylated product and succinate formation.

7.2 Amino acid hydroxylation

psBBOX was found to hydroxylate both (R) and (S) enantiomers of 2-amino-GBB (denoted as GBB-
NH(R) and GBB-NH(S) respectively). This is the first example of BBOX catalysed a-amino acid
hydroxylation. This process enables production of 1,2-aminoalcohols (as assigned by *H and *H-*C
HSQC NMR (Scheme 4, Fig. 26)). GBB-NH(S) and GBB-NH(R) where much poorer substrates for
psBBOX compared to GBB (Table 10, Fig. 27), nevertheless full conversion to 1,2-aminoalcohol
can be reached after prolonged reaction times. In contrast, hBBOX was not able to hydroxylate 2-
substituted derivatives of GBB, which is consistent with crystallographic analyses demonstrating
that the hBBOX GBB binding site may have less space to accommodate 2-sushtituted GBB
analogues compared with psBBOX (Fig. 15).
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Uncovering new synthetic routes to o,B-aminoacids is interesting, as this class of compounds
presents a common motif in many biologically relevant systems including peptidyl motifs
hydroxylated by other 20G dependent oxygenases. Further engineering of BBOX could allow
obtaining of broader range of B-hydroxylated amino acids to be used e.g. as standards in
identification of products of enzyme catalysed hydroxylations or non-natural amino acids for

incorporation into peptide structures.
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Scheme 4 'H (blue) and **C (red) NMR assignments of GBB-NH(R), GBB-NH(S) and substrates and their
hydroxylation product at 280K.
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Figure 26 NMR assignments of GBB-NH(R) and GBB-NH(S) hydroxylation products. *H-*C HSQC
assignment of enzymatic reaction mixture containing hydroxylated (A) — GBB-NH(R), (B) — GBB-NH(S).
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Table 10 Rates of GBB-NH(R) and GBB-NH(S) hydroxylation by psBBOX.

.. Initial rate of Ratio of succinate
substrate h drg‘;t'?;tirg:]e[OfM Is] succinate formation formation to
yaroxy H [UM/s] hydroxylation
GBB-NH(R) 0.006 0.032 5.3
GBB-NH(S) 0.006 0.018 3.0
A E.s -e product 1 B Eﬁ- —e product 1
f= = -& succinate c —& succinate
2 84 - 2
g T 101
§ v ¢ § 5
g7, 5
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Figure 27 Time course of psBBOX catalysed hydroxylation of GBB-NH(S) (A) and GBB-NH(R) (B) as
observed by hydroxylated product and succinate formation.

7.3 Synthesis of an anthopleurine analogue

Anthopleuirne is an alarm pheromone produced by sea anemone Anthopleura elegantissima in
response to danger. Production of anthopleurine triggers the contraction of species being nearby
wounded anemones®’. Anthopleurine is a close structural analogue of GBB, dihydroxylated at C-2
and C-3, with the (2R, 3S) stereochemistry assigned® (Fig. 27). A few synthetic efforts towards
anthopleurine were reported®®, including a cross-metathesis/dihydroxylation sequence™®.

O OH

|

N+

HO ~
OH

Figure 28 Structure of anthopleurine.

In the previous section, psBBOX catalysed hydroxylation of 2-amino GBB derivatives was
discussed. In a similar manner it was found that vicinal diols can also be obtained using 2-hydroxy
GBB as a substrate analogue. (2S)-hydroxy GBB (denoted as GBB-OH(S)) underwent psBBOX
catalysed oxidation similarly to the amino GBB analogues (Scheme 5, Fig. 30). However, GBB-
OH(S) was a much better substrate than the corresponding amino analogue with an 8 times higher
initial rate of hydroxylation than GBB-NH and a lower level of uncoupling between hydroxylation
and 20G decarboxylation being observed (Table 11, Fig. 29). This is consistent with the reduced
steric requirements of the hydroxyl compared to the amino group. However, the stereochemistry of
hydroxylation of GBB-OH(S) was unassigned; the most likely stereochemical outcome of

hydroxylation is consistent with that for GBB, where the pro-(R) hydrogen is abstracted (pro-(S) in
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the case of GBB-OH(S), because of nomenclature differences), to yield (2S, 3S)-diastereomer of
anthopleurine. Judging from psBBOX catalysed hydroxylation of GBB-NH(R), (2S)-hydroxy-GBB
should be hydroxylated similarly at C-3 in a similar manner to GBB-NH(R), yielding (2S,3R)-
dihydroxy-GBB (anthopleurine). This work is under further investigation, however these initial
studies demonstrate that BBOX is able to efficiently catalyse synthesis of anthopleuirne and raises
the question of whether a similar enzyme could not be responsible for the biosynthesis of

anthopleurine in sea anemone.
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Scheme 5 'H (blue) and *C (red) NMR assignments of GBB-OH(S) and its hydroxylation product at 280K.

Table 11 Rate of GBB-OH(S) hydroxylation by psBBOX.

Initial rate of Initial rate of Ratio of succinate
Substrate hydroxylation [LM/s] succinate formation formation to
ydroxy H [UM/s] hydroxylation
GBB-OH(S) 0.048 0.069 14
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Figure 29 Time course of psBBOX catalysed hydroxylation of GBB-OH(S) as observed by hydroxylated
product and succinate formation.
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Figure 30 NMR assignments of GBB-OH(S) hydroxylation products. *H-*C HSQC assignment of enzymatic
reaction mixture containing hydroxylated GBB-OH(S).
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7.4 Non-substrate GBB analogues

Several other GBB analogues were also screened by MS to determine if they could be hydroxylated
by human or psBBOX. Analogues which underwent hydroxylation were discussed in the previous
sections, however, non-substrate analogues are worth mentioning because this may give information
of the size/flexibility of the active site. BBOX catalysis of GBB analogues with different carbon
chain lengths is limited to 5 and 3 carbons (hBBOX being able to catalyse hydroxylation of both
GBB-5 and GBB-3, psBBOX hydroxylating GBB-5 only). Neither hBBOX nor psBBOX were able
to hydroxylate GBB analogues with a 2- or 6-carbon chain (GBB-2 and GBB-6, Scheme 5A).
psBBOX was shown to hydroxylate 2-substituted GBB analogues (GBB-NH analogues) and one
carbon longer GBB derivative (GBB-5). Therefore N*-trimethyl ornithine derivatives: (S)-TMO and
(R)-TMO (Scheme 5B) were synthesized; however they were found not to be hydroxylated by either
psBBOX nor hBBOX. GBB analogues without a free carboxylate, i.e. the GBB methyl ester (GBB-
OMe) or the keto-GBB derivative (GBB-CH3) (Scheme 5C) were also found not to be substrates for
either ps- nor hBBOX. Finally, the neurotransmitter acetylcholine and its structural analogues
thioacetylcholine, carbachol and phosphocholine (Scheme 6), which were tested because of their
similarity to the GBB structure, were not substrates for human nor psBBOX.
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NH»
GBB-6 TMO-(S) GBB-CH3
(@]
o )W . o |
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GBB-2 TMO-(R) GBB-OMe

Scheme 6 Structures of GBB analogues, which were not susbtrates for psBBOX nor hBBOX.

i | i | 0 | 9 N 'L+/
- - +/ _ _ ~
acetylcholine thioacetylcholine carbachol phosphocholine

Scheme 7 Structures of acetylcholine derivatives.
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8 Summary and perspective

psBBOX can be readily expressed in E. coli, is high yielding and a stable enzyme. psBBOX was
shown to catalyse chemically interesting transformations, i.e. synthesis of 1,2-aminoalcohols and
1,2-diols, likely in a stereospecific manner. Betaines are somewhat understudied group of chemicals,
probably because of difficulty in purification and low solubility in organic solvents. However, the
effective preparation of optically pure quaternary ammonium salts could be of use in chemical
industry (e.g. as phase transfer catalysts), antimicrobials or pharmaceuticals, where this functional
group has not yet shown its full potential. In this chapter, similarities and differences between
human and Pseudomonas BBOX homologues were studied. The results, especially in view of the
tolerance of BBOX homologues towards different substrates, may be useful for engineering
psBBOX to perform an even wider range of reactions. Further structural and kinetic studies on the
psBBOX/ hBBOX system could aid in the elucidation of the role of ascorbate in 20G oxygenase
catalysis, as well as shed light on the role of KCI in hBBOX stabilisation. Finally, the good system
for studies on substrate inhibition in hBBOX is presented, which hopefully will help in
understanding the mechanistic basis of GBB inhibition phenomena, which likely regulates carnitine

biosynthesis in human cells.
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10 Experimental section

10.1 NMR

NMR assays were performed on a Bruker AVIII 700 with an inverse TCI cryoprobe using 3 mm
MATCH tubes. Pulses were calibrated using single-pulse nutation method (Bruker pulsecal routine).

Water suppression was achieved using the excitation sculpting method.

10.1.1 Enzymatic assays

10.1.1.1 Reagents

Reagents were from Sigma-Aldrich. Tris-d;; was from Cambridge Isotopes. The standard solution of
Tris-d;; buffer was 50 mM in H,O, pH 7.5 and contained 0.1% NaNs to prevent microbial growth.
20G was used as its sodium salt, ascorbate as its potassium salt, and GBB as its hydrochloride salt.
Fe(ll) stock solution was prepared by dissolving Fe(NH,4)2(SO,), in 20 mM HCI to give a final
concentration of 100 mM. The total reaction volume was 160 pL. Spectra were recorded 240 s after
enzyme addition and the typical experiment length was 16 scans.

10.1.1.2 20G kinetic parameters

20G kinetic parameters were assigned by '*H NMR using the following procedure. To a mixture
containing 0.5 mM ascorbate, 0.2 M KCI, 0.1 mM GBB (in case of psBBOX)/ 0.04 mM GBB
(hBBOX assays), 10% D0, the desired concentration of 20G in 50 mM Tris-dy; pH 7.5, and a
freshly prepared solution of the Fe(ll) salt was added to final concentration of 0.05 mM. The
reaction was then initiated by the addition of the enzyme to the reaction mixture to final
concentration of 100 nM (psBBOX) or 50 nM (hBBOX).

10.1.1.3 GBB kinetic parameters

GBB kinetic parameters were assigned by *H NMR using the following procedure. To a mixture
containing 0.5 mM ascorbate, 0.2 M KCI, 1 mM 20G, 10% D,0 and the desired concentration of
GBB in 50 mM Tris-dy; pH 7.5 a freshly prepared of solution of Fe(ll) salt was added to a final
concentration of 0.05 mM. The reaction was initiated by addition of enzyme to the reaction mixture
to final concentration of 50 nM.

10.1.1.4 Uncoupled turnover assays

Uncoupled turnover assays used the following conditions: 0.5 mM 20G, 0.5 mM ascorbate, 0.2 M
KCI, 50 uM Fe, 10% D,0O in 50 mM Tris-d;; pH 7.5. The reaction was initiated by the addition of
enzyme to a final concentration of 400 nM. A control with no enzyme added was performed to
ensure there was no measurable non-enzymatic 20G turnover in the assay conditions.

10.1.1.5 Ascorbate dependence assays

Ascorbate dependence assays used the following conditions: 0.5 mM 20G, 0.1 mM GBB, 0.2 M
KCI, 50 uM Fe, 0.5 mM or 0 mM ascorbate, 10% D,O in 50 mM Tris-dy; pH 7.5. Reactions were

initiated by the addition of enzyme to a final concentration of 400 nM.
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10.1.1.6 KCI dependence assays

KCI dependence assays used the following conditions: 0.1 mM GBB, 0.5 mM 20G, 0.5 mM
ascorbate, the desired amount of KCI, 50 uM Fe, 10% D,0O in 50 mM Tris-d;; pH 7.5. Reactions
were initiated by the addition of enzyme to a final concentration of 50 nM.

10.1.1.7 GBBF/GBBNF Kinetic parameters

GBBF/GBBNF kinetic parameters were assigned by *H NMR using the following procedure. To a
mixture containing 0.5 mM ascorbate, 0.2 M KCI, 1 mM 20G, 10% D,O and the desired
concentration of GBBF/GBBNF in 50 mM Tris-d;; pH 7.5, was added a freshly prepared solution of
Fe(1) salt (final concentration of 0.05 mM). The reaction was initiated by addition of enzyme to the
reaction mixture to give a final concentration of 800 nM (for GBBF assays)/200 nM (psBBOX,
GBBNF assays, 400 nM (hBBOX, GBBNF assays).

10.1.1.8 Time-course assays of GBB/ GBBF/ GBBNF hydroxylations

Time-course assays of GBB/GBBF/GBBNF hydroxylations were measured using the following
conditions: 100 uM GBB analogue, 0.5 mM 20G, 0.5 mM ascorbate, 0.2 M KCI, 50 uM Fe, 10%
D,0 in 50 mM Tris-d;; pH 7.5. The reaction was initiated by addition of enzyme to final
concentration of 400 nM.

10.1.1.9 Time-course assays of D- and L-carnitine hydroxylations

Time-course assays of D- and L-carnitine hydroxylations were measured using following conditions:
100 uM carnitine analogue, 0.5 mM 20G, 0.5 mM ascorbate, 0.2 M KCI, 50 uM Fe, 10% D,0O in 50
mM Tris-dy; pH 7.5. Reaction was initiated by the addition of enzyme to a final concentration of 400
nM.

10.1.1.10 Time-course assays of other GBB analogues hydroxylations

Time-course assays of GBB-5, GBB-3, GBB-NH(R), GBB-NH(S) and GBB-OH(S) hydroxylations
were measured using following conditions: 100 uM GBB analogue, 0.5 mM 20G, 0.5 mM
ascorbate, 0.2 M KCI, 50 uM Fe, 10% D,O in 50 mM Tris-dy; pH 7.5. Reaction was initiated by
addition of enzyme to final concentration of 400 nM.

10.1.1.11 NMR assignments

Assignment for GBB-5, GBB-NH(R), GBB-NH(S) and GBB-OH(S) hydroxylation products was
done using 0.2 mM GBB-5, 0.5 mM 20G, 0.2 M KCI, 50 uM Fe, in 50 mM Tris-d;; pH 7.5 in D,0,
using a 10 uM final concentration of psBBOX added in two portions with a 2 h interval in between
additions. Assignment for GBB-NH(R), GBB-NH(S) and GBB-OH(S) was performed at 280 K.
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10.2 MS screening

Initial screens for BBOX substrates were performed on a Waters LCT Premier Instrument, fitted
with time of flight (ToF) analyser and employing Electron impact Chemical lonisation. Samples
were measured using direct injection (no column attached) and analysed for the presence of a +16
peak to the initial mass of a substrate.

Enzymatic assays were run in the following conditions: 100 uM substrate, 1 mM 2-oxoglutarate
disodium salt, 100 uM Fe(11) (Fe(NH,)2(SO,), salt), solution prepared fresh before experiment from
concentrated stock in 20 mM HCI), 200 mM KCI, 500 uM ascorbic acid sodium salt, 1 uM enzyme,
buffer: 50 mM phosphate pH 7.0, final volume 200 pL. Each assay contained samples run with
hBBOX, psBBOX and control with no enzyme added.

10.3 Modelling and alignments

10.3.1 Homology modelling
Homology modelling was done using the SWISS-MODEL server (available from the EXPASY

website: http://swissmodel.expasy.org/), using an automatic alignment mode and the human BBOX
structure with PDB id: 302G as a template. Template for homology modelling was chosen by user,
sequence alignment was performed in the automatic mode, theoretical model was obtained with a
QMEAN score of 0.62 (QMEAN score estimates model quality on the scale 0-1). Protein structures

were visualised using PyMOL software.

10.3.2 Sequence alignments

Sequence alignments were done using the Clustal Omega program for multiple sequence alignment,
accessible from EMBL-EBI servers (http://www.ebi.ac.uk/Tools/msa/clustalo/). Alignment was

visualised using GeneDoc software.
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10.4 Protein preparation

y-Butyrobetaine hydroxylase from Pseudomonas sp. AK1 (gi 385463), was produced with the
sequence below. The first N-terminal 17 residues (in bold) result from the vector encoding sequence.

MNHKVHHHHHHIEGRHMNAIADYRTFPLISPLASAASFASGVSVTWADGRVSPFHNLWL
RDNCPCGDCVYEVTREQVFLVADVPEDIQVQAVTIGDDGRLVVQWDDGHASAYHPGWLR
AHAYDAQSLAEREAARPHKHRWMQGLSLPVYDHGAVMQDDDTLLEWLLAVRDVGLTQL
HGVPTEPGALIPLAKRISFIRESNFGVLFDVRSKADADSNAYTAFNLPLHTDLPTRELQPGLQ
FLHCLVNDATGGNSTFVDGFAIAEALRIEAPAAYRLLCETPVEFRNKDRHSDYRCTAPVIAL
DSSGEVREIRLANFLRAPFQMDAQRMPDYYLAYRRFIQMTREPRFCFTRRLEAGQLWCFDN
RRVLHARDAFDPASGDRHFQGCYVDRDELLSRILVLQR

10.4.1 Size exclusion chromatography

Size exclusion chromatography was performed using a Superdex S200 (300 mL) column, which was
equilibrated with 1CV of water and 1 CV gel filtration buffer (50 mM Tris-HCI pH 7.5, 200 mM
NaCl) at flow rate of 2 mL/min. The protein solution was loaded using a 2 mL loop. Protein was
eluted with gel filtration buffer and fractions were UV level was above 10 mAU (absorbance at 280
nm) were collected (5 mL each) and analysed by SDS-PAGE. The desired fractions were combined,

concentrated if desired, aliquoted and stored at -80°C, unless further purification was required.

10.4.2 lon exchange chromatography

lon exchange chromatography was performed using a Source-Q exchange column using 25 mM
Tris-HCI buffer pH 7.5 and gradient of 0-200 mM NacCl.

10.5 Data processing

NMR data were processed using TopSpin 3.1 software (Bruker). Kinetic analyses were carried out
using GraphPad Prism software. The standard Michaelis-Menten model was used for most fits.
Substrate inhibition was fitted with the built-in equation from GraphPad Prism:
Y=Vima XI(Ky + X*(1+X/Kj)), where Vs is the maximum enzyme velocity, if the substrate did not
also inhibit enzyme activity, expressed in the same units as Y. Ky, is the Michaelis-Menten constant,
expressed in the same units as X. K; is the dissociation constant for substrate binding in such a way
that two substrates can bind to an enzyme. It is expressed in the same units as X. The equation is

based on equation 5.44, in RA Copeland, Enzymes, 2nd edition, Wiley, 2000.
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10.6 Synthesis

10.6.1 Reagents

General synthetic considerations were according to those described in the Synthesis section of
Appendix 1. y-Butyrobetaine, L-carnitine, D-carnitine, glycine betaine (GBB-2), 2-oxoglutarate,
acetylcholine, thioacetylcholine, carbachol, phosphocholine and synthetic precursors were from
Sigma-Aldrich. GBBF and GBBNF were synthesized as described in Chapter 2.

10.6.2 General procedure |

To a solution of corresponding bromide derivative in anhydrous acetonitrile (1 equiv.) a 4.2 M
solution of trimethylamine in ethanol was added (1.5 equiv), then the mixture was stirred for 3 h,
upon which a white precipitate formed. Solvents and trimethylamine were evaporated in vacuo.
Residues was taken up in small volume of cold acetonitrile and solid was filtered off and dried under
vacuum to yield the desired product as bromide salt.

0 NMej O

X)K/H;Br MeCN XJ\/H;ITF\/ Br
compound n X
GBB-3 1 H
GBB-5 3 H
GBB-6 4 H
GBB-OMe 2 OCHjs
GBB-CH3 2 CHs

10.6.2.1 NP-trimethyl-3-aminopropionic acid bromide (GBB-3)
0]

Ho)vrr(
GBB-3 (125 mg, 0.6 mmol, 80%) was obtained as a white solid starting from 3-bromopropionic acid
(100 mg, 0.66 mmol) and following the General Procedure 1. '"H NMR (400 MHz, D,0) & = 3.53 (t,
J=7.5 Hz, 2 H), 3.04 (s, 9 H), 2.74 (it, J=7.5, 1.5 Hz, 2 H) ppm, *C NMR (101 MHz, D,0) & =
174.9, 62.5, 52.9, 29.5 ppm. Mp = 170-172°C. HRMS (ESI-TOF) calcd for C¢H14,NO," [M']:
132.1019, found: 132.1023. FT-IR vmax (neat): 2950, 1704, 1489, 1386, 1256 cm™.
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10.6.2.2 N°-trimethyl-5-aminopentanoic acid bromide (GBB-5)

HO)W,T(
GBB-5 (105 mg, 0.40 mmol, 88%) was obtained as a white solid starting from 5-bromopentanoic
acid (100 mg, 0.50 mmol) and following the General Procedure 1. *"H NMR (400 MHz, D,0) & =
3.20 - 3.29 (m, 2 H), 3.01 (s, 10 H), 2.37 (t, J=7.0 Hz, 2 H), 1.73 (d, J=8.0 Hz, 2 H), 1.49 - 1.63 (m,
2 H) ppm, *C NMR (101 MHz, D,0) & = 178.0, 66.1, 52.8, 44.7, 33.0, 21.8, 21.0 ppm. Mp = 160-
162°C. HRMS (ESI-TOF) calcd for CgHigNO," [M*]: 160.1332, found: 160.1336. FT-IR vmax
(neat): 2955, 2472, 2160, 1709, 1401, 1167 cm™.

10.6.2.3 N°*-trimethyl-6-aminohexanoic acid bromide (GBB-6)
o

| .
N+
HO)W\/ ~

GBB-6 (105 mg, 0.40 mmol, 78%) was obtained as a white solid starting from 5-bromohexanoic
acid (100 mg, 0.50 mmol) and following the General Procedure 1. *"H NMR (400 MHz, D,0) & =
3.16 - 3.26 (m, 2 H), 3.00 (s, 9 H), 2.31 (t, J=7.5 Hz, 2 H), 1.71 (dt, J=8.0, 4.0 Hz, 2 H), 1.49 - 1.62
(m, 2 H), 1.24 - 1.36 (m, 2 H) ppm, *C NMR (101 MHz, D,0) & = 178.8, 66.4, 52.8, 33.5, 24.9,
23.7, 22.0 ppm. Mp = 177-179°C. HRMS (ESI-TOF) calcd for CsHpoNO," [M*]: 174.1489, found:
174.1492. FT-IR vmax (neat): 2910, 1720, 1483, 1396, 1174 cm™.

10.6.2.4 N°*-trimethyl-4-aminobutanoic acid methyl ester bromide (GBB-OMe)
7 P

\OMNK
GBB-OMe (60 mg, 0.40 mmol, 75%) was obtained as a white solid starting from 4-bromobutanoic
acid methyl ester (50 mg, 0.50 mmol) and following the General Procedure 1. *H NMR (400 MHz,
D,0) 6 =3.59 (s, 3 H), 3.19 - 3.30 (m, 2 H), 3.02 (s, 9 H), 2.40 (t, J=7.0 Hz, 2 H), 1.91 - 2.06 (m, 2
H) ppm, *C NMR (101 MHz, D,0) & = 175.0, 65.3, 52.8, 52.3, 29.9, 17.8 ppm. Mp = 75-77°C.
HRMS (ESI-TOF) calcd for CgHisNO,* [M*]: 160.1332, found: 160.1330. FT-IR vmax (neat): 1736,
1480, 1380, 1193 cm™.
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10.6.2.5 N°-trimethyl-4-amino-2-oxopentane bromide (GBB-CH3)

T P
M~
GBB-OMe (54 mg, 0.20 mmol, 80%) was obtained as a white hygroscopic solid following the
general procedure I, starting from 4-bromo-2-oxopentane (50 mg, 0.30 mmol), which was prepared
from a-acetylbytyrolactone according to literature procedure®. *H NMR (400 MHz, D,0) & = 3.19 -
3.27 (m, 2 H), 3.05 (s, 9 H), 2.64 (t, J=7.0 Hz, 2 H), 2.14 (s, 3 H), 1.88 - 1.99 (m, 2 H) ppm, **C
NMR (101 MHz, D,0O) 6 = 213.2, 65.4, 65.4, 52.8, 38.9, 29.2, 16.6 ppm. Mp = 97-99°C. HRMS
(ESI-TOF) calcd for CsHisNO* [M']: 144.1383, found: 144.1382. FT-IR vmax (neat): 1708, 1484,
1362, 1174 cm™.

10.6.3 General Procedure Il

The appropriate N-Boc amino derivative (1 equiv.) was dissolved in methanol (5 mL) along with
K,COs (4 equiv.), treated with an excess of iodomethane (5 equiv.) and stirred at room temperature
for 24 h. The methanol was evaporated, and resultant residue dissolved in water (1 mL) and acidified
with concentrated HCI. The mixture was stirred for 1 h and then washed with diethyl ether. Water
was then evaporated in vacuo and resultant residue was purified by HPLC (preparative C-18 reverse
phase column; gradient: 50% B in 15 min, where A — water, 0.05% formic acid, B — acetonitrile,
0.1% formic acid; fractions containing product identified using Evaporative Light Scattering
Detection (ELSD). The desired fractions were combined and freeze-dried to yield the product as a
highly hygroscopic solid. Due to low level of compound recovery after HPLC purification, some of
the assays used crude products if pure by *H NMR (which contained compound and KCI mixture,
concentration of organic sample was determined by *H NMR). Due to small amounts of purified
product IR spectra and optical rotation values are not reported. Melting points are not given due to
highly hygroscopic nature of obtained material.

1. CHsl
O K,CO3, MeOH o
HO)SCHHNHz 2. HCl/ H,0 HO%’T‘(
R, Ry R; R4
compound n R, R, R; R,
GBB-NH(S) 2 H NHBoc H NH,
GBB-NH(R) 2 NHBoc H NH, H
TMO-(S) 3 H NHBoc H NH,
TMO-(R) 3 NHBoc H NH, H
GBB-OH(S) 2 H OH H OH
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10.6.3.1 Ny-trimethyl-(S)-2,4-diaminobutanoic acid (GBB-NH(S))

B
HOMN\

GBB-NH(S) trifluoroacetic acid (TFA) salt (6 mg, 0.022 mmol, 10%) was obtained starting from
(S)-4-amino-2-((tert-butoxycarbonyl)amino)butanoic acid (50 mg, 0.23 mmol) and following the
general procedure 2. *H NMR (700 MHz, D,0) & = 3.81 (t, J=6.5 Hz, 1 H), 3.55 (td, J = 12.5, 4.5
Hz, 1 H), 3.41 (td, J = 12.5, 4.5 Hz, 1 H), 3.10 (s, 9 H), 2.25 - 2.38 (m, 2 H) ppm, *C NMR (126
MHz, D,0) & = 172.1, 62.6, 53.0, 51.5, 24.1 ppm. HRMS (ESI-TOF) calcd for C;H:;N,0," [M*]:
161.1285, found: 161.1283.

10.6.3.2 Ny-trimethyl-(R)-2,4-diaminobutanoic acid (GBB-NH(R))

T P
HO)K(\/ NS

NH,

GBB-NH(R) TFA salt (5.0 mg, 0.018 mmol, 8%) was obtained starting from (R)-4-amino-2-((tert-
butoxycarbonyl)amino)butanoic acid (50 mg, 0.23 mmol) and following the general procedure 2. *H
NMR (700 MHz, D,0) 6 = 3.81 (t, J=6.5 Hz, 1 H), 3.55 (td, J = 12.5, 45 Hz, 1 H), 3.41 (td, J =
12.5, 4.5 Hz, 1 H), 3.10 (s, 9 H), 2.25 - 2.38 (m, 2 H) ppm, *C NMR (126 MHz, D,0) & = 172.1,
62.6, 53.0, 51.5, 24.1 ppm. HRMS (ESI-TOF) calcd for C;H;7N,O," [M*]: 161.1285, found:
161.1283.

10.6.3.3 Né-trimethyl-(S)-2,5-diaminopentanoic acid (TMO-(S), Ne-trimethylamino-(S)-

ornithine)

TMO-(S) trifluoroacetic acid (TFA) salt (7 mg, 0.025 mmol, 11%) was obtained starting from (S)-5-
amino-2-((tert-butoxycarbonyl)amino)pentanoic acid (50 mg, 0.22 mmol) and following the general
procedure 2. *H NMR (700 MHz, D,0) & = 4.05 (t, J = 6.0 Hz, 1 H), 3.36 (t, = 8.0, 2 H), 3.09 (s, 9
H), 1.86 - 2.04 ppm, *C NMR (101 MHz, D,0) & = 171.8, 65.4, 53.1, 38.8, 26.6, 18.7 ppm. HRMS
(ESI-TOF) calcd for CgHigN,O," [M*]: 175.1441, found: 175.1448.
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10.6.3.4 Né-trimethyl-(R)-2,5-diaminopentanocic acid (TMO-(R), Ne-trimethylamino-(R)-

ornithine)

TMO-(R) trifluoroacetic acid (TFA) salt (7 mg, 0.025 mmol, 11%) was obtained starting from (S)-5-
amino-2-((tert-butoxycarbonyl)amino)pentanoic acid (50 mg, 0.22 mmol) and following the general
procedure 2. *H NMR (700 MHz, D,0) & = 4.05 (t, J = 6.0 Hz, 1 H), 3.36 (t, J = 8.0, 2 H), 3.09 (s, 9
H), 1.86 - 2.04 ppm, *C NMR (101 MHz, D,0) & = 171.8, 65.4, 53.1, 38.8, 26.6, 18.7 ppm. HRMS
(ESI-TOF) calcd for CgH1oN,0," [M*]: 175.1441, found: 175.1434.

10.6.3.5 Ny-trimethyl-(S)-4-amino-2-hydroxybutanoic acid (GBB-OH(S))
0]

P
HOMN\

OH

GBB-OH(S) was obtained starting from 4-amino-2-hydroxybutanoic acid hydrochloride and
following the general procedure 2. *"H NMR (400 MHz, D,0) & = 4.09 (dd, J = 7.3, 4.2 Hz, 1 H),
3.40 - 3.52 (m, 1 H), 3.27 - 3.38 (m, 1 H), 3.11 (s, 10 H), 2.21 (tt, J = 12.6, 4.4 Hz, 1 H), 2.06 (tdd, J
=125, 12.5, 7.2, 5.1 Hz, 1 H) ppm, **C NMR (101 MHz, D,0) & = 179.5, 69.3, 63.6, 53.2, 27.8
ppm. HRMS (ESI-TOF) calcd for CgH:sNO," [M]: 162.1125, found: 162.1125.
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1 Molecular Biology
1.1 General

1.1.1 Reagents

Reagents were obtained from Sigma-Aldrich, Stratagene, New England Biolabs, Invitrogen, Bio-
Rad or Roche unless stated otherwise. Purified (Milli-Q) water used for experiments was from a

Millipore Elix® Reverse Osmosis system which was further purified by a Millipore Milli-Q®

Synthesis system with a 0.22 um filter on the outlet.

1.2 Microbiology

Work involving bacterial strains was carried out following standard sterile practices, employing
either open flame or Heraeus laminar flow hood. Media and plasticware were sterilized by
autoclaving at 121 °C for 20 min. Solutions of IPTG, antibiotic etc. were sterilized using 0.2 um

filters (Minisart®, Sartorious Stedim).
1.2.1 Bacterial cultures

Bacterial plate cultures were prepared in petri dishes with LB media containing 2% (w/v) agar with
the appropriate antibiotic. Standard procedure involved incubation of plate overnight in 37°C. Plates
were stored at 4°C if desired.

Liquid cultures were prepared using 2TY medium and appropriate antibiotic either in 500 mL
conical flasks (100 mL cultures) or in 50 mL falcon tubes (10 mL cultures). Following inoculation
by single bacterial colony from plate or glycerol stock cultures were incubated overnight at 37°C
with shaking (200 rpm). Large scale growths were performed in 2 L conical flasks containing 600
mL 2TY media supplemented with appropriate antibiotic, with shaking (100 rpm). Growth was
initiated by addition of 6 mL of small starter culture prepared night before.

Optical density readings were taken at 600 nm using a Novaspec® 11 spectrophotometer (Pharmacia)

in 1 ml cuvettes and referenced to the growth media at zero time.
1.2.2 Growth media

All media were autoclaved at 121 °C for 20 min before use. LB (Luria-Bertani) medium contained
10g Bacto tryptone, 5g Yeast extracts, 10g NaCl, 15g Agar per liter. 2TY (2x Tryptone/Yeast)
medium contained: 16 g Bacto tryptone, 10g Yeast extracts, 5g NaCl. SOC media contained: 2TY
media supplemented with 10 mL of 1M MgCl, and 20 mL of 2M glucose solutions per liter of

media.
1.2.3 Bacterial strains

E. coli strains used:
BL21(DE3): F ompT hsdSg (rg'mg’) gal dcm (DE3).
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XL1(Blue): recAl endAl gyrA96 thi-1 hsdR17 supE44 relAl lac [F’proAB lacl’Z M15
Tn10(Tet")]

XL10 (Gold): Tet" D(mcrA)183 D(mcrCB-hsdSMR-mrr)173 endAl supE44 thi-1 recAl gyrA96
relAl lac The [F’ proAB laclgZDM15 Tn10 (Tet") Amy Cam'].

1.2.4 Competent cells

Competent cells were either from Stratagene or prepared following protocol: 100 mL of 2TY media
was inoculated with 0.2 mL of overnight starter culture and grown to ODgy 0.6-0.8 with shaking
(220 rpm, 37°C). Cells were centrifuged at 750 x g, 4°C for 5 minutes, gently resuspended in 50 mL
sterile 100 mM CacCl,/20% (v/v) glycerol solution and incubated on ice for 20 min prior to another
centrifugation at 750 x g, 4°C for 5 minutes. Cell pellets were resuspended in 2 mL of 100 mM
CaCl,/20% (v/v) glycerol solution, aliquoted into sterile Eppendorf vials and stored immediately at -
80°C.

1.25 Antibiotics

Final concentrations of antibiotics unless indicated otherwise were: ampicillin, 50 ug/ml; kanamycin
30 pg/ml, chloramphenicol 50 ug/ml.

1.2.6 Celllysis

Cell pellets were collected by centrifugation and frozen overnight in -80°C. Frozen cell pellet was
weight out and resuspended in 5x weight of His column binding buffer (section 1.6) with addition of
protease inhibitor cocktail tablet (Roche) and 0.5 mg of DNAse I. Cells were kept on ice and lysed
by sonication (in a sequence of 10 sec bursts followed by 10 sec break for 10 min in total) using a
Vibra Cell VCX 500 with a 13 mm probe. Cell suspension was centrifuged at 14,000 rpm for 20
minutes at 4°C and the supernatant was decanted from the resulting pellet. The supernatant was then
filtered using a 0.4 pM Omnipore " filter (Millipore U.K.).

Small scale lysis (e.g. expression trials growths) was performed on Soniprep 150 sonicator (Sanyo)
at an amplitude of 10 microns and micro-centrifuged at room temperature for 10 minutes.

1.2.7 Transformations

Competent cells (30 ul) were thawed on ice prior to addition of 2 pl of plasmid DNA. Mixture was
incubated on ice for 30 minutes and then placed in the 42°C water bath for 30 sec or 45 sec. Cells
were incubated on ice for further 2 min and then preheated to 37°C SOC medium (0.5 mL) was
added. Mixture was stirred gently and incubated in 37°C water bath for an hour and then 0.1 mL of
mixture was streaked on the agar plate containing appropriate antibiotic. Plates were inverted and

incubated at 37°C overnight.
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Transformations for co-expressions were carried out in an analogous way with 2 ul of each plasmid
DNA mixed into competent cell suspension. Colonies were selected on agar plates containing
mixture of appropriate antibiotics (co-transformed plasmids bear different antibiotic resistance
genes).

1.2.8 Glycerol stocks

Glycerol stock of bacterial cell cultures was prepared by the addition of 75% (v/v) glycerol (250pL)
to cell culture (650uL), with gentle mixing. The glycerol stocks were stored at -80°C.

1.3 DNA purification and quantification

DNA purification was done using DNA purification kit (Quiagen). DNA concentration was
measured using a NanoDropR ND-1000 spectrometer (absorbance at 260 nm). A 260/280 nm
absorbance ratio was calculated as purity reference (at 280 nM single stranded DNA/ RNA and
proteins absorb)

1.4 Cloning

1.4.1 Plasmids

pCOLD I plasmid and Chaperone Plasmid Set were from Takara Bio. pET28a(+) plasmid was from

Novagen.
142 Genes

psBBOX gene was obtained from Life Technologies GeneArt gene synthesis services supplied as
constructs in p-MA-T vector, cloned on Ndel and BamHI restriction sites. pFASTbac vector
containing human BBOX gene was obtained from Dr Grazyna Kochan (SGC, Oxford).

1.5 Sequencing

Sequencing was performed by Geneservice Ltd., Department of Biochemistry, University of Oxford.
Constructs under T7 promoter were sequenced using standard T7 primers:

T7 forward: 5- TAATACGACTCACTATAGGG -3'

T7 reverse: 5'- GCTAGTTATTGCTCAGCGG -3'

pCOLDI constructs were sequence using plasmids recommended by manufacturer:

pCOLDI forward: 5-~ACGCCATATCGCCGAAAGG

pCOLDI reverse: 5-GGCAGGGATCTTAGATTCTG

1.6 Agarose gels

DNA samples were analysed employing horizontal agarose gel electrophoresis. Gels were prepared
by boiling 1.5% agarose in TAE buffer (40 mM Tris-HCI, 20 mM acetic acid, 1 mM EDTA, pH
adjusted to 8.3). Sybr Safe DNA gel stain (Invitrogen) was added before gel casting (1/20000 v/v)

284



Appendix 1 Materials and methods

into gel tray up to 0.7 cm depth. Comb was inserted and gel was allowed to solidify at room
temperature. Samples were mixed with loading buffer (6 x, New England Biolabs), loaded on gel
and run in TAE buffer on a Bio-Rad microprocessor (Model 1000/500 or Model 200/2.0) system at
80 V. As a reference 1 kb DNA ladder (GeneRuler, Fermentas) was used. Visualisation was done by
UV irradiation in a Gel Logic 200 imaging system (Kodak) and 535 nm emission filter. For
purification bands were cut using sharp blade and purified using Gel extraction kit (Qiagen)
following the manufacturers protocol.

1.7  Protein purification

Protein purification was on an Amersham Pharmacia Biotech Akta FPLC System (P920 pump
system, IPC900 UV detector, Frac900 fraction collector, controlled by Amersham Pharmacia
Unicorn Software v4.00.16).

1.7.1 His-tagged protein purification
1.7.1.1 General method

Purification of the His.tagged proteins was carried out on a 5 ml nickel affinity column HisTrap
(Novagen). Column was pre-equilibrated with 10 CV (column volumes) of binding buffer, then cell
lysate was loaded using FPLC pump and column was washed with 5 CV of binding buffer, followed
by washing by wash buffer until absorbance reached base line (usually 5-10 CV). Usual flow rate
was 1 mL/min. Protein was eluted with elution buffer (5 CV) using FPLC fraction collector (3 mL
fractions) and fractions which displayed absorbance at 280 nm were analysed by SDS-PAGE. The
desired fractions were combined and concentrated to 2.5 mL and applied to PD10 desalting column
to exchange into desired buffer. Protein was aliquoted and frozen at -80°C, unless further
purification was required. HisTrap column was treated with 5CV of strip buffer, followed by 10 CV
of Milli-Q water, 3 CV of charge buffer and 20 CV of Milli-Q water to be ready for next use.

1.7.1.2 Buffers

Buffers used in HisTrap purifications were as follows:

charge buffer — 100 mM NiSO,

binding buffer — 50mM HEPES pH 7.6, 0.5M NaCl, 5 mM imidazole

wash buffer — 50mM HEPES pH 7.6, 0.5M NaCl, 30 mM imidazole

elution buffer — 50mM HEPES pH 7.6, 0.5M NaCl, 500 mM imidazole

strip buffer — 50mM HEPES pH 7.6, 0.5M NaCl, 100 mM EDTA

1.7.2 Size exclusion chromatography

Size exclusion chromatography was performed using Superdex S200 (300 mL) column, which was
equilibrated with 1CV of water and 1 CV gel filtration buffer (50 mM Tris-HCI pH 7.5, 200 mM

NaCl) at flow rate of 2 mL/min. Protein solution was loaded using 2 mL loop. Protein was eluted
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with gel filtration buffer and fractions were UV level was above 10 mAU (absorbance at 280 nm)
were collected (5 mL each) and analysed by SDS-PAGE. Desired fractions were combined,

concentrated if desired, aliquoted and stored at -80°C, unless further purification was required.
1.7.3  lon exchange chromatography

lon exchange chromatography was performed using Source-Q exchange column using 25 mM Tris-
HCI buffer pH 7.5 and gradient of 0-200 mM NacCl.

1.8 Protein concentration

Protein solutions were concentrated using Amicon® Ultra-4 or Ultra-15 Ultracel® PL ultrafiltration
devices (Millipore) with 10,000 or 30,000 Da nominal molecular weight limit membranes in an
Allegra™ 21R centrifuge (Beckman Coulter; S4180 rotor, 3500 rpm, 4°C).

1.9 Buffer exchange

Buffer exchange was achieved using PD10 desalting columns (GE Healthcare) according to
manufacturer’s gravity based protocol or Amicon® ultrafiltration devices (Millipore) employing

centrifugation.
1.10 Determination of protein concentration

Protein concentrations were determined using an ND-1000 spectrophotometer (NanoDrop®
Technologies) and measuring absorbance at 280 nm according to manufacturer’s instructions.
Molecular weights and extinction coefficients (g) of proteins of interest were calculated using the

ProtParam tool (http://www.expasy.ch/tools/protparam.html).
1.11 SDS-PAGE gel electrophoresis

Gels were casted using glass plates and contained of separating and stacking gel layer. Samples were
loaded after mixing 1:1 with 2x SDS-PAGE loading buffer and heating at 95°C for 5 minutes. Gels
were run on a Mini-PROTEAN Tetra Electrophoresis System (Bio-Rad) at 200 V in SDS-PAGE
running buffer. Protein ladder was used as a molecular weight marker (Thermo Scientific PageRuler
Pre-stained Protein Ladder 10-170 kDa). Gel staining was achieved by 15 min incubation with
InstantBlue™ Coomassie® stain (Expedeon).

1.11.1 Buffers

SDS-PAGE buffers were prepared as follows:

2xSDS-PAGE separating gel buffer consisted of 750 mM Tris-HCI pH 8.8 and 0.2% (w/v) SDS.
2xSDS-PAGE stacking gel buffer consisted of 250 mM Tris-HCI pH 6.8 and 0.2% (w/v) SDS.
2xSDS-PAGE loading buffer (per 100 mL) consisted of 10 mL Tris-HCI 0.5 M pH 6.8, 0.2 g
Bromophenol blue 0.2% wi/v, 20 mL SDS 10% wi/v, 12 mL glycerol, 5 mL B-mercaptoethanol.
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SDS-PAGE running buffer (per 1 L) consisted of: 30.2 g Tris base, 144 g glycine, 100 mL SDS 10%
(wi/v), 900 mL H,O.

1.11.2 Gels

Gels were prepared as follows:

Separating gel was prepared by mixing 2.5 mL 2xSDS-PAGE separating gel buffer and 2.5 mL of
30% acrylamide. Just before pouring 10 uL of TEMED (N,N,N',N'-tetramethylethylenediamine) and
30 L of 25% (w/v) APS (ammonium persulphate) were added.

Stacking gel was prepared by mixing 1 mL of 2xSDS-PAGE stacking gel buffer, 0.7 mL Milli-Q

H20 and 0.3 mL 30% acrylamide. Just before pouring 5 pL of TEMED and 15 uL of 25% (w/v)
APS were added.
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2 NMR

Deuterated solvents were from Sigma and Apollo Scientific Ltd. Tris-d;; was obtained from
Cambridge Isotope Laboratories. *"H NMR and **C NMR spectra were recorded using Bruker
AVANCE AV400 (400 MHz), Bruker AV 500 MHz with **C cryoprobe and variable temperature
setup, Bruker AVIII 700 with inverse TCI cryoprobe or Bruker AVII 500 machines. *F NMR
experiments were recorded on Bruker AVII 500. Pulses were calibrated using Bruker Pulsecal
routine. Data was processed using TopSpin 3.1 (Bruker), ACD/Labs Software.

3 Synthesis and product characterization

Chemicals were from Sigma-Aldrich (Dorset, UK) and used without further purification. Solvents
for chemical transformations, work-up and chromatography were from Aldrich at HPLC grade, and
used without further purification. Silica gel 60 F254 analytical thin layer chromatography (TLC)
plates were from Merck (Darmstadt, Germany) and visualized under UV light, or with potassium
permanganate. Chromatographic purifications were performed using prepacked SNAP columns on a
Biotage SP1 Purification system (Uppsala, Sweden). Deuterated solvents were from Sigma and
Apollo Scientific Ltd. *"H NMR spectra were recorded using Bruker AVANCE AV400 (400 MHz),
Bruker AV 500 MHz with **C cryoprobe and variable temperature setup, Bruker AVIIl 700 with
inverse TCI cryoprobe or Bruker AVII 500 machines. Signal positions were recorded in & ppm with
the abbreviations s, d, t, g, and m denoting singlet, doublet, triplet, quartet and multiplet
respectively. NMR chemical shifts were referenced to residual solvent peaks. Coupling constants, J,
are registered in Hz to a resolution of 0.5 Hz. High Resolution (HR) mass spectrometry data (m/z)
were obtained from a Bruker MicroTOF instrument using an ESI source and Time of Flight (TOF)
analyzer. Values are reported as ratio of mass to charge in Daltons. Melting points were obtained
using a Leica VMTG heated-stage microscope or Stuart SMP-40 automatic melting point apparatus.
Fourier transform Infrared (FT-IR) spectra were recorded on a Bruker Tensor 27 instrument. Optical

rotations were recorded using a Perkin Elmer 241 Polarimeter.
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