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Abstract

The work described in this Thesis focuses on the application of NMR spectroscopy methods in understanding
the function and inhibition of two protein systems; these are y-butyrobetaine hydroxylase (BBOX) and the
bacterial potassium ion efflux (Kef) system. BBOX belongs to the super family of enzymes called the 2-
oxoglutarate (20G) and Fe" dependent oxygenase and is involved in the biosynthesis of L-carnitine in humans
and other prokaryotes. BBOX is a current drug target for the treatment of myocardial infarction. Kef is a ligand-
gated system that protects bacteria from toxic electrophilic species. Kef is inhibited by the binding of
cytoplasmic glutathione (GSH) to KTN (K* transport and nucleotide) binding domains and activated by
glutathione-S-conjugates (GS-X). Since bacterial Kef activation during electrophilic exposure is a critical
determinant of their survival, perturbation of Kef activity is potentially a novel target for the development of
antibiotic drugs.

'H NMR direct ligand-observation was employed to study the binding interaction of the natural substrate y-
butyrobetaine (GBB) and co-substrate 20G with BBOX. A 'H NMR-based dual-reporter ligand displacement
method was developed to assess the nature of inhibitor binding to BBOX i.e to determine whether an inhibitor
competes with GBB or 20G or both. The method was exemplified with a set of isoquinoline-based inhibitors;
the results reveal “cystallographically unexpected "structure-activity relationship with some inhibitors competing
20G only and some competing both 20G and GBB. Using 'H NMR spectroscopy, a simple and efficient BBOX
inhibition assay was developed for inhibitor ICs, measurement. Similarly, '"H NMR-based assays were applied
to demonstrate that the cation-w interaction between the substrates and aromatic cage residues of BBOX play a
critical role in BBOX substrate recognition.

'H NMR spectroscopy was applied to show that in the absence of a 20G oxygenase, ascorbate in the assay
mixture is slowly degraded by the dissolved oxygen to yield H,O, which simultaneously leads to 20G
breakdown into succinate. It is proposed that in the assays of 20G oxygenases, the apparent increase in the level
of "uncoupled " 20G turnover with ascorbate over time could possibly be due to the artifacts of the ascorbate
induced-20G breakdown instead of being due to enzyme catalysis. Other reducing agents were also found to
oxidise identically by the dissolved oxygen as ascorbate in the mixture and result in 20G breakdown.

In the Kef system, "H NMR direct ligand-observation was applied to investigate the influence of each functional
group of the Kef activating ligand glutathione-S-N-tertiary butylsuccinimide on its binding interaction (Kp 0.4
puM) with Kef-QCTD (Q-linker carboxy terminal domain; a KTN domain) from Shewanella denitrificans (sd)
with the aim of developing novel non-peptidic ligands (antibacterial agents) of Kef. In addition, ’F NMR was
employed to develop an efficient ligand-observed binding assay for Kef that was used for ligand screening as
well as measuring their binding dissociation constant value from a single NMR spectrum. Finally, a '"H NMR
technique was applied to confirm that the electron density found in the nucleotide binding pocket in the crystal
structure of apo-sdKef-QCTD is unambiguously an AMP molecule that is naturally bound to the protein and has

arole in stabilising the dimeric form of KTN domains (Kef proteins).
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1 Introduction

1.1 Historical Applications of Nuclear Magnetic Resonance Spectroscopy

(NMR) in Enzymology

Nuclear magnetic resonance (NMR) spectroscopy is a well-established technique, which has
long been used to study biochemical systems, the history of which goes back to early 1950s.
In the earlier studies, NMR spectroscopy had been mostly applied for assignment and
characterization of biologically important small molecules and products of enzyme catalysed

reactions.

In 1956, for the first time, '"H NMR spectroscopy was applied in a biological system to
investigate the effect of pH on the absorption frequencies of protons of amino acids glycine,
alanine, B-alanine, cysteine, proline, hydroxyproline, and peptides glycyl-glycine, and alanyl-
alanine on a 40.1 Mc (megacycles) instrument.' In this study it was observed that the
absorption frequency of protons of the amino and carboxyl groups, which are readily
exchanged with water protons, depends highly on the acidity of the medium, while protons
directly attached to the carbon are much less affected. In a subsequent work, a systematic
study on the effect of pH on the absorption frequencies of all the biologically most important

. . 2
amino acids was then conducted.

In 1957, the first "H NMR spectrum of protein pancreatic ribonuclease (Figure 1.1) was also
published.? In this spectrum four broad peaks were observed for the protein. Based on the
chemical shifts, peaks I and IV were tentatively assigned to aromatic hydrogens and to

hydrogens on aliphatic carbon atoms attached only to other aliphatic carbons.

Cycles.

Figure 1.1 The first "H NMR spectrum of a protein (ribonuclease) published in 1957.
(Reproduced from reference 3).



In a subsequent study by a different group® the spectrum was reanalysed. In this study, peak
IT was assigned to the 123 a-CH protons of all amino acids, the 30 B-protons of serine the 10
B-protons of threonine which were expected to occur at + 90 to + 110 c.p.s (cycles per
second).” The 6 glycine protons and 8 protons of the CH, groups in arginine which were
expected to occur at higher fields of + 117 to + 120 c.p.s” were also assigned to be in a region
in between the second and third peaks. Peak III (+ 135 to + 145 c.p.s) was assigned to arise
from CH; protons from 16 cysteine, 8 methionine, 32 aspartic acid, 20 lysine (e-CH,) 10
proline, 8 histidine, 6 phenylalanine and 12 tyrosine. Peak IV was assigned to be a
combination of two peaks; one possibly between + 180 to + 190 c.p.s and the other between +
210 to + 220 c.p.s. The former peak was assigned to the aliphatic CH groups of leucine (2
protons), isoleucine (3) and valine (9) and CH, groups of leucine (4 hydrogens), isoleucine
(6), proline (20) lysine (60) and arginine (16) and the CH3 group of methionine (12 protons).
The latter peak was assigned to the CHsz groups of alanine (36 hydrogens), valine (54),

leucine (12), isoleucine (18) and threonine (30).

In 1957, for the first time the stereochemistry of the product of an enzyme catalysed reaction
was established by '"H NMR technique.5 The reaction studied was the fumarase catalysed
hydration of fumarate into L-malate. Based on the steric relation of the fumarate protons on
carbons 2 and 3 in the L-malate, it was shown that the addition of water to the double bond of

fumarate occurs in a cis manner.

In 1963, the binding interaction of a small molecule ligand, diphosphopyridine nucleotide
(DPN) to the enzyme yeast alcohol dehydrogenase (ADH) was observed by 'H NMR direct
ligand observation.® In this assay, the ligand NMR resonances were broadened and attenuated
after the addition of protein. This study showed that when a ligand binds to a protein, it
behaves as if it were part of the protein and hence its NMR resonances become broad due to
its faster transverse relaxation rates (R;) in the bound form. (This technique is described

further in section 1.4.1)

In 1968, 'H NMR spectroscopy was used to study kinetics of an enzyme catalysed reaction.
In this study, the hydrolysis of acetylcholine catalysed by horse serum enzyme cholinesterase
was studied.” The rate of the reaction was followed from the decay of the acetate peak of
acetylcholine and formation of sodium acetate signal. Both these peaks occurred at different

absorption frequencies in the spectrum. The Ky for the substrate and the K values



determined for various inhibitors were found in good agreement to the values obtained by

other biophysical techniques.

During the 1960-1970 period, significant developments occurred in the applications of NMR
techniques; these include Overhauser effect (NOE) between nuclear spins,”® pulse-fourier

transform NMR,’ and the introduction of two-dimensional (2D) NMR experiments.10

In 1972, the transferred NOE (tr-NOE) technique was applied to study the binding of lysine-
vasopressin and peptide analogs to bovine neurophysin II. In this technique, the binding
interaction of the ligands with the protein was observed in the form of decreasing in intensity
of the ligand proton signals after irradiation of specific protein resonances. This is due to the
intermolecular Overhauser effect which is transferred from the protein to the bound-ligand.'"”

3 (The tr-NOE binding technique is discussed further in section 1.4.7)

In 1982, the strategy of sequential assignment of protein resonances for protein solution (by
NMR spectroscopy) structure determination was pI’OpOSCd.14 This technique was based on the
experimental observation in 2D NMR experiments (COSY, NOESY) for complete through-
bond and through-space proton-proton connectivity. This allowed for sequential resonance
assignments of each individual amino acid in sequence and to characterize the 3D structure of
the polypeptide chain by a combination of semi-quantitative, intramolecular distance
constraints. Based on this technique, in 1985, the first solution structure of a small protein
proteinase inhibitor IIA (57 amino acids with a molecular weight of ~6 kDa), was
published.” In 1990, the strategy of three-dimensional 'H,"”N,"C triple resonance NMR
spectroscopy techniques using PN and "*C-labelled protein for protein structure
determination emerged.16 This technique was demonstrated on uniformly double labelled
(15N and 13C) protein calmodulin (16.7 kDa). In this technique, the sequential connectivity
was established from one-bond scalar (J) couplings. All these 3D NMR experiments involve

'H detection to provide higher sensitivity.

In 1996, the technique of SAR (structure-activity relationship) by NMR emerged as the first
protein-observed NMR technique for screening large chemical libraries of small molecules
that bind to target proteins.17 In this technique the binding interaction of ligands to the protein
FKBP was demonstrated by changes in the chemical shift of protein resonances in 2D "H-""N
HSQC experiment after the addition of ligand (chemical shift perturbation). FKBP inhibits
calcineurin (a serine-threonine phosphatase) and blocks T cell activation'® when it is

complexed to FK506. (The SAR by NMR is described in detail in section 1.3.1)



In 1999, the saturation transfer difference (STD) NMR spectroscopy emerged as a ligand-
observed NMR technique for studying protein-ligand binding interactions.'” In this technique,
the detection of a binding interaction was based on the saturation transfer to ligand molecules
in direct contact with a protein. This technique also allowed in identifying parts (hydrogens)
of the ligand that remain in close contact with the protein during binding (ligand binding

epitopes).'”* (The STD NMR technique is described further in section 1.4.8)

In 2000, the technique of water-ligand observation via gradient spectroscopy (waterLOGSY)
NMR spectroscopy was developed as another ligand-observed NMR method for studying
protein-ligand binding interactions.”’ This technique was based on the transfer of
magnetization from bulk water to protein and then onto bound ligand. This technique is now
widely used as a primary screening method in medicinal chemistry, especially as part of

fragment-based drug discovery. (This technique is explained in section 1.4.9)

In the same 2000s period, NMR competition experiments utilizing either 'H, ** more

2527 (described further in section 1.4.5) 31P, 2 or BC ¥ were

details in section 1.4.2) or “F,
introduced as another NMR ligand-based technique for studying protein-ligand binding
interactions. In this technique, changes in the NMR parameter of an initially bound ligand
after the addition of competitive ligand, demonstrates the binding of the competitive ligand to
the protein. These experiments are now widely used for detecting site specific ligand binding

interaction to the proteins.

1.2 NMR spectroscopy methods for studying protein-ligand binding

A precise knowledge of protein-ligand recognition events is the key for understanding the
mechanism of the biological function of a protein. Understanding the binding interaction of a
ligand with a protein at an atomic level under near physiological conditions has become
possible by a combination of solution NMR spectroscopic techniques and x-ray
crystallographic studies. The NMR assays are extensively applied in the fields of chemical
biology, medicinal chemistry and drug discovery and provide a diverse range of information
such as detection of protein-ligand binding interactions, binding kinetics, measurements of
binding dissociation constants, protein 3D structure determination, protein conformational

changes and dynamics, enzyme catalysis and inhibition studies.*®?’

In general, the NMR experiments applied to study protein-ligand binding interactions can be

grouped into two categories; protein-observed experiments and ligand-observed experiments



(Figure 1.2). The protein-observed methods involve monitoring changes in the NMR
parameters of a protein after the addition of a ligand as a probe of the binding interaction,
whereas, the ligand-observed methods involve monitoring changes in the NMR parameters of
a ligand after the addition of protein. Theoretically, all NMR spectroscopic parameters may
be used as a probe to detect the binding activity of a ligand to a protein, however in practice,
the parameters that can be measured easily and with high sensitivity are of most significance.
For example chemical shift changes, changes in transverse relaxation rates, changes of

diffusion constants and changes of NOEs may serves as probe of binding interaction.”

2 kon
a + L — I:O
L ko P> <
L P PL
Free small molecule ligand Free macromolecule (protein) Complex
Slow transverse relaxationrates Fast transverse relaxation rates NMR parameters
Fast diffusion Slow diffusion same as macromolecule
Positive (*H-1H) NOE Negative (*H-H) NOE
Negligible spin diffusion Fast spin diffusion

Figure 1.2 NMR methods for protein-ligand binding.

The NMR methods for studying the binding interaction of a ligand (L) with a protein (P) are of two types; protein-observed
methods and ligand-observed methods. The ligand-observed methods follow a ligand NMR parameter for binding, whist;
the protein-observed methods follow the NMR parameter of protein. Due to difference in molecular weight, the NMR
properties of a small molecule ligand are different from those of a protein molecule or of a protein-bound small molecule
ligand.

1.2.1 NMR chemical exchange in protein-ligand binding studies

The NMR chemical exchange system (which by definition refers to any process in which a
nucleus exchanges between two or more chemical environments) in which its NMR
parameters (chemical shift, relaxation rate, scalar coupling, dipolar coupling etc.) differ, also
provides useful information about many aspects of protein-ligand binding interactions. The
NMR chemical exchange regime may be considered as of three types namely, slow,
intermediate (peak coalescence) and fast (Figure 1.3). In general, in a slow exchange system
on NMR time scale (NMR time scale means to how fast an event happens relative to the
NMR observables), the frequency of the interconversion of the two forms of a system is
lower than the difference in their frequencies on chemical shift scale, hence the populations

of the two forms appear as two separate resonances in the NMR spectrum. In an intermediate



or coalescence NMR exchange system, the frequency of the interconversion of the two forms
of system is approximately equal to their frequency difference on chemical shift scale. Hence
the separate lines for the two forms are no longer discernible. In a NMR fast exchange system
the frequency of the interconversion of the two forms of a system is higher than their
frequencies difference on chemical shift scale, hence for such a system a single resonance is
observed in the spectrum whose chemical shift is the population weighted average of the

chemical shifts of the two individual states.
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Figure 1.3 lllustration of NMR chemical exchange system.
The restricted rotation about the partial double bond results in the two forms of the dimethylformamide (DMF) as
demonstrated by *H NMR.

The NMR chemical exchange plays a key role in studying protein-ligand binding interaction.
For example, in the NMR ligand-observed binding techniques (Figure 1.2), it is the average
signal of the ligand between the bound and free forms that gives the binding information;
hence, the detection of a binding interaction primarily relies on the fast/intermediate
exchange of the ligand between its bound and free form (fast on/off rates). Due to their
requirement for fast on-off ligand exchange, the ligand-observed NMR binding methods can
be insensitive to the binding of high-affinity ligands. Similarly, the NMR ('°F) slow exchange
binding regime is also highly important, for example, it can used to measure ligand binding
dissociation constant (further details in section 1.4.4) as well as for the detection of binding

interaction of another competitive ligand (described further in section 1.4.5).



1.2.2 Basic theory of protein-ligand binding equilibria

Biological processes such as physiological and pathological mechanisms are governed by
molecular interactions between enzymes and substrates, and between receptors and their
ligands. The basic concept of molecular interactions was described by Emil Fischer’s classic ”
lock-key "analogy (1894) and Daniel E. Koshland’s "induced fit theory” (1958).*’ The " lock-
key™ model is based on appropriate shape and volume of the interacting molecules, while the”
induced fit theory” is based on the dynamic rearrangements of the molecules that enable the
fit of the ligand within the macromolecule. The complex formed is stabilized by non-covalent
hydrogen-bonding, ionic, van der Waals, hydrophobic and m-interactions and in some

instances by covalent interactions.

The dynamic equilibrium in the binding interaction of a single small molecule ligand (L) with
a macromolecule such as protein (P) at a single binding site is generally represented as,

Figure 1.4.

L L

Small molecule

Figure 1.4 Protein-ligand binding equilibria.
Cartoon representation of the binding equilibrium of a small molecule ligand (L) with a macromolecule such as a protein

(P).

The strength of the binding interaction can be represented either by the equilibrium
association constant K, or the dissociation constant Kp. More commonly, the term Kp is
used to describe the binding affinity of a ligand to a protein. The values of both K and Kp
can be directly calculated from the equilibrium concentrations of the free protein [P], free

ligand [L] and the protein-ligand complex [PL] as below,

[PL]
A= (1)
[PIIL]
k, [PIIL] )
[PL]



The stronger P and L bind to one another, the more PL there will be at equilibrium.
Conversely, the weaker the binding of L to P, the more unbound P and unbound L there will
be at equilibrium. Thus, according to eq. 2, very strong binding is described by very small Kp

values.

The values of [P] or [L] can be calculated from,
[Pr]=[P]+[PL]
Or, [P]=[P;]-[PL] (3)
Similarly,
[L;]=[L]+[PL]
Or, [L]=[L]-[PL] 4)

Where, [P;] represents the total concentration of protein and [L;] the total concentration of

ligand present in solution.

The equilibrium constant may also be expressed as the ratio of the rates of association and

dissociation of the complex as,

k
K, =-on (5)

K. = koff (6)

Where, k,, and k. are the rate constants for the association and dissociation reactions,

respectively.

In principle, if the concentrations of protein-ligand complex [PL], free protein [P] and free
ligand [L] are known, then the binding dissociation constant can be directly calculated from
equation 2. However, experimentally, the concentration of [PL] is typically difficult to
measure. Instead, it is measured as a fraction bound out of total protein or total ligand

concentration in the assay i.e [PL] or [PL]

[Pr]  [Ly]



The fraction of the bound species can be determined in the form of a response (i.e change in
the NMR parameter) from titration of one binding partner to a fixed concentration of the
other binding partner. In experimentally measuring the fraction of the bound species, the

following two cases are considered;

(1) In situation where one binding partner is in large excess over the other e.g if the

concentration of [L;]>> [P;], then one can make the approximation that [PL] is negligible,

hence in such case, [L;]=[L]+[PL]becomes, [L]=[L;], i.e free ligand concentration equals

to total ligand concentration.
Hence, by putting the value of [L]=[L;]and the value of [P] from eq. 3 into eq. 2, we get,

k, < Lrl(Pr]=[PL)
[PL]

After rearranging,

[PL] = (L. ]1[P;]
(Kp, +[L1)
This eq. in terms of the fraction of [Ly] bound in the [PL] complex ca be written as,

[PL] _  [P]
L] (Kp+[L;])

(7)

From eq. 7, it may be concluded that if one could measure the fraction of ligand-bound as a
function of total ligand concentration [L;] by titration experiments, the data would map out a

curve that could be fit to yield a value for Kp.

(2) In a more general case, when the concentrations of the two binding partners are

comparable, then in such system, the fraction of the bound species can be determined as,

Eq. 2, after inserting the values of [L] and [P] becomes,

o _ ([(P]—[PLIX[L,]-[PL])
0 [PL]
or [PLIK,, =[P, J[L,]~[PLI[L,]~[PLI[P,]+[PL’

After multiplying it out and rearranging,



[PL]Z _([LT]+[PT]+KD)([PL]+[LT][PT]) =0 (8)
Which is the form of quadratic eq. as,

ax* +bx+c=0

Where, a=1,b= — ([L;]1+[P ]+ K}), c=[L;1[P;]
Thus, (PL] :{([LT]+[PT]+KD)—\/([LT2]+[PT]+KD)2 —4[LT][PT]}

o . 1 . .
Multiplying both sides by a common factor —— to get the equation in terms of the fraction
T

of the ligand bound in total ligand.

[PL] _| (L J+[Pr]+ K,) = (IL;1+[P. ]+ K;)* —4[L,][P,]
(L] 2(L; ]

A 2[L,]

max

Aobs[<[LT]+[PT]+KD>—J([LT]+[PT]+KD>2—4[LT][PTJJ ©)

Where, A . represents a change in any observable NMR parameter at a single point in the

titration, and A indicates the maximum change of the monitored NMR parameter i.e the

saturation point.

1.3 Protein-observed NMR methods for binding studies

In general, in the protein-observed NMR binding methods, a change in the chemical shift of
the protein resonances after the addition of a ligand demonstrates the binding interaction of

the ligand with the protein. Some of these methods are discussed below.

1.3.1 2D 'H-"N HSQC or 2D 'H-"*C HSQC binding experiments

The commonly used NMR protein-observed method for ligand binding studies involves

studying the chemical shift perturbation of protein backbone amide protons with the addition

10



of a ligand in 2D "H-""N HSQC experiment (Figure 1.5).>****! This technique also referred
as SAR (structure-activity relationship) by NMR, typically requires uniformly *N-labelled
protein. >N-enriched protein is most often produced by expression of the host-cells in
minimal medium supplemented with >N-ammonium salts.** Each resonance (cross peak) in
the '"H-""’N HSQC spectrum represents a single amino acid (except proline in which the N
does not have attached H) in the sequence. In addition, two peaks for each NH, group from

the side chains of Asn, Gln and Trp are also observed in the spectrum.
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Figure 1.5 lllustration of protein- ligand binding by chemical shift perturbation in *H-"N-HSQC NMR.

(a) Overlay of a series of 2D *H-*N-HSQC spectra obtained for viral c-terminal capsid domain (C-CAwyg,amassa) (130
MM) in the absence (130 uM black) and presence of increasing concentrations of CAl inhibitor (inhibitor/protein ratio as
follows: 0.5:1 (green), 1:1 (red), 2:1 (magenta), 4:1 (cyan), 7.3:1 (blue)) in NMR fast exchange binding regime. Examples of
peaks shifting upon CAl titration are shown by arrows indicating their involvement in inhibitor binding, and unaffected
peaks are circled. The K of the interaction was determined to be 15 + 7.2 uM by fractional-shift fitting. For clarity, only
part of the spectrum is shown. (b) *H-">N chemical shift perturbations plotted for each assigned amino acid in the protein
after the addition of ligand. The horizontal line denotes a substantial chemical shift perturbation (0.6 ppm). (c) Ribbon 3D
structure of the protein. Regions of the protein with residues showing chemical shift perturbations > 0.6 ppm upon
inhibitor binding are coloured red. (Reproduced from reference **)

The spectral dispersion of the 'H-"N-HSQC peaks is characteristically different for proteins
with a defined three-dimensional structure (folded or active form), compared with proteins
with random coil conformations.* The lack of dispersion and sharpness of the peaks are
typical of unfolded protein, whereas, the well-dispersed and broader peaks are the

characteristics of folded proteins (Figure 1.6).
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Because the amide chemical shifts are highly sensitive to perturbations in the local chemical
environment, they are good reporters of ligand binding, mapping ligand-binding site, protein
conformational changes, protein dynamics and exposure of the protein surface to the solvent.
Upon ligand binding, residues in or close to the ligand binding pocket undergo large chemical

shift perturbation than those away from the ligand binding pocket.
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Figure 1.6 "H-">N HSQC spectra of unfolded (left) and folded (right) apomyoglobin.
For the folded form of the protein the resonances are well-dispersed in contrast to the unfolded form. (Reproduced from
reference *)

Typically perturbations are considered significant if AS > 0.1 ppm for a minimum of two

peaks in the spectrum,46 where,

AS = \/[(ASH)Z + é(ASN )]

Where A8y and Ady are the differences between the HN and °N chemical shifts, respectively,
of the fully saturated and free protein. The ligand binding dissociation constant (Kp) can also
be measured by this technique, by titrating ligand to a solution containing fixed protein
concentration (Figure 1.7).*”* For a fast exchanged binding system, the chemical shift
perturbation is measured as a function of ligand concentration and the Kp value is calculated

by fitting the fractional shift according to quadratic equation.

In order to map which specific residues in the sequence in the protein structure are involved
in the binding interaction with the ligand, the assignment of these resonances is the 'H-"N

HSQC spectrum is required. For small-sized proteins (MW < 10 kDa), the sequential
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assignment strategy may be used.”® In this technique first a 3D heteronuclear-edited
correlation spectra (such as TOCSY-'"H-""N HSQC) experiment is recorded to identify amino
acid spin systems by tracing through-bond scalar interactions along the amino acid side chain.
The next step involves the analysis of through-space dipolar interactions, usually through 3D
heteronuclear-edited experiments such as the NOESY-'"H-""N HSQC for sequential NOE
analysis. For larger-sized proteins (MW ~ 10-25 kDa), the triple resonance assignment strat-

egy is used.”"? This approach requires uniformly °N and BC (backbone amide carbonyl)-
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Figure 1.7 Ligand binding constant (Kp) measurement by *H-"N HSQC chemical shift perturbation.
(@) To a fixed concentration of protein, ligand is titrated and the change in the chemical shift of the protein resonances is
measured as a function of ligand concentration. (b) Binding curves of (a). (Reproduced from reference *3)

labelled protein, but for protein above 25 kDa, triple labelling (°N, C, *H) is typically
required.54 The triple resonance experiments depends primarily on the relatively large 'J (and
in some cases *J) couplings between 'H, "N and "°C spins in the protein backbone sequence
for coherent magnetization transfer (Figure 1.8a). The set of triple resonance experiments that
are recorded for sequence specific backbone assignments most commonly include the HNCA,
HN(CO)CA, HNCACB, HN(CO)CACB, HNCO and HN(CA)CO (Figure 1.8b). The naming
of these experiments describes the magnetization transfer pathway, with the chemical shifts
of the nuclei in parenthesis is not being mapped. The experiments are recorded in pairs with
one experiment gives correlation information to both the residue itself (residue i) and the
previous residue (residue i-/) and its partner experiment provides only the inter-residue (i-1)

correlation.
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Figure 1.8 Typical NMR triple resonance experiments for the sequential assignment of protein backbone resonances.

(a) Typical "JI*J coupling constants in a protein backbone spin system (Reproduced from reference **). (b) Different types
of triple resonance experiments recorded for the sequential assignment of protein backbone resonances. The HNCA
experiment gives the connection between the amide proton of a residue with its own Ca and with Ca of the preceding
residue. The HN(CO)CA experiment connects the amide proton of a residue to the Ca of the preceding residue. The
HNCACB gives connectivity between the amide proton of one residue to its own Ca and CB and Ca and CB of the
preceding residue. The HN(CO)CACB experiment gives correlation between the amide proton of a residue to the Ca and
CB of the preceding residue. The HN(CA)CO correlates the amide proton of a residue to its own amide carbonyl carbon
and the amide carbonyl carbon of the preceding residue. The HNCO experiment gives correlation between the amide
proton of a residue to the amide carbonyl! of the preceding residue. Each correlation gives rise to a cross peak in the 3D
spectrum. The 3C chemical shifts of o and B carbons then identifies the amino acid type.

From the chemical shift perturbation, it is also possible to distinguish between specific and

non-specific binding interactions. This technique also does not rely on the ligand fast
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exchange rate to retrieve the information from the bound state, making it possible to detect

both high and low affinity interactions.

Although the "H-""N HSQC technique is very useful in characterizing ligand binding events,
the technique also has some limitations. For example, it does not always report ligand binding
due to hydrophobic interactions, which has a small effect on backbone NH chemical shifts.
Similarly, it also does not report ligand binding involving proline resides. In addition, in this
technique, as the size of the protein increases (~ 40 kDa), the resonances in the 'H-BN HSQC
spectrum become broader and more abundant, which may sometimes lead to signals overlap,
and hence it may not be possible to detect chemical shift perturbation in the presence of
ligand. The sequential resonance assignment for such proteins also sometimes become
challenging in terms of data analysis, resources and instrument time. The problem of signal
overlap may be overcome by using site-specifically '°N-labelled protein (e.g. histidine) or by
using *C-labelled protein in 2D 'H-">C HSQC experiments (Figure 1.9).*° Each cross peak in
the "H-"*C HSQC spectrum represents a directly bounded pair of ¢, 'H nuclei in the protein.
The "*C-enriched protein is produced by expression of the host cells in minimal medium most
commonly supplemented with >C-glucose.** This approach is however not generally applied
as compared to "H-""N HSQC technique, as amino acids contain multiple 'H-">C correlations
via CH, CH; and CH3 groups which results in protein 'H-"*C HSQC spectrum being rather
more complex than 'H-"N HSQC spectrum. This complexity leads to spectral overlap and
difficulty in interpretation. Also the *CH chemical shifts differences are usually smaller than

those observed for '"NH and generally more difficult to see.’

The problem of signals overlap may be somewhat overcome by the labelling of only methyl
groups in residues such as valine, leucine or isoleucine.’®™ In this approach the sensitivity of
the experiments also increases by 3-fold due to the presence of 3 protons in methyl compared
with one proton of amide group in 'H-"N HSQC experiments. Consequently, the
consumption of protein in the assay is also reduced. In addition, the favourable relaxation
properties of methyl groups also allow the applicability of this technique to larger sized
proteins. The applicability of selectively 13C(methyl)—labelling approach however clearly
depends on the presence of valine, leucine, or isoleucine residues in the active site of the

protein under investigation.
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Figure 1.9 lllustration of protein- ligand binding by chemical shift perturbation in *H-*C HSQC NMR.

Example shown is the binding of cAMP to MloKz cyclic nucleotide binding domain (CNBD). (a) Superimposition of 2D "H-
C HSQC spectra (parts shown) of 500 UM cAMP-free (red) and cAMP-bound (blue) [U-C, **N]-labelled MloK1 CNBD.
Chemical shifts of all CNDB cross-peaks changed upon binding of cAMP (dashed-arrow) (b) Superimposition of cAMP-free
and cAMP-bound solution structures shows that the B-roll region (green) is almost identical, whereas the helical portion
undergoes significant structural rearrangement (dashed arrows) upon cAMP binding. Different side chain positions of 1337
in the cCAMP-free and cAMP-CNDB are exemplary shown (yellow) (c) Ribbon representation of cAMP-free (apo-form) and
(d) cAMP-bound (holo-form) CNDB solution structures. The cAMP molecule is shown as ball-and-stick model.
(Reproduced from reference 6°)

Over and above the inherent resonance assignment problem in the 'H-"N HSQC/'H-"C
HSQC, the requirement for isotopic enrichment is an additional issue. The production of BN
and/or *C-labelled protein in a suitable expression host is resource and labour intensive
work. Due to these limitations, the protein-observed 'H-""N HSQC/'H-""C HSQC techniques

may not be readily implemented for studying ligand binding events to protein.
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1.3.2 1D “F NMR protein-observed binding technique

Standard 1D ""F NMR protein-observed experiments are finding increasing use to detect
protein-ligand binding interactions, protein dynamics and conformational changes that arise
due to ligand binding events.®"® The "F nucleus has a comparable NMR sensitivity to that
ofa'Hie0.83ofa proton (1), has a 100% natural abundance, and has a large chemical shift
range of up to 800 ppm.66 F nucleus is much more sensitive to changes in the local chemical
environment as compared to NH group in "H-">’N HSQC/'H-"C HSQC and therefore acts as
a good NMR probe to detect changes in the local chemical environment occurring due to
binding events. Fluorine incorporation into a protein is generally nonperturbing, especially
when substituted for hydrogen in an amino acid side chain. The atomic size of fluorine is
almost similar to hydrogen atom (covalent radii of 1.35 A and 1.2 A, respectively); therefore

fluorine substitution to hydrogen has little steric effect.

For the "’F-NMR protein-observed experiments, fluorinated probes are incorporated into the
protein, and when a ligand binds in close proximity (up to 25 A) to the fluorinated-probe, it
(probe) undergoes chemical shift changes. This technique can also be used to calculate ligand
binding affinities usually by titrating ligand to fixed protein concentration and monitoring
changes in the chemical shift of the fluorine signal of protein as a function of ligand
concentration. The '’F nucleus chemical shifts in proteins are governed primarily by the
fluorine lone-pair electrons, which give a large paramagnetic term in the shielding formula.
The chemical shift of a '’F NMR resonance therefore, is exquisitely sensitive to changes in

the local van der Waals environment, as well as to local electrostatic fields.

Importantly, '°F nucleus does not occur in the proteins naturally, therefore the spectrum is
free from interfering background signals, which simplifies spectral interpretation and allows
high sensitivity. This technique is also therefore particularly useful for in vivo binding

studies.

In the protein-observed 1D '’F NMR binding technique, various fluorinated amino acids have
been used as an NMR probe for binding studies, with most of these unnatural fluorinated
amino acids are commercially available.®” In most cases “lightly fluorinated” amino acids are
biosynthetically incorporated into the protein in place of their natural forms, as they are not
discriminated by the cognate actyl-tRNA synthetases. These include fluorinated aromatic
amino acids such as 3-fluorophenylalanine (3-fPhe),®*® 4-fluorophenylalanine (4-fPhe),”®">

S-fluorotryptophan (5-fT rp),73’77 6-fluorotryptophan (6-fT rp),”’78 3-fluorotyrosine (3-fT yr);79'
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% fluorinated aliphatic amino acids including 5-fluoroleucine (5-fLeu),” trifluoroethylglycine
(tfeGly),go’91 trifluoromethionine (thet),gz'94 difluoromethionine,” and 2-fluorohistidine (2-

fHis).”

Several techniques for the incorporation of fluorinated amino acids into protein have been
reported in the literature.””'® Generally, lightly fluorinated amino acids are incorporated into
proteins by simply adding the fluorinated amino acid to the expression growth medium using
a suitable auxotrophic bacterium. The incorporation of highly fluorinated amino acids is
however relatively complex. Several techniques have been used to assign YF NMR
resonances of proteins. Most assignments are made based on site-directed mutagenesis to
replace or to “nudge” each specific fluorine label in the spectrum (Figure 1.10). In this
technique the residue of interest is substituted with a residue with most similar side chain,
thereby causing the corresponding resonance in the '’F NMR spectrum to disappear while the
remaining resonances in the spectrum are unperturbed (Figure 1.10B).%'°""'% The second

102103 44 applies to proteins with known crystal structure.

approach uses the “nudge” analogy
This technique identifies a sidechain (a residue) in van der Waals contact with the target

residue for conservative replacement, thereby generating a local nudge (Figure 1.10C).
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Figure 1.10 Strategies for the assignment of fluorinated residues of a protein.

F NMR spectra illustrating the two protein engineering techniques applied to assign the 4-F-Phe resonances of the
phospho-signalling protein CheY. (A) The protein is labelled at its six phenylalanine positions with 4-F-Phe, giving rise to
six distinct resonances in the F NMR spectrum. (B) Direct mutation of the target residue (C) Nudge approach.
(Reproduced from reference *%)

The resonance assignments can be further confirmed by chemical shift changes due to ligand
binding to specific site, solvent exposure or chemical modification of an amino acid close to

the fluorinated residue. Solvent exposure can be detected by solvent-induced isotopic shift
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(SIIS). The SIIS effect can cause up to a 0.25 ppm chemical shift of a '°F resonance of a
residue exposed to aqueous solution when the solvent changes from H,O to D20.67’87 In
contrast, a "’F resonance of a residue from the interior of the protein does not experience
solvation and the concomitant chemical shift changes, unless the residue interacts with buried

water molecules in the protein interior.

Site specific incorporation of unnatural fluorinated amino acids can be performed by
employing an orthogonal aminoacyl-tRNA synthase/tRNA pair.”” This protocol has been
reported to be very useful for the incorporation of particularly fluorinated aromatic amino
acids such as trifluoromethylphenylalanine (tfmPhe).***+1971% Eor small-sized proteins, solid
phase chemical synthesis is commonly employed, because it allows more flexibility in terms
of both the identity and position of the noncanonical amino acid. Together with native
chemical ligation methods, large proteins containing specifically-labelled residues can
potentially be synthesized.m’111 This protocol has recently been used to produce affibody
proteins (small proteins engineered for binding to target proteins) that contain perfluorinated

phenyl rings.'"?

Fluorinated probes can also be incorporated into the proteins by chemical modification, by
employing fluorinated “tags” such as 2,2,2-trifluoroethanethiol (TFET) that are reactive
toward nucleophilic side chains, most commonly cysteinyl residues to form disulphide

15
and

linl<ages.65’“3’114 Other fluorinated probes such as 3-bromo-1,1,1-trifluoroacetone’
fluorinated o-haloacetamides''® have also been used for chemical conjugation, which react
with the thiol group forming comparatively more stable thio-ether linkage. This method

provides the simplest approach of introducing highly fluorinated probes into large proteins.

An example of the ligand-induced chemical shift changes in the protein as demonstrated by

protein-observed 1D PF NMR assay is discussed in Figure 111

Human protein
disulphide isomerase (hPDI) is an enzyme that is required for the native disulphide bonds
formation in proteins. hPDI is a multifunctional protein that catalyses the oxidation and
isomerisation of disulphide bonds, as well as to bind to unfolded proteins and act as a

"8 The structure of hPDI consists of four domains two of which have

molecular chaperone.
redox-active catalytic sites (a and a') and two (b and b’) don’t. The domains order is a-b-b'-x-
a’-c, where x is a 19 residue linker and ¢ is the c-terminal acidic tail;''*'** b and b’ have been
shown as essential for ligand binding to the hPDL.'*' The b’ domain binds both small and

large peptide ligands. Investigating the underlying mechanism of substrate binding to the b’
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domain is of significant interest that may provide useful information about the role of b’ and x
in these proteins. Recent studies have shown that the hPDI b" and x domains are structurally
connected to each other. The b’x construct has been reported to accept ligand binding'".
Similarly, x has also been shown to moderate homodimerisation in b’x and bb’x contructs.'*
The crystal structure studies of a b’x mutant construct have also shown that b’ contains the
thioredoxin-fold with x closing the ligand binding site.''”'** Based on these results, it is
believed that b'x likely exists in two possible conformational states with the x-linker
‘capping’ or ‘uncapping’ the ligand binding site and that ‘uncapping’ allows the opportunity
for homodimerisation. This capping and uncapping of the ligand binding site by x has been
proposed as a potential regulation mechanism for the protein in vivo.'* Initially 'H-PN
HSQC technique was applied to probe these local environment changes in the x region of b'x
upon ligand binding, however the backbone resonances in the linker itself were highly
difficult to observe and track due to significant broadening. The hPDI b'x construct contains
only a single tryptophan residue within the x-linker at position 347 and is located directly
above the reported ligand binding site as shown in ( Figure 1.11a). Hence incorporating a
fluorine atom in this residue was a good probe that can potentially reveal these local
environment changes of x b’x upon ligand binding in '°F NMR protein-observed experiment.
In the assay to a fixed concentration of hPDI 5-F-Trp-bx, somatostatin peptide ligand was

titrated in increasing amounts (Figure 1.11b).

(a)
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Figure 1.11 Studying protein-ligand binding by protein-observed **F NMR.

(a) Crystal structure of hPDI b'x 1272A (PDB ID: 3bjs) with the ‘capped’ x-linker shown in magenta and the ligand-binding
site in yellow. The x-linker Trp 347 is shown in stick form. (b) *F NMR spectra of 0.3 mM hPDI 5-F-Trp-b'x with increasing
concentration of somatostatin (som) ligand (C-G). B: **F NMR spectra of 48 h ‘aged’ hPDI 5-F-trp-b'x showing both the
‘capped’ and ‘uncapped’ forms of the hPDI 5-F-trp-b’x. hPDI 5-F-trp-b’x is prone to dimerise slowly over time. All these
experiments were however run in 30 min time during which no dimerization was observed. A: °F NMR reference spectrum
of 5-fluoroindole. (Reproduced from reference *¥).

It was observed that as the ligand concentration increases, the fluorine signal of 5-F-Trp-b'x
line-width decreases (becomes sharper) with concomitant changes in its chemical shift
demonstrating the displacement of X-linker due to ligand binding to the protein. This

supports the capping and uncapping of ligand binding site by the x-linker in hPDI b’x.

Although, the protein-observed F NMR assays are very useful for studying ligand binding
events to proteins, the technique still requires the production of '’F-labelled protein and the
assignment of the '°F resonances. Sometimes, the specific '°F labelling is also not possible

due to issues with protein stability.
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1.4 Ligand-observed NMR methods for binding studies

Compared to the NMR protein-observed binding methods, ligand-based binding methods are
more readily implemented because these do not require labelled-protein. In the ligand
observed NMR binding experiments, a change in the NMR properties, such as chemical shift,
peak-height, line-width, relaxation rates, NOE or diffusion coefficient of the ligand that arise
after the addition of protein, demonstrates the binding interaction of the ligand with the
protein. In contrast to the protein-observed methods, the ligand-observed methods are not
restricted to the size of protein but instead benefit from the large size of the protein, which
increases the level of change in the NMR properties of ligand that occur due to binding with

the protein, hence increasing the NMR sensitivity of binding interactions.

Most commonly the ligand-observed binding experiments are performed on 'H 6124 and °F

13C 127 31P 28

24127 nuclei due to their high NMR sensitivity; other nuclei such as and have

also been used but rarely due to their low intrinsic NMR sensitivity.

In general, the ligand-observed methods based on changes in the ligand transverse relaxation
rates (or line-shape) and methods based on ligand NOEs are most commonly used for

studying small molecules binding interaction with the protein.

1.4.1 'H and CPMG edited "H NMR direct ligand observation

Direct ligand observation based on monitoring changes in the ligand line-shape for
broadening and/or attenuation after the addition of protein in standard 1D 'H NMR®
experiments as a probe of binding interaction, is the most sensitive and readily implemented
NMR technique for studying small molecules binding interaction with the proteins (Figure
1.12).

A small molecule (MW ~100-1,000 Da) generally tumbles fast in solution, hence has a large
T, relaxation time constant or low transverse relaxation rates (R;) which translates into sharp
resonances in the NMR spectrum. On the other hand, a macromolecule (MW 10s of kDa),
tumbles slowly in solution, thus has a shorter T, relaxation time constant or higher transverse
relaxation rates (R;) and gives rise to broad resonances in the NMR spectrum. When a small
molecule binds with a macromolecule (protein), then it behaves as if it were part of the
macromolecule, and as a result its NMR resonances are broadened and/or attenuated (Figure

1.12). As this technique is based on monitoring the signals of the bulk (free) ligand in
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solution for binding interaction, therefore the bulk ligand in solution must be in rapid

exchange with the bound ligand in solution.
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Figure 1.12 Studying Protein-ligand binding by "H NMR direct ligand observation.

The broadening and/or attenuation of ligand signals with the addition of protein demonstrate the binding interaction of
the ligand with the protein. (a) I: solution of 5o uM L-tryptophan and 50 pM tetraethylammonium bromide in 5o mM Tris-
D.., pH 7.5, in D,0. II: after the addition of 500 uM bovine serum albumin (BSA) protein to I. (b) Zoom in view of (a). In the
spectrum after the addition of BSA (Il), the signals of the L-tryptophan are broadened and attenuated, demonstrating its
fast exchange binding interaction with BSA, whereas the signals of the tetraethylammonium bromide remained
unaffected after the addition of BSA, suggesting that it doesn't bind with BSA. Note that in "H NMR direct ligand
observation, the spectrum is dominated by the protein resonances.

If the bulk ligand in solution is in fast to intermediate chemical exchange with the bound-

ligand (short residence time on protein or weak interaction) on NMR time scale, then in such
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cases the total broadness in the ligand signals is the sum of broadness due to binding to the
protein and broadness due to weighted-average ligand populations between the bound and
free forms. In contrast, if the bulk (free) ligand in solution is in slow chemical exchange with
the bound-ligand on NMR time scale (long residence time on protein or strong interaction),
then in such binding regimes, two separate signals are observed for the ligand in the
spectrum; one for the free population of the ligand (sharp resonances) and one for the bound
population of the ligand (broad signal). In a '"H NMR spectrum, however the signal for the
bound population of the ligand is not usually observable as it is buried under the protein
resonances, hence only the signal of the residual free ligand left is observed and followed for

binding interaction.

In this technique, two spectra are recorded, one for the ligand in the absence of protein and
another in the presence of protein. The ligand signals in the two spectra are compared for
broadening and/or attenuation, as a detection of binding interaction. A non-binder compound
is also sometimes added to the sample as an internal NMR standard, to demonstrate that the
ligand” binder " peak broadening and/or attenuation with the addition of protein is due to its
binding interaction with the protein and not due to poor sample preparation, ligand-
aggregation or field inhomogeneity (poor shimming); the signals of internal NMR control

remain sharp with full intensity both in the absence and presence of protein (Figure 1.12).

As an alternative and often beneficial approach to the conventional '"H NMR is to record the
transverse relaxation edited or Carr-Purcell-Meiboom-Gill (CPMG)IZ&129 (Figure 1.13) edited
'H NMR experiments (Figure 1.14). The CPMG spin echo pulse cycles of (z-180°-7),, exploits
the differential T, relaxation rate of large molecules such as protein and small molecules
ligands such that during the 2¢ period (also called total echo time/filter time or mixing time)
the intensity of signals with short T, (broad lines) diminishes much more quickly than that for
signals with long T, (sharp lines). The selective removal of the protein background broad
resonances from the spectrum by CPMG filter allows more clear observation of the ligand
NMR resonances with the addition of protein. In addition, the CPMG filter also improves the

sensitivity to ligand binding by enhancing the attenuation of the broad signal of ligand.

Figure 1.13 shows the pulse sequence of a spin echo; the average net magnetisation from a
group of nuclei with similar spin (isochromats) such as 'H in a molecule at equilibrium is
represented by a vertical red arrow along z-axis (A). The net magnetisation is excited by

applying a 90° pulse along horizontal (x-y) plane (B).
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Figure 1.13 CPMG spin echo pulse sequence.

(A) The average spin from a group of nuclei with similar spins ("H) in a molecule at equilibrium is represented as vertical
red arrow. (B) A 90° pulse along x-axis flips this net magnetisation into the x-y plane (spins excitation). (C) Due to
difference in chemical shifts (frequencies), the spins (isochromats) fan out during t. (D) A 180° pulse along y-axis is now
applied to invert the magnetisation. (E) At time t, the fast spins catch up with the average spin and the slow moments
drift back toward the average spin. (F) Complete refocusing occurs at total echo time 2t. This 180° pulse is repeated
several times in order to freeze the evolution of J coupling.

During the time period ¢, the spins evolve according to their chemical shift differences, such
that some spins have higher frequency than the mean spin vector, whereas, some have lower
frequency than the average spin vector (C). A 180° pulse is then applied along the y-axis,
which inverts the spins (D). Following the inversion pulse, another delay (¢) is applied, during
which all the magnetization vectors begin to refocus (E), such that at the end of 2¢ period all
the magnetisation is completely refocused (F) and the FID (free induction decay) is collected.
In the CPMG spin echo, the sequence (#-180°-7) is repeated several times (n) in order to
remove the artefacts in the 180° pulse to prevent distortion in the signal phasing. During this
2t period, it is this sufficiently large difference in the T, spin relaxation times of protein and
small molecule ligand, that results in the preferential rapid decay of the protein resonances
with the CPMG echo sequence due its shorter T, (fast relaxing spins) compared with the
resonances of the small molecules, which are less affected due to larger T, (slow relaxing
spins) (Figure 1.15). In this technique, in order to freeze the J coupling evolution (distortion
in the signal multiplicity) during the 2 period, the value of ¢ is kept smaller than the value of
spin coupling constant J (¢ < < 1/J). The total echo time used in the CPMG edited 'H NMR
experiments is usually from a few tens of milli seconds to a few hundred milli seconds. This
technique is also commonly used in the study of metabolomics biofluids to attenuate the

background signals from large molecules such as proteins and lipids.
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Figure 1.14 Studying Protein-ligand binding by CPMG edited *H NMR direct ligand observation.

(@) I: spectrum of 5o uM L-tryptophan and 5o pM tetraethylammonium bromide in 5o mM Tris-D,, , pH 7.5, in D,O. Il
spectrum after the addition of 5oo pM BSA to (). Note that the CPMG filter has completely removed the protein
resonances from the spectrum. (b) Zoom in view of the corresponding spectra of (a). Note that after the removal of
protein resonances from the spectrum by CPMG filter, it become easy for the ligands signal to be followed for binding

interaction. The total filter time used was 32 ms.
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Figure 1.15 The effect of CPMG filter time on the signal intensity of free and bound ligand.

The effect of CPMG total echo time on the L-Trp signals in the (a) presence of BSA (b) absence of BSA (c) The signals
decay profiles of (a) and (b) as a function of total echo time. The CPMG filter improves the sensitivity to ligand binding by
enhancing signal attenuation of broad resonances (a), whereas, it has a negligible effect on signals of free ligand (b). The
concentrations used are 5o uM L-Trp, 50 pM tetraethylammonium bromide and 500 pM BSA. The assay samples were
prepared in 5o Mm Tris-D,,, pH 7.5in D,0.

The direct ligand observation by CPMG edited 'H NMR also offers one of the simplest NMR
approaches to measure the ligand binding dissociation constant (Kp), by titrating protein into
a fixed ligand concentration, measuring the decrease/attenuation in the ligand signal intensity
relative to the blank ligand (without protein) spectrum, as a function of protein concentration
(Figure 1.16). The peak-height/area of the ligand signals in the presence of protein for
binding can be simply measured by direct integration. The titration data points are fitted
using appropriate fitting software and the binding constant value is extracted using the
quadratic Kp equation. Using a single concentration, binders can also be qualitatively ranked
on the basis of level of attenuation and/or broadening of their NMR resonances in the

presence of protein in a single shot experiment.
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Figure 1.16 Ligand binding constant measurement by direct ligand observation in CPMG edited "H NMR.

BSA titration (b-f; 200 pM, 200 puM, 300 puM, 400 pM, 5oo uM) to fixed concentration of L-tryptophan (50 pM) and
tetraethylammonium bromide (50 uM) solution. The total echo time used was 192 ms. The splitting of each line in the
triplet of tetraethylammonium bromide (4 CH; groups) into further triplets is due to their J coupling with the *N
quadrapolar nucleus (spin 1, ~ 2100% natural abundance).

In general, the direct ligand observation is an operationally simple, sensitive, the data are
easy to interpret and requires the amounts of material comparable to other biophysical
techniques. Provided that high field instrument (cryoprobe) is available, the ligand
concentration can be as low as 5 pM, thus allowing to overcome the potential problems of

ligand solubility or aggregation, possibly encountered when used at high concentration.

Due to the potential problem of signal overlap, this technique may not be suitable to screen a
mixture of compounds in a single spectrum. In this technique since to detect the binding
interaction, the off rates of the binding kinetics have to be higher than the ligand spin
relaxation rates, ligands that may for example have very low affinity e.g nM or less may not
be released into solution during the spin relaxation period and hence such interactions may
not be possible to detect by this method. In case of very weak affinity interaction (e.g Kp
mM), the concentration of [PL] complex in the solution is very low due to the ligand short
residence time on the protein, influences the ligand NMR parameters as seen. In order to
enhance the response of ligand binding, either the protein concentration needs to be increased

or the ligand concentration needs to be reduced. Hence in such cases, this technique may not
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be applicable due to limited resources. This technique also does not differentiate between

specific and non-specific bonding and allosteric binding interactions.

1.4.2 '"H NMR ligand competition assay for binding studies

The NMR ligand competition experiment is another ligand-observed NMR procedure used
for detecting site-specific small molecule binding interactions with proteins. In this process
changes in the NMR parameter (such as line-width, peak-height, chemical shift, NOE etc.) of
an initially bound ligand observed after the addition of another competitive ligand is used to
demonstrate the binding interaction of the competitive ligand with the protein. In this method

the initially bound ligand is generally referred as a reporter ligand or spy molecule.

Although in this process any ligand observed method can be used, but the technique based on
monitoring the reporter line shape in CPMG edited 'H NMR spectrum is one of the most

sensitive methods for ligand screening studies (Figure 1.17 & Figure 1.18).

S -

JIL e -

free reporter reporter binds free reporter
(displaced)

Figure 1.17 Studying protein-ligand binding by ligand-based NMR competition experiments.

This competition experiment is based on monitoring the reporter line-shape after the addition of the competitive ligand
to the solution of reporter ligand and protein. From Left to right: Reporter ligand (blue sphere) in the absence of protein,
showing typical sharp resonances in the spectrum. After the addition of protein to the sample, the reporter signal is
broadened and attenuated demonstrating its fast exchange binding interaction with the protein. The competitive ligand
(green sphere) is added to the solution of reporter ligand and protein. The competitive ligand displaces the reporter from
its binding pocket into solution as demonstrated by the recovery of reporter’'s NMR resonances. The displacement of the
reporter ligand demonstrates the binding of the competitive ligand to the protein. The signals of the competitive ligand
are not considered for binding.
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Figure 1.18 lllustration of *H NMR (CPMG edited)-based reporter ligand displacement assay for ligand binding studies.

(a) Spectrum of the reporter molecule 2-oxoglutarate (20G); triplet (for protons shown as bold) at 2.35 ppm is shown. (b)
Spectrum after the addition of Zn'"-PHD2 protein. The 20G signal is broadened/attenuated due to its binding interaction
with the Zn"-PHD2 protein. (c) After the addition of a weak competitive binding ligand to (b). The 20G signal is only
slightly recovered. (d) After the addition of a strong competitive binding ligand to (b). The 20G signal is fully recovered (e)
After the addition of a non-binder ligand; no effect on 20G signal. (Reproduced from reference *°)

In this technique when the competitive ligand is added to the initially bound reporter ligand,
then if the competitive ligand binds to the same site as reporter, it will displace the reporter
ligand free into solution and as result the reporter NMR resonances will become sharper and
recover in intensity”” (Figure 1.17 & Figure 1.18). Therefore the signals of the competitive
ligands themselves are not considered for binding interactions. If the competitive ligand is a
non-binder, its addition will have no effect on the NMR resonances of the reporter molecule

in the spectrum (Figure 1.18).
Compared to direct ligand observation, this assay has several advantages; for example,

1) Both high and low affinity interactions can be detected

2) The competitor does not need to be "NMR-active™

3) Mixtures can be screened for high throughput

4) Systems are optimised for the reporter molecule only

5) Reporter can be isotopically labelled e.g F (see below) for clear response.

6) The competitive binding compounds can be easily ranked qualitatively from the level
of reporter displacement using a single concentration of the competitive ligand. A

high affinity competitive ligand will effectively compete with the reporter, while a
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low affinity competitive ligand will weakly compete with the reporter molecule

(Figure 1.18).

This assay can also be used to measure the binding dissociation constant of the competitive
ligand, by titrating the competitive ligand to a solution containing a fixed concentration of
reporter ligand and protein."* The recovery (commonly signal intensity) of the reporter NMR
resonances is measured as a function of competitive ligand concentration. The titration data
points are fitted in appropriate fitting software and the apparent binding dissociation constant
value of the reporter molecule is determined. From the knowledge of the actual and apparent
binding constant values of the reporter ligand, the binding constant of the competitive ligand

can be calculated.'!

Although, this assay is widely used for ligand screening studies, it also has some limitations;
for example, a preliminary knowledge of the location of the binding site of the reporter ligand
is essential. Similarly, it may also not differentiate between the reporter displacement site
specifically by the competitive ligand and the reporter displacement due to protein
conformational changes produced due to the binding of the competitive ligand to an allosteric
site (false positive). Also, if the competitive ligand binds non-specifically to the protein, it
may not displace the reporter ligand. Therefore allosteric binding of the competitive ligand
also cannot be determined by this technique. Furthermore, in case of signal overlap of the
reporter ligand with those of competitive ligand, the binding of the competitive ligand also

cannot be assessed through this assay.

1.43 1D “F NMR ligand-observed binding experiments

Due to its comparable NMR sensitivity of 3 (0.83) to '"H (1) and 100% natural abundance,
1D F NMR ligand-observed experiments are increasingly used to study small molecule
binding interaction with a target protein. These experiments require the presence of a fluorine
atom in the ligand. The high sensitivity of '’F nucleus to changes in its local chemical
environment and high chemical shift range (~ 800 ppm)® makes it a better choice over 'H for

binding studies.

Most commonly, '’F NMR direct ligand observation and reporter ligand displacement

experiments are used for studying protein-ligand binding interactions.
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1.4.4 1D “F NMR Direct ligand observation

F NMR direct ligand observation based on monitoring the broadening and/or attenuation of
the ligand NMR resonances with the addition of protein is an effective NMR technique for
studying small molecules binding events with proteins (Figure 1.19). In this technique, the
large chemical shift anisotropy (CSA) of '°F nucleus also contributes additional broadening
to the broad resonances of a fast exchange binding ligand,67’l32'134 hence results in improved
ligand binding sensitivity as compared to '"H NMR direct ligand observation. The broadening
of a fast exchange binding ligand further increases with the size of the protein and with the
square of the magnetic field strength.'” High magnetic fields can lead to extremely broad
signals with line-width up to ~ 200 Hz. The fluorine signal is usually scalar coupled with the
protons and therefore for sensitivity improvement it is useful to record the spectra with proton
decoupling during acquisition where possible. Due to its high sensitivity to changes in the
local chemical environment, changes in the ligand PR signal chemical shift can also be used

as a probe of its binding interaction with the protein.

One of the most important advantages of 1D '"F NMR ligand based methods over 1D 'H
NMR ligand-based techniques is the absence of signal overlap in the spectrum. Therefore
this technique allows screening a mixture of fluorinated compounds in a single shot

experiment.

non-binder

binder

+ a-Chymotrypsin

(a)

-60 -70 -80 -90 -100 -110 -120 ppm

Figure 1.19 Studying protein-ligand binding by **F NMR direct ligand observation.

(a) F NMR spectrum of a solution of 2-ethoxy-5-flurophenylboronic acid (200 uM) and 1,1,1 trifluoroacetone (50 pM) in
50 mM Tris-D,,, pH 6.6, in D,0. (b) After the addition of a-chymotrypsin (200 uM) to (a). The fluorine signal of 2-ethoxy-5-
flurophenylboronic acid (-124.1 ppm) is attenuated after the addition of protein, demonstrating its binding interaction
with a-chymotrypsin, whereas, the fluorine signal of 1,1,1 trifluoroacetone (-86.5 ppm) remains unaffected,
demonstrating that it doesn’t bind with a-chymotrypsin.
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Similar to "H NMR, in this technique also two experiments are recorded, one for the ligand(s)
solution in the absence of protein and one after the addition of target protein (Figure 1.19).
The two spectra are compared for signal attenuation and/or broadening as a probe of binding
interactions. To the assay mixture a fluorinated internal NMR control molecule is also
necessarily added, whose line-shape and chemical shift will remain unaffected after the

addition of protein.

Ligand binding dissociation constants can also be measured by this technique, usually by
titrating protein to a solution containing a fixed ligand concentration. The attenuation in the
ligand signal intensity is measured as a function of protein concentration. The titration data
points are fitted and the ligand binding constant is measured. Hits can also be ranked
qualitatively from single shot experiment based on the level of broadening and/or attenuation

using a single concentration.

The second most interesting and valuable information that is obtained from F NMR direct
ligand observation and which is not usually possible in '"H NMR direct ligand observation is
the observation of the signal of bound population of a binder ligand in the spectrum in NMR
slow exchange regime (Figure 1.20)."°%"% Since in this spectrum, the concentrations of free

ligand and protein-ligand complex are known, therefore the binding dissociation constant of

the ligand can be readily calculated using equation 2 as described in section 1.2.2.'%
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Figure 1.20 lllustration of NMR slow exchange ligand binding system as observed by ligand-based **F NMR.

Monitoring the binding of 5F-DL-Trp to human serum albumin (HSA) protein by **F NMR direct ligand observation.

The spectra show the signals of both free and HSA bound 5F-bL-Trp in @ NMR slow exchange ligand binding system.
(Reproduced from reference %)
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Another advantage of the '’F NMR observation over 'H NMR observation is the possibility
to perform the screening even in the presence of protonated solvents and buffers instead of
their deuterated forms. The deuterated buffers are usually much more expensive compared to
their non-deuterated forms. Hence the '°F NMR direct ligand observation is economical over

"H NMR direction ligand observation experiments.

1.4.5 1D "’F NMR reporter-ligand displacement assay for ligand binding studies

1D F NMR reporter-ligand based displacement experiments based on monitoring the
recovery of reporter NMR resonances after the addition of competitive ligand are also

commonly used for detecting site-specific ligand binding interaction with the proteins (Figure
| 21)26132.140.141
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Figure 1.21 *°F NMR reporter ligand displacement assay for ligand screening.

(a) ®F NMR spectrum of a solution of 2-ethoxy-5-fluoro-phenylboronic acid and 1,1,1 trifluoroacetone in 50 mM Tris-D,,,
pH 6.6, in D,0. 2-Ethoxy-5-fluoro-phenylboronic acid is used as a reporter molecule and 1,1,1 trifluoroacetone is used as
an internal NMR standard. (b) The reporter signal is broadened/attenuated with the addition of a-chymotrypsin due to its
binding interaction. (c) The addition of benzo[b]thien-2-ylboronic acid to (b) results in full recovery of signal of the 2-
Ethoxy-5-fluoro-phenylboronic acid demonstrating that benzo[b]thien-2-ylboronic acid is a stronger binder of ao-
chymotrypsin binding in the 2-ethoxy-5-fluoro-phenylboronic acid binding site. (d) The addition of phenyl boronic acid to
(b) results in a small recovery of signal of 2-ethoxy-5-fluoro-phenylboronic acid, demonstrating that phenyl boronic acid is
a weak binder of a-chymotrypsin. (f) The addition of methyl boronic acid to (b) has no effect on the signal of 2-ethoxy-5-
fluoro-phenylboronic acid, suggesting that methyl boronic acid doesn’t bind a-chymotrypsin. The concentrations used are
2-ethoxy-5-fluoro-phenylboronic acid 200 pM, 1,1,1 trifluoroacetone 50 uM, a-chymotrypsin 200 pM and competitive
boronic acid ligand 750 uM.

Generally, in this technique a spy molecule containing a CF; moiety is preferred because of

the advantage of high sensitivity of fluorine signal from chemically equivalent three fluorine
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atoms hence allowing the reporter ligand to be used in lowest possible concentration in the

assay.

A slow exchange reporter ligand binding system is particularly more useful in this technique.
In such systems, the signal of the bound population of the reporter ligand can also be used as
a probe (in addition to monitoring the signal of free ligand in solution) to detect the binding

P8 If the competitive

interaction of the competitive ligand with the protein (Figure 1.22).
ligand binds to the same site as the reporter ligand, then the signal of the bound population of
the reporter ligand would be decreased in intensity due to displacement of the reporter ligand
from its binding pocket into free in solution. From this experiment the apparent binding
constant of the reporter ligand can be directly calculated using equation 2 (section 1.2.2).
From the knowledge of the actual and apparent binding constant values of the reporter ligand,
the binding constant of the competitive ligand can be calculated.>' This technique offers one

of the most efficient NMR assays for screening ligands and measurement of their binding

dissociation constant from a single shot experiment.
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Figure 1.22 *F NMR competition assay with reporter ligand in slow chemical exchange.

*F NMR spectra demonstrating the binding interaction of 5F-L-Trp and ibuprofen to HSA (0.730 mM). (a) Binding of 5F-L-
Trp to HSA by NMR direct ligand observation in NMR slow exchange binding regime. The signals of both free and HSA-
bound 5-F-L-Trp are seen. (b-c) The addition of competitive ligand ibuprofen in increasing amounts to the sample of (a)
results in displacement of 5-F-LTrp as demonstrated by decrease in intensity of its bound population signal and
concomitant increase in intensity of its free population signal. (Reproduced from reference %)
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The large chemical shift anisotropy (CSA) of 'F nucleus which contributes additional
broadening to the broad resonances of a fast exchange binding ligand'* is particularly more
useful for reporter displacement experiment using the CPMG edited F NMR in the so-called
technique of FAXS"%'*! (fluorine chemical shift anisotropy and exchange for screening).
The CPMG pulse-sequence improves the NMR sensitivity to reporter binding by enhancing
the attenuation of its broadened resonances, and thus increases the difference in ligand signal
intensity between its bound and free forms. This technique is widely used for screening of

mixture of large chemical libraries in pharma industries (Figure 1.23).
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Figure 1.23 lllustration of the FAXS NMR technique for ligand screening.

In this assay 2-hydroxy 3-fluorobenzoic acid (bottom structure) is used as a spy molecule and 1-[5-(trifluoromethyl)1,3, 4-
thiadiazol-2-yl]piperazine (top structure) as a control molecule. Only parts of the spectra are shown for clarity. The spectra
were recorded with a total spin-echo period of 160 ms. The concentration of spy molecule and control was 50 and 25 pM,
respectively. (a) Spectra of the reporter and control in the absence of protein (b) Spectra of the reporter and control in the
presence of 600 nM HSA. (c) Spectra of the reporter, control, HSA, 5o pM 5-CH3 pL-Trp and sucrose. (d) Spectra of the
reporter, control, HSA, 50 pM 5-CH3 DL-Trp, sucrose and 4-hydroxy-3-[1-(p-iodophenyl)-3-oxobutyllcoumarin (blue
colour, a warfarin derivative). The results of (c) identifies 5-CH3 DL-Trp and sucrose as non-binders, whereas the results of
(d) identifies 4-hydroxy-3-[1-(p-iodophenyl)-3-oxobutyllcoumarin as a hit. The chemical shifts are referenced to
trifluoroacetic acid.(Reproduced from reference **)

For a reporter ligand in fast exchange binding regime, the apparent binding constant can be
determined by competitive ligand titration and measuring the recovery of the reporter
resonances.'*” The competitive ligand can also be qualitative ranked on the basis of single

shot displacement experiment from the level of reporter displacement at single concentration.
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1.4.6 Ligand-Nuclear Overhauser effect (NOE)-based NMR binding techniques

Some NMR experiments based the ligand NOE effect are also employed to study protein-

11-13,20,142 .
320, saturation

ligand binding interactions. These include transferred NOE (tr-NOE),
transfer difference (STD)'”*° and water ligand-observed via gradient spectroscopy
(waterLOGSY) experiments.”’*! The detection of binding interactions by these methods
primarily relies on the fast exchange of the ligand between the bound and the free forms and
the rapid transfer of magnetisation within proteins via spin diffusion that is mediated by the

NOE. These techniques are discussed below.

1.4.7 Transferred NOEs (tr-NOE)-based binding technique

Small or medium molecular-weight ligands (MW <1000-2000 Da) free in solution have a
short correlation time t. and thus exhibit small and positive intra-ligand NOEs, no NOEs, or
very small negative NOEs, depending on their molecular weight, shape, and magnetic field
strength. In contrast, large molecules (MW ~ >2000 Da) generally have longer rotational
correlation time and thus exhibit strong negative NOEs (Figure 1.24). As a rule-of-thumb, the
correlation time of a molecule can be estimated from its molecular weight i.e t. [ps] > 0.5 Da
(e.g. a MW of 1000 Da corresponds to ca. 0.5 ns), however, other factors also influence a
molecule correlation time, for example, temperature (the higher the temperature, the shorter

t.), solvent viscosity (the more viscous, the longer t.).

In the transferred NOE (tr-NOE) binding technique, the binding interaction of a ligand with a
protein is detected by the observation of the NOE that generates within the ligand (intra-
ligand NOE) whilst bound to the protein. These change sign for bound state and may differ
from ligand NOEs if conformation changes on binding. The binding interaction of a ligand to
a protein can thus simply be detected by looking at the sign and size of the observed tr-NOEs
in the spectrum. The tr-NOE signal detected in the spectrum is an average ligand NOE
between its free and bound states. In this technique either 1D or 2D transient NOE
experiments may be recorded to monitor the binding interaction of a ligand to a target
protein. The detection of binding interactions by this technique can be viewed as a heat
transfer process. For example, if a ligand bind to a hot object (protein), then upon binding,
this heat is transferred from hot object (protein) onto the bound ligand through spin diffusion
and when the ligand dissociates from the hot object (protein), it takes this heat (NOE) into

solution, which is detected as a response of its binding interaction with the protein.
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Figure 1.24 Cartoon representation of transferred NOE (tr-NOE) ligand-observed NMR binding technique.

This ligand-based NMR technique is however not commonly used for studying protein-ligand
binding interactions due to the requirements of its stringent experimental conditions such as
large excess of ligand concentration relative to the protein concentration, longer experiment
time, false positives. Furthermore, this technique is also very sensitive to correct on/off rates

of the ligand to give good NOE response.

1.4.8 Saturation-Transfer-Difference (STD) NMR Spectroscopy

Saturation transfer difference (STD) NMR (Figure 1.25) is also an NOE-based ligand-
observed technique applied to study protein-ligand binding interaction (Figure 1.26 & Figure
1.27)."°%° As the name indicates, this technique is based on the transfer of saturation from
protein onto bound-ligand, which is then detected as a response of binding interaction in the
signals of the free ligand in solution. In this technique, the protein resonances are irradiated at
a selected region in the spectrum (where their intensity is high e.g methyl groups region, 0 to
— 1 ppm and sufficiently far away (e.g couple of hundred Hz) from the closest ligand signal)
for a defined period of time (typically 1-5 s) in order to saturate. This '"H NMR spectrum is
called an on-resonance spectrum. By spin diffusion through the NOE, all protein resonances
in the spectrum also undergo rapid saturation, which in turn is passed onto the bound ligand.
Hence, if a ligand binds to the protein, then this magnetisation can also be transferred
intermolecularly to the bound ligand via spin diffusion in the on-resonance experiment. This
transfer of magnetisation to the ligand also results in partial saturation of ligand resonances.
The degree of ligand saturation depends on the ligand residence time inside the protein
binding pocket. Thus, upon dissociation of the ligand from protein into solution, this partial

saturation received can be detected as a reduction in its signal intensity in the spectrum.
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Figure 1.25 General pulse-sequence for a 1D "H STD NMR experiment.

The sequence involves the recording of on-resonance and off-resonance spectra. Subtraction of on-resonance spectrum
from off-resonance spectrum produce STD difference spectrum. In order to achieve the desired selectivity and to avoid
any side-band irradiation, shaped pulse is used for the saturation of the protein signals. The water suppression is required
for the samples made in aqueous media. The optimised spin lock is used to attenuate the broad background protein
resonances to provide a relatively flat base-line for ligand resonance detection. (Reproduced from reference **3)

Next, a region of the spectrum far away (e.g 40 ppm) from the protein and ligand resonances
is irradiated (basically a standard '"H NMR). This '"H NMR spectrum is called an off-
resonance spectrum, also a”control “or"reference” spectrum. Subtraction of the on-resonance
spectrum from the off-resonance spectrum produces a STD difference spectrum in which
signals of the ligand that are attenuated by partial saturation transfer appear (Figure 1.26 &
Figure 1.27). Other small molecules that may be present in the assay mixture but which do
not bind to the protein will not receive magnetisation transfer from protein (hence no partial
saturation) and therefore their signals will be of equal intensity in both the on-resonance and
the off-resonance spectra and, consequently after subtraction no signals will appear in the
STD difference spectrum from the non-binding ligands (Figure 1.26 & Figure 1.27). In this
technique it is highly important to irradiate the region of the protein resonances which is far
away from the ligand resonances to avoid generating false positive results arising from direct

saturation of the ligand resonances.
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Figure 1.26 Cartoon representation of the STD NMR binding technique.
los lsat @and Istp represent the ligand signal intensity in the off-resonance, on-resonance and difference-STD spectrum

respectively.
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(b) STD Difference 'H NMR
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Figure 1.27 Example of protein-ligand binding by STD *H NMR.

Monitoring the binding of L-Trp and sucrose to BSA in a mixture by STD NMR technique. (a) Reference "H NMR spectrum.
The red and blue asterisks represent the signals of L-Trp and sucrose respectively. (b) STD difference "H NMR spectrum. In
the STD difference spectrum, only the signals of L-Trp are seen, suggesting that only L-Trp binds to BSA. The assay
mixture contained 20 mM L-Trp, 20 mM sucrose, 100 pM BSA in D,0. The NMR experimental conditions were; selective
on-resonance irradiation was applied at 0.86 ppm and off resonance irradiation was applied at 5o ppm. The saturation
time used was 2 seconds and the relaxation delay used was 2 seconds.

The binding interaction by STD NMR is usually quantified as,
Istp (%) = (Io— Isat/1p) X 100

Where, Ijis the intensity of one signal (of ligand) in the off-resonance spectrum, Isatis the
intensity of the corresponding signal in the on-resonance spectrum and Istp denotes the
intensity of the corresponding signal in STD difference spectrum. The STD binding effect is
sometimes also described by the STD amplification factor (Astp),”’ obtained by multiplying
the relative STD effect (Istp ) of a given hydrogen at a given ligand concentration ([Lt]) with

the molar ratio of ligand in excess relative to the protein [Lr]/[Pr].

Astp = (Istp) % [L1]/[PT]
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Where Ly and Py represents the total concentration of the ligand and total concentration of the
protein used in the experiment. For a given saturation time, the Agrp can also be defined as

an average number of ligand molecules saturated per molecule of protein.

In this technique, the saturation of the protein occurs very fast (~ 100 ms). Therefore ligands
with only fast off-rates can transfer this saturation into solution. Thus if a large excess of
ligand is used over protein, then one binding site can saturate many ligand molecules in few
seconds. Ligands in solution loose their information by T, relaxation processes, which for
small molecules are usually in the order of about seconds. Thus during the saturation time,
the level of the saturated ligands increases in solution and so as the binding information
resulting from protein saturation is also amplified. The intensity of the STD signal depends
on the length of irradiation time and excess of ligand concentration over protein. Large
excess of ligand concentration and longer irradiation time leads to stronger STD signal
(Figure 1.28). In general a 100 fold ligand excess has been found to produce a good STD
binding response. The large ligand excess allows the progressive build-up of the ligands
carrying saturation into solution enhances the STD signal. From the higher ligand: protein

ratios, it is evident that only a low amount of protein is used in the assay.
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Figure 1.28 Demonstration of the effect of ligand concentration and saturation time on the STD effect.

Example shown is the binding of bL-6-CH,-Trp with HSA.. (a) Top; reference *H NMR spectrum of bL- 6-CH,-Trp (2.0 mM)
with HSA (20 puM). Bottom: STD NMR spectrum of bDL- 6-CH,-Trp with HSA (saturation time 1.50 s). The relative STD
effects of the individual hydrogens are normalized against hydrogen H7. (b) The effect of ligand concentration on the STD
response. High ligand concentration is required to enhance the STD effect (c) The effect of saturation time on STD
response. From both (a) and (b) it is also apparent that different hydrogens of the ligand produce different STD response,
this is possibly due to their proximity in the protein binding pocket (described below in the text). (Reproduced from
reference **)
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In this technique the response of binding relies on the fast exchange of the ligand between the
free and bound form, hence if the binding interaction is very tight and consequently the off
rates are in the range 0.1- 0.01 Hz (Kp < 1 nM),19 the saturation transfer to the bulk ligand in
solution will not be very efficient and hence such a tight binding interaction may not be
detected by this technique. In generally, if the Kp values are 100 nM or larger, the fast
exchange of free and bound ligands results in very efficient build-up of the saturation of the
ligand molecules in solution. Similarly, the STD technique may also not detect very low
affinity interaction because the residence time of the ligand inside the protein binding pocket

is too short for the transfer of magnetisation to occur from the protein to the bound ligand.

In addition to detecting the protein-ligand binding interaction, the STD NMR technique is
also particularly useful is identifying the ligand ” group epitope mapping’, meaning which
chemical moieties of the ligand are important for molecular recognition in the binding site
(Figure 1.28 & Figure 1.29). According to the NOE theory, the magnetisation transfer from
protein to ligand protons by intermolecular NOE depends on the inverse sixth power of their
distance in the bound state. Thus, the shorter the protein-ligand proton-proton distance
(bound state) the stronger the intensity of the corresponding STD signal. So by normalising
all the measured STD intensities (arbitrarily assigned a value of 100%) against the most
intense signal the” group epitope mapping”is obtained (in percentage). The binding epitopes
are generally obtained for a given saturation time with the assumption that the resulting
ligand™ group epitope mapping” is independent on the chosen saturation time. However,
significantly different R; relaxation rates of the ligand protons can generate artefacts in the”
group epitope mapping” definition. Especially, for protons with slower R; enables a more
efficient accumulation of saturation in solution such that their relative STD intensities may be
significantly overestimated at long saturation times, thus also overrating the proximity of
those protons to the protein surface. Indeed, the structural information that the binding
epitope provides can be influenced by several factors including the differences in the R;
relaxation rates of the ligand protons, the extent of saturation received in the first place and

the kinetics of binding.
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Figure 1.29 lllustration of ligand binding epitope mapping by STD NMR.

Left- STD build up rates curves for the binding of Man-a(z,2)-Man-a-O(CH,)NH, (right) with the anti-HIV-1 human
antibody 2G12. Right: Binding epitope for Man-a(1,2)-Man-a-O(CH,)NH, ligand. Note that proton H4A (marked with star)
receives the highest saturation (200%; arbitrarily assigned) and is used as reference to calculated the STD percentages of
the other protons. The results of the STD build up rates for the different protons in the ligand suggest that A part of the
ligand makes the main contacts with the protein in the bound state. (Reproduced from reference *°)

It may also be possible to determine a ligand binding dissociation constant value by STD
NMR technique by titrating ligand to a fixed protein concentration, monitoring the STD

growth rates as a function of ligand concentration.”

Although the STD technique is useful to study small molecule binding events to proteins, but
it still has some limitations, such as its dependency on ligand high dissociation rates, spin

relaxation time and false positives due to nonspecific binding or ligand aggregation.

1.4.9 Water-ligand observed via gradient spectroscopy (waterLOGSY) NMR

The water-ligand observed via gradient spectroscopy (waterLOGSY) NMR experiment is
another NOE-based 1D ligand-observed technique widely applied for studying protein-ligand
binding interaction.”"'** WaterLOGSY begins with the selective irradiation (strictly
inversion) of bulk water by radio-frequency pulses; this magnetisation then transfers (through
spin diffusion) to the bound ligand via the water—protein—ligand complex and upon
dissociation from the protein, the ligand carries this magnetisation into solution as is detected
in its signals in the form of large negative NOE (Figure 1.30 & Figure 1.31). In contrast,
small molecules that only interact with bulk water and not the protein will experience much
faster tumbling, which translates into a positive NOE. Therefore, binders and non-binders can

be easily differentiated as opposite-phased resonances in the waterLOGSY spectrum.
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Figure 1.30 lllustration of the waterLOGSY NMR binding technique.

(Left): is a mixture of a protein (green object) and three small molecules (cyan, blue-violet, yellow) in water (small
spheres). The bulk water is first selectively irradiated with radio-frequency pulses. This magnetisation then transfers to the
protein and then to the bound-ligand (red coloured; it is the cyan colour ligand, redness denote the magnetisation it
receives from the protein). This ligand upon dissociation from protein takes this magnetisation into solution and is
detected in its NMR resonances in the form of large negative NOE (from protein-ligand complex). The blue-violet and
yellow small molecules do not receive magnetisation from protein. (Right); binder (cyan) and non-binders (blue-violet and
yellow) are seen as opposite-phased resonances in the waterLOGSY spectrum. (Reproduced from reference **’)
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(b) solution of 1-Trp + TEAB in H,O - WaterLOGSY *H NMR
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Figure 1.31 Example of protein- ligand-binding by WaterLOGSY "H NMR.

Binding of L-tryptophan with BSA as demonstrated by WaterLOGSY "H NMR technique. The assay mixture contained 2
mM L-Trp, 2 mM tetraethylammonium bromide (TEAB), 100 uM BSA in H,O (10% D,O). Selective on-resonance
irradiation was applied at 4.7 ppm. The mixing time was 1 second and the relaxation delay was 2 seconds. (a) Standard "H
NMR spectrum of a solution of L-Trp (signals with red asterisks) and tetraethylammonium bromide (TEAB) (signals with
blue asterisks). (b) WaterLOGSY spectrum of (a). (c) WaterLOGSY spectrum after the addition of BSA to the sample of
(a). Note that in this spectrum, the signals of the L-Trp and TEAB are opposite phased. Comparison of this spectrum with
(b) shows that L-Trp has received the large negative NOE from BSA, hence is a binder, whereas the TEAB has not and is a
non-binder in the mixture.
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The waterLOGSY signal detected for the binding ligand is an average of its NOE between
the bound form and free form (Figure 1.30 & Figure 1.31). In this technique since bulk water
is used as the source for the transfer of magnetisation, the assay solution is therefore prepared

in 90% H,0 and 10% D,0 (for locking).

In this technique first a reference standard 1D and a WaterLOGSY spectrum of the ligands in
the absence of protein are recorded. A second WaterLOGSY spectrum is recorded following
the addition of protein. The two WaterLOGSY spectra are compared; the signals of binder
and non-binders will be either opposite-phased or attenuated in intensity (depending upon
competition between positive and negative NOE) (Figure 1.31). The waterLOGSY technique
typically requires a ligand:protein concentration ratio of 100:1. The protein concentration
usually ranges from few uM to few tens of uM. The temperature of the experiment can be

decreased (up to 15 °C) to favour the spin diffusion through the protein.

Ligand binding constants can also be measured by WaterLOGSY NMR technique, by
titrating ligand to a fixed concentration of protein, measuring the intensity of the ligand signal
as a function of protein concentration.'* Although Fielding er al.'*® have shown that the
accuracy of the Kp value may be influenced by protein concentration. The exact reason of

this correlation remains unknown.

In waterLOGSY experiment several techniques have been used for selectively and efficiently
exciting the water signal.'*'>* Amongst these, the ePHOGSY (enhanced protein hydration
observed through gradient spectroscopy) (Figure 1.32) technique, developed by Dalvit'>*!**
which is based on a water-selective 180° refocusing pulse between two pulsed field gradients,
is one of the most readily implemented and robust schemes to obtain selective water
excitation (Figure 1.32). This technique effectively defocuses the magnetization of all
resonances that are not near the water chemical shift, hence provides the basis for a low level
of artifacts. The optimum mixing time used in the WaterLOGSY experiment depends on the
size of the complex, but generally a mixing time of 1 to 3 s is used (Figure 1.32). During the
mixing time, the water magnetization that has transferred to the protein is migrated to the
ligand via spin-diffusion and NOE. In large proteins the transfer of magnetization via spin-

155,156

diffusion is very efficient due to the fast flip-flop transitions and hence a short mixing

times are sufficient to spread the magnetization through the entire protein.
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Figure 1.32 Pulse sequences of the homonuclear 1D ePHOGSY NMR.

(Reproduced from reference ™) The solid bars and boxes represent hard go®and 180° radio frequency pulses, respectively,
whereas, the shaded shaped pulse indicate gauss pulse and the unshaded represent the 180° shape pulse. The shaded
shaped pulse selectively inverts the water magnetisation. During the mixing period (t,,) the water magnetization transfers
to the protein (via spin-diffusion and NOE) and then to the bound-ligand via protein-ligand complex. During the mixing
period a weaker bipolar gradient is applied to suppress radiation dumping. In the final section the bulk water signal is
suppressed by excitation sculpting. (For more detailed explanation see the original reference 6y

Similar to STD, this technique also relies on the fast exchange of the ligand between the
bound and free form, therefore this may not work for very strong binding ligands. Similarly,
for very weak affinity interaction, the shorter residence time of the ligand in the protein
binding pocket may not be sufficient for efficient transfer of magnetisation and hence such
interaction may also not be detected. Work by Dalvit et al. suggests that the binding

interaction of ligands with Kp values as low as 100 nM can be detected by this technique.146

1.5 Objectives

The main objective of the work reported in this Thesis was to apply NMR spectroscopy to
gain a better understanding of the function and inhibition of two enzyme systems, 7y-
butyrobetaine hydroxylase (BBOX), which belongs to the super-family of enzymes called the

2-oxoglutarate (20G) dependent oxygenases and the bacterial potassium ion efflux protein

(Kef).

In Chapter 2, NMR spectroscopy was applied to study the binding interaction of natural
substrates GBB and 20G with BBOX by 'H NMR direct ligand observation. '"H NMR was
also applied to develop a dual-reporter ligand displacement assay, using GBB and 20G
simultaneously as reporter ligands for assessing the nature of inhibitor binding with BBOX.
In this assay, the application of NMR paramagnetic relaxation enhancement (PRE) effect was
also explored. NMR was also applied to develop an inhibition assay for BBOX for inhibitor

ICso measurement. 'H NMR-based assays were also applied to demonstrate that the cation-nt
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interaction between the positive charge of the substrates and the aromatic cage residues of the
BBOX play a critical role in BBOX substrate recognition. Finally, using 'H NMR
spectroscopy, the binding interaction of clinical drug mildronate with BBOX was also

studied.

In Chapter 3, '"H NMR spectroscopy was applied to investigate the chemistry of uncoupled
20G decarboxylation into succinate by L-ascorbate degradation in the absence of a 20G

oxygenase.

In Chapter 4, "H NMR direct ligand observation was applied to investigate the role of each
functional group of the Kef activating ligand glutathione-S-N-tertiary butylsuccinimide on its
binding interaction with Kef for developing non-peptidic antibacterial agents of Kef. 'H
NMR was also used to establish the identity of the electron density found in the nucleotide
binding pocket of Kef protein. YF NMR spectroscopy was applied to develop an efficient
assay for Kef that can be used for ligand screening and measurement of ligand binding
dissociation constant values. Finally, with the aid of "’F NMR ligand-observed assay, the

conformational changes that occur in Kef due to ligand binding were investigated.

In Chapter 6, experimental procedures are described.
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2 Catalysis and inhibition studies of y-butyrobetaine

hydroxylase (BBOX)'

2.1 206G Oxygenases

The 2-oxoglutarate (20G) and ferrous ion (FeH) dependent oxygenases (Table 2.1)
encompass a super-family of structurally related non-haem enzymes, which are widely found
in all life forms.'” These enzymes use the tricarboxylic acid (TCA) cycle intermediate 2-
oxoglutarate (20G), also termed as a-ketoglutarate and molecular oxygen as co-substrates

II . .
and Fe" as co-factor in catalysis.

The 20G oxygenases catalyse a broad range of biochemical reactions that is amongst the
most diverse of any known enzyme family (Figure 2.1). In animals, these enzymes catalyse
hydroxylation and demethylation reactions (proceeding via hydroxyla‘tion),1’6’7 and in plants
and microorganisms, these enzymes catalyse not only hydroxylations, but also a broad range
of other oxidation reactions including epimerisations, desaturations, ring expansions, ring

8-11

closure and halogenation reactions (Figure 2.1).” " The substrates of 20G oxygenases range

from small molecules to macromolecules including proteins/peptides/amino acids, nucleic

acids/bases, lipids and natural products including antibiotics and signalling molecules."

In human physiology, the 20G oxygenases play critical roles in a diverse range of important

biological processes including biosynthesis (e.g L-carnitine biosynthesis, collagen biosyn-

¥ The work described in this chapter was designed and conducted in collaboration with Robert Lesniak, Dr
Anna M. Rydzik, Dr Jurgen Brem, Jos J. A. Kamps and Dr Ivanhoe K. H. Leung.

R.L performed the fluorescence binding assay and fluoride ion release assay. A.M.R provided the isoquinoline-
based compounds. J.B produced the psBBOX. J.J.A.K synthesised the phospha, arsa and carba GBB analogue
ligands and performed the LC-MS assays. LK.H.L provided the inhibitors other than iso-quinoline-based
compounds.

Parts of the work from this chapter have been published as described:

1. A. Khan, R. K. Lesniak, J. Brem, A. M. Rydzik, H. Choi, I. K. H. Leung, M. A. McDonough, C. J. Schofield
and T. D. W. Claridge; Development and applications of ligand-based NMR screening assays for y-
butyrobetaine hydroxylase, Med. Chem. Commun., 2016, DOI: 10.1039/c6md00004e. (Hot Article)

2. Kamps, J. J.; Khan, A.; Choi, H.; Lesniak, R. K.; Brem, J.; Rydzik, A. M.; McDonough, M. A.; Schofield, C.

J.; Claridge, T. D.; Mecinovic, J. Cation-pi Interactions Contribute to Substrate Recognition in y-Butyrobetaine
Hydroxylase Catalysis. Eur. Chem. J.; 2016, 22, 1270-1276, DOI: 10.1002/chem.201503761. (Hot Article)
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thesis in prokaryotes to gibberellin biosynthesis in plants.*’

Table 2.1 List of known human 20G oxygenases with substrates (Reproduced from reference 6).

Gene name Giene 1Dy Chemical function if assigned
ASPH (aspartyl/asparaginy] f-hydroxylase) ERES AsnAsp IR-hydroxylase, EGF-like domains
ASPHD (hypothetical protein LOCST168) 3T168
ASPHDV (hypothetical protein LOC253987) 2530R2
ClTorf101 (PKHD domain-containing transmembrane protein THT01
Cl1Torf101)
LEPRE], LEPREI-like. LEPRE2 {leucine proline-ensiched G 1T Prolyl-3 5-hydroxylase
proteoglycan {leprecan)) 55214
10336
P4H TM {hypoxia-inducible factor prolyl 4-hyvdroxylase isoform a, S4681 Prolyl hydroxylation
transmembrane (endoplasmic reticulum)y
P4HAL P4HAZ, PAHAS (procollagen-proline, -oxoglutarate 033 Prolyl-4 B-hydroxylase (collagen)
d-dioxygenase) 74
253208
PLOD, PLODA, PLOD2 (procollagen-lysine, 2-oxoglutarate IS Lyswl-3R-hydroxylase (collagen)
S-dioxygenase) 5351
5352
IMID (Jumonji domain containing 4) 65004
INMITDEPTDSE (Jumonji domain containing &/phospharidylserine 23110 Lyayl-3-hydroxylase
fecEplor)
IMTDE (Juronji domain containing Sfhypothetical protein FLI1I3798) THR3Al Hitone HIK 36me2? demethylase
JMITDE (hypothetical LOC339123) 339123
TYW HC20rf6l (chromosome 2 open reading frame 60} 120450 Wybutosine hydroxylase (imodified RMNA)
FIH {factos inhibiting hypoxia-inducible factor) 55662 Asparaginyl hydroxylase (HIF CTAD and
ankyrin repeat domsain containing proteins)
PASSI/HSPBAFI TR
IMIDTPLA2IVE (phospholipase A2, group IVE) Lo |
M6 THea7 Proposed histone demethylase
MINASIBE (MYC induced nuclear antigen) HdBbd
IMIDEK DM6B (Jumonji domain containing Yhistone lysine 23135 Hsstone HIK2Tme3 demethylase
demethylase 6B)
UTX/KDM6A (ubiquitowsly transcribed tetratnicopeptide repeat, T403 Histone HIK 2Tmed demethylase
X chromosomefhistone lysine demethylase 6B)
UTY (ubiquitously transcribed tetratricopeptide repeat protein, TdiM
chromosome Y)
JARIDIB/PLU-1JEDM3B (Jumoniji, AT rich interactive domain 1B 10765 Histone H3K 4med demethylase
(RBP2-like))
JARIDIA/RBBPYEDMSA (retinoblasioma binding protein 2) 50927 Histone HiK4med demethylase
JTARIDIC/SMCONKDMSEC (Smex homolog, X chromosome) E342 Histone H3IK4med demethylase
JARIDIDSMCY KDM3D {(Smcy homolog, Y-linked) E2R4 Histone H3IK4med demethylase
IMIDZAJTHDMIAK DM AA (Jumonji domain containing 2A fhistone Qa2 Histone HIK 9medf K 36mel demethylase
Iysine demethylase 44)
IMIDZC]GASCIRDMAC (Jumonji domain containing 2C fgene 23081 Histone HIK9medfK36med demethylase
amplified in squamous cell carcinoma 1f/histone lysine demethylase 4C)
IMIDZB/EDMAC (Jumonji domain containing 2B/histone lysine 23030 Histone HIK9medfK3b6mel demethylase
demethylase 4B)
IMIDZDYE DMAD {Fumonji domain containing 2D/histone lysine 556493 Hstone H3IK%med demethylase
demethylase 400)
IMIDZE/K DMAE {Jumonji domain containing 2E fhistone lysine Hitone H3K%me3 demethylase
demethylase 4E)
FEXLIWIHDM I BfKDM2B (F-box and leucine-rich repeat protein BA6TE Histone HIK 36me2 demethylase
10fhistone lysine demethylase 2B)
FEXLIJTHDM IAJKDM2A (F-box and levcine-rich repeat protein 23002 Histone HIK 36me2 demethylase
11 histone lysine demethylase 2A)
KIAAITIEIHDMID/KIAAITIR BORS3 Histone HIK 9me2/K2Tme? demethylase
PHFE/KIAALLLL (PHD finger protein 8) 21133 Histone HIK 9me? demethylase
PHF2/IHDMIE/GRCS (PHD finger protein 2) 5283
HR {hairkess) S5H0G
IMIDIAJK DMAASTSGA (Jumonji domain containing 1A/histone S5E18 Histone HIK9me demethylase
Iysine demethylase 3A)
IMIDI B/E DM 3B/ 3gNCA (Jumonji domain containing 1 B/histone 51780 Histone HIK%me? demethylase
Iysine demethylase 3H)
IMIDIC/TRIPERLAALIRD (Jumonji domain containing 1C histone 23081 Hutone HIK%me2 demethylase
Iysine demethylase 3C)
JARIDZ M (JARID2fonginal Jumonji protein) £y Missing iron binding residwe
FHD {HIF prolyl-4-hydrosylase, N-terminal domain 112398 Prolyl-4 B-hydroxylase
disordered)
PHDZ {HIF prolyl-4-hydroxylase, N-terminal MYND) 54383 Prolyl-4 B-hydroxylase
PFHD3 {HIF prolyl-4-hydroxylase, Mo M-terminal domainy 112399 Prolyl-4 B-hydroxylase
ABHI (alkylated DNA repair protein alkB homolog ABRH 1) ERaG GemeC demethylase (DMNAJRMNA)
ABHZ {alkvlated DNA repair protein alkB homolog ABHZ2) 121642 I-meA)3meC demethylase (DNATRNA)
ABH1 {alkylated DMA repair protein alkB homolog ABH3) 221120 l-meA ) 3-meC demethylase {DNATRMA)
ABH4 (alkylated DMNA repair protein alkB homolog ABHA) 54784
ABHS (alkylated DMNA repair protein alkB homolog ABHS) 54590
ABH#6 {alkylated DMA repair protein alkB homolog ABHG) RS
ABHT (alkylated DMNA repair protein alkB homolog ABHT) 4266
ABHE (alkylated DMNA repair protein alkB homolog ABHE) QIR0 S-Methoxyearbonyl-methyluridineg

(S Fhydroxylase (modified RNAYT
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ABH1 {alkylated DMNA repair protein alkB homolog ABH3) 221120 l-meA)3-meC demethylase (DNATRNA)
ABH4 {alkylated DMNA repair protein alkB homolog ABH4) 54784
ABHS {alkylated DMNA repair protein alkB homolog ABHS) 54890
ABH6 {alkylated DMNA repair protein alkB homolog ABHG) S
ABHT {alkylated DMNA repair protein alkB homolog ABHT) B4264
ABHE {alkylated DNA repair protein alkB homolog ABHE) QU801 S-Methoxycarbonyl-methyluridineg
(Shydroxylase (modified RNAFT
FTO ffat mass and obesity associated) TR06 3-meT demethylase (DNATRNA)
TET1, TETZ, TET3 (ten-cleven transbocatson | gene protein) B0312 S-meC hydroxylase (DNA)
54790
200424
PAHX (phytanoyl-CoA hydroxylase precursor) 226d Phytanoyl-CoA 2-rkrea-hydroxylase
PFHYHDI 254295
GFODI (2006, Fe dependent oxygenase domain 1) 55239
GFOD2 (2006, Fe dependent oxygenase domain 2) T T6
GBBH/BBOX (y-butyrobetaine hydroxylase) #424 y-Butyrobetaine 35-hydroxylase
TMLH (trimethyllysine hydroxylase) 55217 Trimethyllysine SR-hydroxylase
BBOX
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Figure 2.1 The diverse range of reactions catalysed by 20G and Fe' dependent oxygenases.

(a) BBOX catalysed hydroxylation of y-butyrobetaine to give L-carnitine. (b) Histone lysine demethylation reaction
catalysed by histone lysine demethylases (KDM). The demethylation proceeds via hydroxylation. (c) Reaction catalysed by
SyrB2, a model halogenase. The substrate of this enzyme is L-threonine in thio-ester linkage to a phosphopantetheine
group bound to the SyrBa protein. (d) The trifunctional enzyme CAS (clavaminate synthase). In addition to its oxidative
ring formation reaction (third reaction), CAS also catalyses hydroxylation and desaturation reaction. (e) Reactions
catalysed by CarC (carbapenem synthase); example of epimerisation (first reaction) and desaturation (second reaction). (f)
Ring expansion reaction catalysed by DAOCS (deacetoxycephalosporin C synthase), R = &-(L-a-aminopropyl). (g)
Sequential hydroxylation and epoxidation reaction catalysed by H6H (hyoscyamine 6 B-hydroxylase). (h) Formation of
endperoxide catalysed by FtmOxa (fumitremorgin B endoperoxidase).

The total number of 20G oxygenases found in biology is extremely large. Humans and other

animals are believed to contain about 70 such enzymes.

2.1.1 206G oxygenase catalysed oxidation

20G oxygenases catalyse oxidation reactions by incorporating a single oxygen atom from

molecular oxygen into their substrates. The substrate oxidation is always coupled with 20G

oxidation into succinate and carbon dioxide (Figure 2.2).12'14
20G oxygenase OH
Fe'
PN > )\
o o o o
HOJ’\H/\)LOH o, \n/\)LoH + CO,
0o [e]
20G Succinate

Figure 2.2 20G oxygenase catalysed oxidation (hydroxylation) reaction.
The co-substrates are 20G and molecular oxygen and the co-products are succinate and carbon dioxide. 20G oxygenases
use Fe' as co-factor.

Although the 20G oxygenases catalyse the oxidation of a wide range of substrates, they are
believed to follow a consensus ordered sequential catalytic mechanism as shown in Figure

2.3."% The catalytic cycle begins with the binding of 20G to the enzyme in the resting state
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(with Fe" bound in the active site) by displacing two water ligands (step 1).'>'® 20G
coordinates to the active site Fe"' in a bidentate manner via its C-1 carboxylate oxygen and C-
2 keto oxygen. In the next step, the substrate binds the enzyme in close proximity to the metal
centre (but does not directly coordinate to the metal) inside the active site (step 2). The
substrate binding cause a conformational change in the enzyme active site which leads to the
loss of the last bound water molecule.'” This creates a free co-ordination site for the binding
of an oxygen molecule to the active site metal. In the next step, molecular oxygen binds to
the enzyme, likely in a position directed towards the substrate molecule (step 3). The Fe''-

superoxide specie then attacks on the C-2 carbonyl carbon of 20G forming a peroxide (step

4), which then collapse to form CO,, Fe'V-bound succinate and highly oxidising Fe'V-oxo

. 18-21
species (step 5).
R
OH, I "] + substrate Ko
His,, |y ~COHz 0 His,, |n..0 -H,0 His,, i,
('Fe‘ s Fe’ —_—
His YOH, -2 H,0 His” | “YOH, o S g His” |
As Ast Release of water As
P Release of water P Binding of substrate P
Binding of 20
Binding of 20G Step2
Stepl
- succinate Binding of oxygen to Fe! +0, Step3
Step8 - product - Oxidation of Fe!l to Fell
Release of hydroxylated product
and succinate, Addition of water
R
OH
His, 1l A0—
Fe’
(o]
His, |
Asp
Rapid radical rebound Mucleophilic attack of Step 4
oxygen on 20G
Step7 e -
R
R
R- (| T | -0,
\“—’r H“"?’ 20G Decarboxylation H o] \Y
{ / ractior release of CO,
{ oH Abstraction of H (o . and release of CO,
His, ¢l 0o—~"% __a  His, flv.o—p—" .
Fe / e —— v .Fe.‘ —
8] A
His” | Step6 His”” | 0 &0,
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Figure 2.3 Proposed consensus mechanism for 20G oxygenase catalysed hydroxylation.

In the resting state of the enzyme, the active site Fe" is octahedrally co-ordinated mainly by a conserved HXD...H motif.
The remaining 3 co-ordination sites are occupied by 3 water molecules. In catalysis, the binding of 20G (pink) (which
occurs as a result of displacement of two bound water molecules) and then substrate (red) occurs sequentially in the active
site. The substrate binding results in a conformational change in the enzyme active site, which results in the loss of third
water molecule. This creates a coordination site for molecular oxygen to bind. After oxygen binding, decarboxylation of
20G occurs and a highly reactive Fe=0 intermediate is created. This ferryl intermediate then carrys out the
hydroxylation of the substrate. Finally, the hydroxylated product and succinate are released from the active site, allowing
water molecules to recoordinate to the metal centre. Blue oxygen atoms represent those derived from molecular oxygen.
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This Fe'-oxo intermediate is positioned adjacent to the target C—H bond of the substrate,
such that there is either direct insertion of an oxygen atom into this C—H bond or the
hydrogen atom is abstracted by the Fe'Y-oxo intermediate (step 6). A rapid re-bound of the
resulting hydroxyl group onto the generated carbon radical results in substrate hydroxylation
(step 7). Finally, the hydroxylated product and succinate are released from the enzyme active
site and the vacant co-ordination sites are re-occupied by water molecules (step 8). Thus, in
this enzyme catalysed oxidation, one of the oxygen atoms of molecular oxygen is
incorporated into succinate, and the other into the substrate,22 with the reactive Fe!"
intermediate reduced to Fe'.*

There are however, many examples of 20G oxygenases which also catalyse the uncoupled
20G decarboxylation. This usually occurs either in the absence of a substrate or in the
presence of a sub-optimal substrate.” In such cases, it has been proposed that the Fe' -oxo
specie produced is reduced back to Fe' by either a reducing agent used in the reaction assay
(such as L—ascorbatc::),24 water (similar to Fenton chemistry),zs’26 buffer’’ or by the protein

residues close to the metal centre inside the active site (self-hydroxylation).***

Although most 20G oxygenases are believed to follow the above sequential and consensus
mechanism, (Figure 2.3) a relatively different mechanistic cycle has been proposed for the
catalysis by the bacterial 20G oxygenase deacetoxycephalosporin C synthase (DAOCS) for
two sub-optimal substrates, penicillin G and ampicillin, based on x-ray crystal structures
(PDB IDs: 1UOB and 1UNB, respectively).”® According to the proposed mechanism, first
20G and then molecular oxygen binds to the enzyme active site metal. However, due to the
overlap of the 20G and substrate binding sites, the binding of the substrate to the enzyme in
the presence of 20G is prevented. Hence, oxidation of 20G without substrate occurs and the
reactive Fe'"-oxo intermediate is generated. In the next step, succinate and carbon dioxide are
released from the active site, which creates space for the substrate to bind. The enzyme then
oxidises the substrate and with the release of the product, the enzyme is recycled to its resting
form. However, in recent work by Tarhonskaya ef al. using detailed kinetics and binding
studies suggests that a consensus mechanism similar to other 20G oxygenases also likely

operates in DAOCS catalysis.”’

2.1.2 Co-factor and co-substrate specificity of 20G oxygenases

The presence of bound Fe" inside the active site is an absolute requirement for 20G

oxygenases catalysis. Many transition metal ions including Mn", Zn", Ni", Cu" and Co"
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binds in the Fe"" active site of many 20G oxygenases in a similar mode and affinity as Fe",*

but, however, none of these metal ions has been reported to replace Fe!! for 20G oxygenase
catalysis.33'35 After catalysis, when 20G oxygenase is recycled to its resting form, Fe" is
retained inside the active site. It is still unclear whether an active shuttle system exists for the
delivery of iron from cells into the active site of 20G oxygenases or the enzymes just simply
compete for the iron in cells. The catalytic activity of many 20G oxygenases in in vitro
assays is also enhanced in the presence of reducing agent such as L-ascorbate.*** Tt is

I

proposed that the reducing agent reduces Fe' into Fe', thus maintaining a pool of Fe' in

solution and promote maximum enzyme catalytic activity.

20G oxygenases also have an absolute requirement for 20G as an oxidisable co-substrate. So
far, only 2-ketoadepic acid and a-bromo 20G have been reported to act as 20G alternatives
in catalysis by 20G oxygenases, but with significantly reduced activity compared to 20G.*"
% Recently, it has also been reported that 2-hydroxyglutarate (2-HG) can enables
hydroxylation reaction for some 20G oxygenases, however in these reactions, the 2-
hydroxyglutarate is first non-enzymatically oxidised into 20G by Fe" and ascorbate likely via
Fenton chemistry, and then the 20G enables hydroxylation.*” No direct binding of 2-

hydroxyglutarate to any of these 20G oxygenases have been reported.

2.1.3 Structural aspects of 20G oxygenases

Crystallographic studies have shown that 20G oxygenases are characterised by the presence
of a conserved double-stranded B-helix (DSBH) core fold, which is formed of eight
antiparallel B-strands, which form a squashed barrel type structure, open at one end (Figure
2.4).>*"% Inside the DSBH core fold, is a highly conserved 2-His-1-carboxylate (HXD/E...H)
amino acid residue triad. In the resting state, the active site Fe" is coordinated by two
histidine residues and one aspartic acid or glutamic acid residue (Figure 2.4),* while the
other three sites are typically occupied by the oxygens of three water ligands. Studies have
shown that these two histidine residues are important for the binding of Fe'.* 20G
coordinates to the active site metal in a bidentate manner its via C-1 carboxylate oxygen and
C-2 keto oxygen (Figure 2.4). The 20G C-5 carboxylate group projects towards inside of the
active site pocket and is always held by electrostatic (usually with an arginine or lysine) and
hydrogen bonding interactions (e.g with serine or tyrosine residues) (Figure 2.4).
Crystallographic studies have shown that the substrate carbon atom undergoing oxidation is

observed to be proximate (~4.5 A°) to the iron. The substrates of 20G oxygenases are bound
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by a combination of hydrogen bonding, hydrophobic, and electrostatic interactions in such a
way that the carbon atom undergoing oxidation projects towards the iron. In many cases it is
observed that the binding of substrate in the active site region involves an induced fit binding.
For example substantial enzyme conformational changes have been observed in the hypoxia-
inducible factor (HIF) prolyl hydroxylase, PHD2, a human oxygen sensing 20G oxygenase,
isopenicillin N synthase (IPNS), a microbial 20G oxygenase and the Escherichia coli

alkylation repair 20G oxygenase AIKB.**

The correct positioning of 20G and the substrate
to the active site Fe' is important in order to avoid the uncoupled oxidation of 20G to

primary substrate oxidation and oxidation of other atoms including self-hydroxylation.

| BIV-BV insert

C-terminal

Figure 2.4 General structural features of 20G oxygenases.

View from a crystal structure of the catalytic domain of hypoxia inducible factor prolyl hydroxylase PHD2 (PDB ID: 3HQR),
showing the DSBH fold (yellow), binding of Mn" (grey sphere; unreactive substitute for Fe") and NOG (candy pink; N-
oxalylglycine, unreactive substitute for 20G) and an insert in B-sheets of DSBH fold.

In addition to DSBH fold, 20G oxygenases are also characterised by other semi-conserved
secondary structural features.*® These include a-helices and p-strands at the N-terminus of the
DSBH and in many cases an a-helix at the C-terminus of the DSBH. Discrete domains are
also located either at the N-/C-terminal regions. Sub-families also have characteristic inserts
frequently occur in the loops between the B-strands of the DSBH, particularly between
strands BIV and BV. This insert ranges from a small loop of a few amino acids to a whole

5,41-43

protein domain (Figure 2.4). These additional structural elements are believed to help in

substrate/co-substrate binding or in stability of the enzyme active conformation.
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2.1.4 Inhibition of 20G oxygenases

Many members of 20G oxygenases are currently being targeted for therapeutic and
commercial purposes. For example, human 20G oxygenases, such as the hypoxia inducible
factor (HIF) hydroxylases which are involved in human oxygen sensing system, are the
inhibition targets for the treatment of diseases including cancer, ischemia, inflammation and

anaemia.*”>°

v-Butyrobetaine hydroxylase is targeted for the treatment of myocardial
infarction.”’ Similarly, plant 20G oxygenases such as gibberellin C-20 oxidase are an

inhibition targets for the development of commercially used herbicides.”

The inhibitors of 20G oxygenases can be divided into two categories. The first categories of
inhibitors are 20G competitors (Figure 2.5) and the second categories of inhibitors are
substrates competitors (Figure 2.6). However, most of the reported small molecule inhibitors
of 20G oxygenases are 20G competitors binding to the Fe' inside the enzyme active site to
prevent caltalysis.6 These inhibitors also chelate the free Fe" in solution and thus prevent
catalysis by stopping the Fe"' from binding to the enzyme.53 Based on the structure of the core
skeleton, these 20G mimic inhibitors of 20G oxygenases are generally of several types.6
These include N-oxalyl amino acids, 2,x-pyridine dicarboxylic acids, bipyridyl compounds,
hydroxyquinoline/isoquinolinyl derivatives and N-hydroxythiazoles derivatives (Figure 2.5a).
Although all these 20G-based inhibitors contain different functional groups, they all
however, appear to bind to the enzyme active site Fe' ® (Figure 2.5b-d) (and free Fe' in
solution)™ in a bidentate manner similar to 20G and inhibit catalysis by competing with

20G.°
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o) 0 o) o) o) 0 o 4 O
H H H
N N N
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Figure 2.5 Different types 20G-based inhibitors of 20G oxygenases.

(@) Structure of the common 20G mimic inhibitors with different core skeletons. (b) View from a crystal structure of
collagen prolyl-4hydroxylase (C-P4H) in complex with 2,4-PDCA (coloured green in a) and zn" (PDB ID: 2JIG).(c) View
from a crystal structure of PHD2 in complex with the bicyclic glycinamide 3-hydroxy-7-iodo-isoquinolinyl-2-(N-glycinyl)-
carboxamide (coloured blue in a) (PDB ID: 2G19) (d) (Reproduced from reference 6). Docked structures of 2-(3-hydroxy-2-
((2-(phenylsulfonyl)acetyl)imino)-2,3-dihydrothiazol-4-yl)acetic acid (coloured red in a) in the active site of PHD2 (PDB ID:
2G1g), showing two possible active site metal chelation modes.(d: reproduced from reference **)
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The functionalization of the core skeleton of these inhibitors can enable selectivity and
potency of inhibition towards a particular 20G oxygenase.® Amongst these inhibitors, N-
oxalyl amino acids and 2,x-pyridine dicarboxylic acids derivatives are rather generic 20G
oxygenases inhibitors as they closely mimic 20G. N-Oxalylglycine (NOG) and 2,x-pyridine
dicarboxylic acids are the simplest inhibitors amongst these two classes. Selectivity of NOG
for different 20G oxygenases has been achieved by substituting the glycine moiety with
other L/D amino acids.”®> NOG chelates the active site Fe' via its amido and C-1 carboxylate
oxygen, while the pyridine 2,x dicarboxylic acids inhibitors chelate the active site Fe

through their pyridinyl nitrogen and 2-carboxylate group.®

Bipyridyl derivatives are also established 20G oxygenase inhibitors.® Their selectivity
amongst various 20G oxygenases have been achieved by functionalisation of the bipyridyl
core skeleton.”®’ They inhibit the activity of many 20G oxygenases such as the collagen

P4H, the HIF hydroxylases and the histone demethylases.”®’

Similarly, the hydroxyquinoline/isoquinolinyl derivatives®*® and the structurally related N-

hydroxythiazoles-based compounds™**’

are very potent inhibitors of many 20G oxygenases
including the PHD?2 and the histone demethylases. X-ray crystallographic studies suggest that
in addition to competing with 20G, these inhibitors also tend to compete with the enzyme
substrate. For the hydroxyquinoline/isoquinoline derivatives, their selectivity for different
20G oxygenases has been achieved by functionalization of the core

hydroxyquinoline/isoquinoline skeleton and the side chain amino acid.®

There are a fewer substrate mimic inhibitors of 20G oxygenases (Figure 2.6). For example
some of the inhibitors of PHD2 are based on its substrate HIF-1a (hypoxia inducible factor)
peptide fragment C-terminal oxygen-dependent degradation domain (CODD; HIF-1ass56-574)
(Figure 2.6). In these inhibitors, the proline residue that undergoes the PHD2 catalysed
hydroxylation (coloured blue/underlined) is replaced by unhydroxylable proline analogues
such as L-3,4-dehydroproline and L-4-thioproline (Figure 2.6). Both these CODD-based
inhibitors selectively inhibit PHD2 over FIH, another HIF hydroxylase.®' Mildronate® and
methyl-GBB® are also substrates-based inhibitor of y-butyrobetaine hydroxylase (BBOX)
(Figure 2.6), competing with the natural substrate GBB for C-3 stereoselective hydroxylation.
In mildronate, the GBB C-4 position CH., group is replaced by a NH group, whereas, in
methyl-GBB, one of the methyl groups in the GBB trimethylammonium moiety is extended

to an ethyl group.
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Figure 2.6 Examples of substrate-based inhibitors of 20G oxygenases.

In addition to the 20G-based and substrate-based inhibitors of 20G oxygenases, many metals

33-35

ions such as Zn", Ni", Co" etc. are inhibitors of 20G oxygenases. These metal ion

inhibitors compete with Fe'' for binding in the enzyme active site and thus prevent catalysis.

Some 20G oxygenases have also been reported to contain structural zinc ions. These zinc
binding domains have been found as highly critical for the stability of the folded (active)
conformation of these enzymes. Such 20G oxygenases include histone demethylases (Figure
2.7) and y-butyrobetaine hydroxylase (BBOX) (details in section 2.2.11). Therefore specific
compounds termed as zinc ejectors have been developed to irreversibly remove the
structurally important Zn" from the zinc binding site of 20G oxygenases (Figure 2.7). As a
result of zinc ejection, the enzyme unfolds and become inactive. Amongst such compounds,
selenium and sulfur containing compounds have been reported as effective zinc ejectors, due
to their demonstrated ability to interact with the cysteine-residues involved in Zn" binding in

- 64-66
many proteins.

Examples of these zinc ejectors are disulfiram and ebselen (Figure 2.7),
which have been shown to irreversibly inactivate histone demethylases® and y-butyrobetaine
hydroxylase®” by ‘removing” the structurally important Zn" from the zinc binding domains

of these enzymes.

Oxygen mimic compound such as nitric oxide, has been shown to inhibit PHD2. It is believed

68,69

that nitric oxide competes with oxygen and thus prevents catalysis. In addition, common

metal ion chelators such as ethylenediaminetetraacetic acid (EDTA) also removes the active
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site Fe'' from most 20G oxygenases including PAH' and bacterial AIkB’' and thus inhibit

their catalysis.

(a) IMID2A.Ni".Zn".NOG.K9me3 peptide (b)
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Figure 2.7 Inhibition of the histone demethylase JMJD2A by ejection of structural zn".

(a) View from a crystal structure of JMJD2A in complex with Ni", zn" and H3Kgme3 peptide substrate (PDB ID: 20Q6).
Zn" is coordinated by three cysteines and one histidine residues (zoom in view; shown in the circle) serving to hold
together the two loops of the enzyme. (b) This structurally critical zn"is irreversibly removed from the enzyme by ‘Zn-
ejectors’ such as disulfiram and ebselen through possible mechanism shown. (Reproduced from reference %)

2.2 vy-Butyrobetaine hydroxylase (BBOX)

2.2.1 L-Carnitine

L-Carnitine (Figure 2.8) is an essential metabolite,”>” found in almost all animal species,
numerous micro-organisms and plants.76'79 In humans, its known primary function is to act as
a shuttle system for the transport of the activated long-chain fatty acids (LCFA) from cytosol
into mitochondrial matrix (Figure 2.9).*® In mitochondria, these long chain fatty acids

undergoes B-oxidation to produce metabolic energy.***

o) OH |
)J\/'\? C

N
HO ~

Figure 2.8 Structure of L-Carnitine

In humans, under normal conditions, the energy consumed by heart, liver and skeletal

muscles mostly comes from fatty acid metabolism.***’ Other functions of L-carnitine include,
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transportation of products of peroxisomal [-oxidation including acetyl-CoA to the

mitochondria for oxidation to H,O and CO, in the TCA cycle,g&89

7591

modulation of the acyl-
CoA/CoA ratio,*** storage of energy as acetylcarnitine and the modulation of the toxic
effects of poorly metabolised acyl group by excreting them as carnitine esters.”” All these
biochemical roles of L-carnitine involve reversible esterification of its C3-hydroxyl group.%’94

The D-form of carnitine is reported to be biologically inactive.”

Acyl-CoA = Acyl-CoA
+ Carnitine /) +Carnitine

Acyl-camitine Acyl-carnitine Acyl-camitine
Carnitine = Carnitine Carnitine
Outer Inner
membrane membrane : . :
Cytosol Mitochondrial Matrix

D Carnitine Palmitoyl Transferase 1

@ Translocase

[:\. Carnitine Palmitoyl Transferase 2

Figure 2.9 L-Carnitine shuttle system of long chain fatty acids from cytosol into mitochondria.

Fatty acids break down occurs in mitochondrial matrix producing metabolic energy (ATP) via the TCA cycle. The free fatty
acid in the cytosol is attached with a thioester bond to coenzyme A (CoA). Acyl-CoA is transferred to the hydroxyl group of
carnitine by carnitine palmitoyl transferase 1, located on the outer mitochondrial membrane. Acyl-carnitine is shuttled
inside by a translocase. Acyl-carnitine is converted into Acyl-CoA and carnitine by a carnitine palmitoyl transferase 2,
located on the inner mitochondrial membrane. The carnitine liberated in the mitochondrial matrix diffuses back to cytosol
by a translocase, whereas the Acyl-CoA undergoes B-oxidation and is converted into Acetyl-CoA. Finally, Acetyl-CoA
enters the TCA cycle and produces ATP (metabolic energy).

In humans, it is believed that ~ 75% of the total carnitine in the body is obtained from the
diet, while ~ 25% comes from endogenous synthesis.”>’”° Red meat, fish and dairy products
are rich sources of carnitine. Health conditions like, muscle weakness, hypoglycaemia,

cardiomyopathy and metabolic acidosis have been associated with the deficiency of -
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carnitine.”’ An active sodium dependent carnitine transporter has been reported in humans

(called hOCTN?2) and in rat intestine (called CT1 or rat OCTN?2).

2.2.2 L-Carnitine biosynthesis

An active and highly conserved L-carnitine biosynthetic pathway exists in many eukaryotes
(mammals, plants) and prokaryotes (bacteria).so’gg'100 The overall L-carnitine biosynthesis

consists of four enzyme catalysed steps (Figure 2.10).
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Figure 2.10 Carnitine biosynthesis
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The bioynthsis of L-carnitine starts from N°-trimethyllysine,'*'"'%?

which in proteins is formed
from amino acids lysine and methionine. Lysine forms the carbon backbone of L-
carnitine,'**'% while the 4-N-methyl groups originate from methionine. ' Many mammalian
proteins, such as histones, myosin, actin and cytochrome c contain N6—trimethyllysine
residues.'”” N-methylation of these lysine residues occurs as a result of post translation
modification of these proteins.'®'% This reaction is catalysed by methyltransferases, which

107

utilize S-adenosylmethionine as a methyl donor. Lysosomal hydrolysis of these proteins

eventually releases trimethyllysine (TML).

In the first step of L-carnitine biosynthesis, trimethyllysine hydroxylase (TMLH; EC
1.14.11.8) catalyses the hydroxylation of N°-trimethyllysine to form 3-hydroxy-N‘-
trimethyllysine (HTML).">"® TMLH is a 2-oxoglutarate (20G) and FeH—dependent
oxygenase, >''? with similar activity as proline hydroxylases. This is the only mitochondrial
enzyme involved in L-carnitine biosynthesis. Due to difficulties in production, this enzyme
has not been studied in detail. It was only until 2014 that this enzyme was successfully

expressed and purified from Escherichia coli.'"!

In the second step, 3-hydroxy-N‘-trimethyllysine is cleaved into  4-N-
trimethylaminobutyraldehyde (TMABA) and glycine. This reaction is catalysed by hydroxy-
Ne-trimethyllysine aldolase (HTMLA; EC 4.1.2.° X °).”"'2 In mammals, no pathway
involving hydroxy-N°-trimethyllysine aldolase enzyme has so far been detected. A study on
yeast Candida albicans suggests that HTMLA might belong to L-threonine aldolase class of
enzymes.112 In another study, serine hydroxymethyltransferase (SHMT), isolated from rat
liver has also shown the activity of TMABA.'" It is possible that L-threonine and SHMT

have closed links together.

In the third step, the dehydrogenation of 4-N-trimethylaminobutyraldehyde results in the
formation of 4-N-trimethylaminobutyrate (y-butyrobetaine or GBB). This reaction is
catalysed by cytosolic enzyme 4-N-trimethylaminobutyraldehyde dehydrogenase (TMABA-
DH; EC 1.2.1.47).""*" Most cells can synthesize y-butyrobetaine.''” TMABA-DH has been
115

isolated and purified both from rat liver

ps).114 Rat TMABA-DH is closely related to human aldehyde dehydrogenase 9

and bacterium pseudomonas (here after denoted by

(ADHY),">1e18 which catalyses the dehydrogenation of y-amino butyraldehyde into y-

. . - 1 119,12
amino butyric acid.'"*'*
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In the fourth and final step, 4-N-trimethylaminobutyrate is stereospecifically'*! hydroxylated
on C-3 position to give the final product L-carnitine.'** This reaction is catalysed by y-
butyrobetaine hydroxylase (GBBH or BBOX; EC 1.14.11.1), which is a 20G and Fe'-

123-127
dependent oxygenase. 3

BBOX is a cytosolic enzyme found in only certain tissues, in
humans, for example its high concentration is found in kidneys, liver and to a small extent in
brain.'?*!'** BBOX has been isolated and purified from humans kidney,125 rat—liver,128'13o calf

. 131 . 100,132
liver®! and bacterium pseudomonas. 00.13

2.2.3 Inhibition of BBOX for the treatment of myocardial infarction

Amongst all the four enzymes involved in the overall carnitine biosynthesis pathway, y-
butyrobetaine hydroxylase or BBOX (encoded by BBOXI1 gene in humans) is the only
enzyme that has been studied in details and structurally well-characterised. BBOX is a

current drug target for the treatment of myocardial infarction.”'**"!? 6

Ischemic heart disease (IHD) is a serious health condition, resulting in disability and deaths
of millions of people each year across the globe.'”” The pathological consequences of IHD
results from the detrimental effects of the accumulation of the long chain fatty acids and the
products of their metabolic activation (long chain acyl-CoA and acyl—carnitine:).138’139 Thus,
the pharmacological intervention that targets the LCFA accumulation has been proposed for
the development of novel treatment strategies to improve the clinical outcomes of patients

with IHD.

Under normoxia, a major part of the energy required by heart tissues comes from fatty acids
metabolism.'* However, under ischemic-reperfusion conditions, a reduced use of fatty acids
and a greater use of glucose oxidation as the energy source lead to better functional recovery
of the myocardium (heart). It has been proved that under ischemic (low-oxygen than normal)
conditions, the survival chances of the cardiac muscle cells is greatly increased by glucose

oxidation, because it consumes less oxygen than fatty acid oxidation.'*

It is possible that this shift in myocardium energy source from fatty acid metabolism to
glycolysis may be achieved by a controlled decrease in the amount of bioavailable L-carnitine
or inhibition of L-carnitine biosynthesis or inhibition of L-carnitine mediated fatty acids

transport from cytosol into mitochondria.'*!

In earlier work, inhibitors of carnitine palmitoyl transferase-1 (CPT1) including

oxophenycine (S-4-hydroxyphenyl glycine)m'144 and POC (2-[5-(4-

82



chlorophenyl)pentyl]oxirane-2-carboxylate)'*'*°

were tested. Although, these inhibitors
resulted in inhibition of fatty acid B-oxidation and reduction in demand of oxygen by heart
muscles, they have substantial limitations resulting directly from the mechanism of their

action.

One of the more promising drugs proved so far in treatment of IHD, is mildronate or 3-(2,2,2-
trimethylhydrazinium)propionate (THP), also known as MET-88, meldonium, quaterine, is a
clinically used inhibitor of y-butyrobetaine hydroxylase (BBOX).® It was developed by Ivars
Kalvins and his associates at the Latvian institute of Organic Synthesis (OSI) in 1970.
Mildronate is a structural analogue of y-butyrobetaine (GBB), with a NH group replacing the
CH; at the C-4 position of y-butyrobetaine (Figure 2.11). It is the most extensively studied
inhibitor of BBOX. It is marketed as a commercially available drug in Latvia, Russia,
Ukraine, Georgia, Kazakhstan, Azerbaijan, Byelorussia, Uzbekistan, Moldova, and
Kyrgyzstan , for the treatment of myocardial infarction,’ LI33136 diabetes,'*” and neurological
disorders."**'* A recent study has also shown that mildronate may be beneficial for

. . iyl 150
enhancing memory and learning capabilities.
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Figure 2.11 Structure of 3-(2,2,2-trimethylhydrazinium)propionate (THP).
THP is also called mildronate, an inhibitor of human BBOX, is clinically used as a cardioprotective drug.

The proposed mode of action of mildronate is believed to involve inhibition of L-carnitine
biosynthesis'> and inhibition of L-carnitine mediated transportation of activated long chain
fatty acids from cytoplasmic matrix into mitochondria."”"™"*® Such inhibition is proposed to
prevent accumulation of cytotoxic intermediate products of fatty acid B-oxidation in ischemic
tissues and to block this highly oxygen-consuming process, thus shifting the myocardial

energy source from fatty acids oxidation to glucose utilization.

Initially, THP was suggested as a non-competitive inhibitor of BBOX employing enzyme
kinetics studies,’® however, study by another group under modified experimental conditions

proved that it is in fact a competitive inhibitor of BBOX."™*

More recently, it has also been
shown that THP acts a substrate for hBBOX forming malonic acid semialdehyde,
dimethylamine, formaldehyde and 3-amino-4-(methylamino)butanoic acid (AMBA) (Figure

2.12)."> The reported crystal structure of BBOX in complex with THP suggests that it binds
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in the BBOX active site exactly in the same pocket and same mode as natural substrate GBB

(Figure 2.13).1%°

Although, the use of THP has so far been proved successful in treatment of IHD, however its
required dose in currently very high (1 g/day), possibly be due to its low BBOX inhibition
efficiency (ICso 62 uM). Therefore there is a need to develop more potent and selective

hBBOX inhibitors.
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Figure 2.12 BBOX catalysed oxidation of THP.
For detailed mechanism see the reference ™.
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Figure 2.23 Human BBOX crystal structure in complex with THP.

View from a crystal structure of human BBOX in complex with THP (cyan), NOG (yellow colour), Ni" (grey sphere) and Zn"
(in zinc binding site; not shown) (PDB ID: 3MSs). The THP trimethylammonium group is located in an aromatic cage
formed by the side chains of Tyr-205, Tyr- 366, Tyr-177, Trp-181 and Tyr-194, while, its carboxylate group is positioned to
interact with the side chains of Asn-292, Asn-191 and the backbone amide of Tyr- 205. This image was made using pymol.
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2.2.4 Crystal structure of hBBOX

Amongst all the four enzymes involved in the biosynthesis of L-carnitine, crystal structures
have only been solved for BBOX (Figure 2. 14).156190 BBOX exists as a 43.3 kDa homodimer
(Figure 2.1421),128’161’162 consisting of 387 residues. Each monomer consists of two distinct
domains, an N-terminal zinc binding domain and a C-terminal catalytic domain. The two
domains are connected by an a-helix (residues range 97-110) (Figure 2.14b). Dimerization
occurs via its N-terminal zinc binding domains to interact with the opposing subunits
oxygenase domains (Figure 2.14a). BBOX represents the first example of dimerization of a
20G oxygenase via an N-terminal domain. In other 20G oxygenases, structurally
characterised, dimerization has been observed to occur via the C-terminal domains. Although
several other 20G oxygenases have more than one domain, however, none of them resemble
the N-terminal domain of BBOX. Based on sequence comparisons (26% identity), both the
N-terminal zinc and C-terminal catalytic domains of BBOX appear to be similar to those of
TMLH. The residues involved in the binding of zinc are Cys-38, Cys-40, Cys-43 and His-82
(Figure 2.14c). The N-terminal zinc binding domain of BBOX is identical to the N-terminal
domain of a protein with no known functions from Acidithiobacillus ferrooxidans ATCC
23270 (PDB ID: 3LUU). A recent study suggests that the Zinc binding domain is crucial for
the overall stability of BBOX fold.®” The C-terminal domain of BBOX hosts the catalytic
active site (Figure 2.14d) and consists of a double-stranded B-helix (DSBH) fold, which is a
characteristic feature of all 20G 0xygenases.42 The opening of the tunnel leading toward the
active site cavity is bridged by the side chains of Val-192 and Ala-294, thus likely facilitating
the binding of O, and release of CO, (Figure 2.15). Due to the small size of the tunnel
opening, it is believed that conformational changes by loop movements are likely involved in
the binding of substrates and release of the products. Similar to other 20G oxygenases,42 the
BBOX DSBH core supports the conserved HXD...H motif, consisting of His-202, Asp-204,
and His-347, which coordinates active site metal (Figure 2.14d). Several specific interactions
can explain the binding mode of substrate and the stereochemical course of substrate
hydroxylation. N-Oxalylglycine (NOG), a close analogue of 20G, coordinates to the active
site metal in a bidentate manner via a single oxygen of its 1-carboxylate group (trans to His-
347) and its C-2-carbonyl oxygen (trans to Asp-204) (Figure 2.14d). The terminal
carboxylate (C-5) of NOG is positioned to form interactions with a basic residue (Arg-360)
and a hydroxyl group (Ser-229, not shown). Additionally, Arg-349 also interacts with the
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terminal carboxylate of NOG. The binding of a water molecule completes a Fe' octahedral

binding coordination geometry.
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Figure 2.14 View from the crystal structures of human BBOX.GBB.NOG.Zn".Zn" complex (PDB ID: 302G).

(a) BBOX dimer; the two monomers are shown as green and golden colours with the catalytic C-terminal domains
containing active site metal Zn" (grey spheres; substituting for Fe'), ligands GBB (cyan sticks), NOG (yellow sticks) and N-
terminal zinc binding domains containing the structurally important Zn" (pink spheres). The catalytic C-terminal domain
of green (monomer) interacts with the N-terminal zinc-binding domain of golden monomer. Similarly, the catalytic C-
terminal domain of golden (monomer) interacts with the N-terminal zinc-binding domain of green monomer. (b) View of a
monomer; showing the catalytic C-terminal domain (right) containing the active site metal Zn" substituting for Fe', grey
sphere), ligands GBB (cyan stick), NOG (yellow stick), the 20G oxygenases characteristics DSBH core fold and N-terminal
zinc binding domain (left) containing the natural structural zinc (pink sphere). (c) Zoom in view of the structural zinc
binding site in the zinc binding domain. The Zn" (pink sphere) is chelated by Cys38, Cys40, Cys43 and His82. (d) Zoom in
view of the C-terminal catalytic active site. The GBB (cyan colour) trimethylammonium group is located in an aromatic
cage formed by the side chains of Tyr-205, Tyr- 366, Tyr-177, Trp-181 and Tyr-194, while its carboxylate group is
positioned to interact with the side chains of Asn-292, Asn-191 and the backbone amide of Tyr- 205. The N-oxalyl glycine
(NOG, yellow colour), an unreactive 20G analogue, binds to the active site metal (grey sphere) in a bidentate manner via
its C-1 carboxylate oxygen and C-2 keto oxygen. The terminal carboxylate of NOG forms interactions with Arg36o and

Arg349.
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Figure 2.15 Surface view of the crystal structure of human BBOX.GBB.NOG.Zn".Zn" complex (PDB ID: 302G).

Solvent accessible surface of BBOX (gray and blue) showing the opening of the active site tunnel bridged by residues Val-
192 and Ala-294. The tunnel leads to the active site and is lined by Val-192, Ala-294, Ala-293, Asn-191, Thr-295, Leu-199
(shown as blue surface and sticks). NOG is shown as yellow stick, yBB or GBB as green stick and active site metal @zn") as
sphere. (Reproduced from reference **)

Water forms hydrogen bonding interactions with O° of GIn-215 (2.7 A) and the carboxylate
of Asp-204 (2.8 A), suggesting that both of these residues may be involved in the O, binding,
the rest of the residues around this putative O, binding site are hydrophobic (Trp-181, Leu-
217, Leu-362). The metal co-ordination site closest to C-3 of the substrate is occupied by the
NOG Cl-carboxylate. This pattern imply that O, may coordinate to the active site metal at

the position occupied by water,

thus facilitating the catalytic ferryl intermediate to be
located adjacent to the oxidised bond.*'® GBB binds adjacent to the metal such that its C-3
pro-R C-H bond is positioned close to the catalytic metal (C-3 GBB to metal: 4.7 A)."? This
arrangement thus results in BBOX catalysed stereoselective C3-hydroxylation of the

substrate.

The positively charged, N-trimethyl ammonium group of GBB is located in an electron rich
hydrophobic cage formed by the side chains of Tyr177, Tyr-194, Trp-181, Tyr-205 and Tyr-
366 of BBOX (Figure 2.14d). The -cation-t interaction between the positively
trimethylammonium group and the aromatic cage residues is believed to be critical in
substrate recognition. Tyr-366 is also positioned to form a hydrogen bond with the side chain

of Asp-204, suggesting that it may be involved in coordinating GBB binding and reaction at
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the metal centre.'®® The carboxylate of GBB is positioned to form hydrogen bonding
interactions with the side chains of Asn-292 (2.9 A), Asn-191 (2.9 A) and the backbone
amide of Tyr-205 (2.9 A). Based on the position of C-3 atom of GBB, its pro-R hydrogen

projects towards the catalytic metal, whereas, its pro-S hydrogen points away. This mode of

binding of GBB can explain the retention of configuration after H-abstraction.

In its apo form, the active site region of human BBOX is opened with the loop above the

active site is disordered (Figure 2.16a), whereas, in the holo-form of human BBOX (Figure

2.16b), the loop closes the active site, suggesting that an induced fit mechanism enables the

binding of active site metal, GBB/20G for catalysis.
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Figure 2.16 Demonstration of conformational changes in human BBOX during catalysis.

View from a crystal structure of apo (PDB ID: 3N6W) and holo (PDB ID: 302G) forms of human BBOX. The ligands (GBB;
shown as cyan stick, NOG; shown as yellow stick and active site metal; grey sphere) binding at the C-terminal domain is
likely to occur via an induced fit mechanism (loop above active site is closed in b). No such structural changes occur in the
zinc binding domain (bottom part in a, and b).

2.2.5 Substrate specificity of BBOX

The substrate specificity studies of BBOX (Figure 2.17) suggest that the carboxylic group of
GBB is essential for activity as substrate of BBOX. N,N,N-trimethylethanaminium (I),
N,N,N-trimethylbutan-1-aminum (II) and N,N,N-trimethylhexan-1-aminum ions (IIT) do not
show any activity towards recombinant human BBOX.'® Similarly, replacement of the
positively charged trimethyl ammonium group of GBB with an isopropyl group results in a
complete loss of substrate activity towards recombinant human BBOX (IV).'® However, a
separate study using a different technique suggests that analogue ligand with a tertiary butyl
group is a very poor BBOX substrate (V) forming the corresponding C-3 hydroxylated
product (v ' GBB analogue with the trimethyl ammonium group replaced with a dimethyl
ammonium group (VI) is also accepted as BBOX substrate forming the corresponding C-3
hydroxylated product (VI’), however with a poor activity compared to the positively charged
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trimethylammonium group (GBB). Hence, the presence of positive charge of

trimethylammonium group appears to improve substrate activity towards BBOX. Substitution
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of a hydrogen atom of any of methyl group of trimethylammonium group of GBB with a

fluorine (VII), also does not affects its activity towards recombinant human BBOX, also

forming the corresponding C-3 hydroxylated product (VII).'*
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Figure 2.27 Human BBOX substrate specificity.

Structures coloured blue are accepted as BBOX substrates for oxidation to give the green coloured products. In case of Xl
and X1V, the corresponding C-3 hydroxylated product loses a water molecule at C-3, forming di-keto GBB i, which
upon subsequent decarboxylation forms trimethylaminoacetone X", Both the dehydration and decarboxylation
reaction occurs non-enzymatically. The same final product is also formed from XV.

Similarly, GBB analogues with one fewer carbon (3-(trimethylammonio)propanoate) (VIII)
or one extra carbon (5-(trimethylammonio)pentanoate) (IX) in the backbone skeleton are also
found to be hydroxylated by recombinant human BBOX at C-2 (VIII') and C-3(IX)
respectively,'® but with lesser activity compared to GBB, whereas analogues with two fewer
carbons (trimethylammonio)acetate (X) or two extra carbons 6-(trimethylammonio)hexanoate
(XI) do not show any activity towards recombinant human BBOX.'® Similarly, N°-
163

trimethyllysine (XII) also does not show any activity towards recombinant human BBOX.

Similarly GBB analogues substituted at C3 position e.g with a hydroxyl group (L, (XIII) and
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D-carnitine (XIV) )163 or with a fluorine (S-stereochemistry) (XV)167

are also accepted as
substrates of recombinant human BBOX forming the corresponding C-3 hydroxylated
products (XIIT, X1V and XV, respectively). Their activity is however lower as compared to
GBB, possibly because there is little room for the C-3 substitution in the active site cavity. In
case of L- and D- carnitine, their C-3 hydroxylated product (XIIT, XIV’, respectively) loses
the C-3 water molecule forming 3-keto GBB (XIII'), which subsequently undergoes
decarboxylation in the assay mixture to give trimethylaminoacetone (X1Ir").'" Both the
hydration and decarboxylation reactions are believed to occur non-enzymatically in the assay
mixture. Similarly, the C-3 hydroxylated product (XV/) of 3-(S)-fluoro-GBB (XV) loses the
fluorine atom also forming 3-keto GBB (X1I1"), which on decarboxylation forms

trimethylaminoacetone (XIII/ " ). 167168

2.2.6 Co-substrates studies of BBOX

Like other 20G and Fe'" dependent oxygenases, BBOX requirement for 20G is also highly
specific. To date, there is very little literature on the co-substrate scope for human BBOX.
Work by Robert et al. on rat liver BBOX suggests that -bromo-a-ketoglutarate is able to
support L-carnitine formation,”® however, with a 4-fold lower activity compared with 20G.
He also showed that human hypoxia inducible factor (HIF) prolyl hydroxylase domain
containing enzyme (PHD) isoforms 1, 2 and 3, which is also a 20G and Fe" dependent
oxygenase, also accepts B-bromo-a-ketoglutarate as an alternative co-substrate to 20G for

catalysis.

2.2.7 Stimulation of BBOX by potassium ions

Potassium ions markedly increase BBOX activity with a Ky of ~ 100 mM.*® Similar to other

. . . 169
potassium ion-activated enzymes,

BBOX activity is stimulated by ammonium and
rubidium ions.*® Similarly, alkali metals of significantly smaller or larger ionic radii are
reported to either slightly inhibit (Li*) or do not affect BBOX activity.”® It appears that this
activation is cation specific and not a general ionic strength effect. Several theories have been
proposed to explain the mechanism by which monovalent cation stimulate enzyme
activities.'”” Some studies suggest that these may have a role in inducing enzyme
conformational changes,'”" while some studies suggests that these cation may be forming a

172,173

bridge between the active site components and the reactants, while some studies

o 174
propose a combination of these two modes.
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2.2.8 Dependence of L-ascorbate for BBOX activity

5,175,176

Like other 20G and Fe" dependent oxygenases, recombinant hBBOX activity is also

stimulated by the addition of L-ascorbate in the assays. It is generally believed that L-

I il o
to Fe", thus maintaining a

ascorbate acts as a reducing agent in these assays by reducing Fe
pool of Fe"', and hence promotes maximum enzyme activity. To date, no direct binding of L-

ascorbate either to BBOX or other 20G oxygenases have been reported.

2.2.9 1v- Butyrobetaine from Pseudomonas specie AK1

In contrast to humans, a complete carnitine biosynthetic pathway has not so far been reported

in bacteria. In bacteria, the physiological role of L-carnitine still remains unknown. The

reported literature about carnitine in bacteria is limited to its degradations mechanisms.’®”

Some studies suggest that it may function as an osmoprotectant'’’ or growth stimulant,'”

while other suggest that several microorganisms utilize carnitine as a source of nitrogen and

carbon.”

Several species of bacterial, such as those from Pseudomonas AK1 produce proteins

homologous to human BBOX,179

132,180,181

which has been shown to convert y-butyrobetaine (GBB)

into L-carnitine.

Most of the early studies conducted on characterization and inhibition of BBOX were
performed either on rat or psBBOX AKI1 due to unavailability of an optimized protocol for
producing recombinant hBBOX. psBBOX AKI1 has been used as a substitute for hABBOX for
assays development and inhibition studies, because it can be prepared on a large scale.*
Pseudomonas BBOX is a homodimer with 383 residues per sub-unit."**'®! BLAST analyses

revealed that human and psBBOX AKI1 share ~ 30% sequence identity (Figure 2.18).

To date, no crystal structure has been solved for psBBOX AKI1. Based on recombinant
human BBOX crystal structure (PDB ID: 302G), a generated homology model structure for
psBBOX AKI reveals that both the enzymes are almost similar in overall structure (Figure
2.19a). Like hBBOX, psBBOX AKI1 also has a N-terminal zinc binding domain and a C-
terminal catalytic domain (Figure 2.19a). An a-helix connects the N-terminal domain to the
C-terminal domain. In addition to similarity in the overall folds of both the enzymes, all the
crucial residues involved in the active site metal chelation and GBB/20G binding in
psBBOX AKI1 are similar to those of hBBOX (Figure 2.19b). The active site metal is
coordinated by two histidines i.e His350, His209, and an aspartate residue (Asp211), 20G C-
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Figure 2.18 Sequence alignment of human and various species of Pseudomonas BBOX.

Sequence alignment of BBOX homologues from human (Hs, gi|158261239) and Pseudomonas (Pseudomonas fluorescens
Pf-5, gil70733041; Pseudomonas fluorescens WH6, gi|312963522; Pseudomonas brassicacearum subsp. brassicacearum
NFMgz21, gi|330812266; Pseudomonas fluorescens Pfo-1, gi|77461455; Pseudomonas mendocina ymp, gi|146305540;
Pseudomonas sp. AK1, gi|231642). The Zn”-binding domain is present in both hBBOX and the different subspecies of
psBBOX and the residues involved in Zn" binding (yellow stars) are highly conserved in both cases. The HxD/E...H — Fe'
binding motif, which is a characteristic all the 20G oxygenases (green stars) is conserved both in human and
pseudomonas BBOX. Similarly, in all 20G oxygenases, the terminal C-5 carboxylate of 20G forms interaction with an
arginine binding (red stars), these arginine are also conserved in human and psBBOX. Blue circles represent residues
forming the aromatic cage, which forms hydrophobic and n-cation interactions with the trimethylammonium moiety of
GBB. For both hBBOX and psBBOX these residues have aromatic side chains, i.e. phenylalanine and tyrosine (psBBOX) or
tyrosine and tryptophan (hBBOX). Residues forming interactions with the GBB carboxylate group in hBBOX (orange
circles) are not conserved in psBBOX. This may result in relatively weak binding of GBB in psBBOX compared with hBBOX.
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I-carboxylate oxygen and C2-carbonyl oxygen atoms (Figure 2.19b). In hBBOX, these
residues are His347, His202 and Asp204, respectively. The 20G C-5-carboxylate interacts
with an arginine (Arg362, hBBOX Arg360), which is a characteristic feature of all 20G
oxygenases. Additionally, Arg352 (hBBOX Arg349) also appears to interact with the 20G C-
S-carboxylate group. Some differences however, exist in the aromatic residues forming the
GBB binding hydrophobic cage, and the residues interacting with carboxylate of GBB in both
the enzymes (Figure 2.19b). In psBBOX AKI1, Trpl81 and Tyrl77 of the aromatic cage
present in hBBOX structure are replaced with phenylalanines (Phel88 and Phel84,
respectively), whereas, Asnl191 and Asn292 responsible for GBB carboxylate interactions in
hBBOX are replaced by Ser198 and Ala296 in psBBOX AKI, respectively (Figure 2.19b).
Similarly, in the zinc binding site, Zn" is also co-ordinated by three cysteines (Cys46, Cys48,
Cys51) and a histidine (His91), identical to hBBOX (Cys38, Cys40, Cys43 and His82,
respectively) (Figure 2.19¢).

(a) linker

DSBH
a-helix/loop

C-Terminal

N-Terminal

Zn binding site X active site
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(b)

Arg360
Arg362

Val183 Leu362
Val190 Phe364

Tyrl77
Phe184

Tyr205
Leu212

Leu199
Leu206
His347
12;229959 Asn292 :fsgg; His3al
Ala296 2

(c)

Cys43
Cys51

Figure 2.19 Comparison of the crystal structure of hBBOX with a generated model of psBBOX.

(a) Overlay of the crystal structure of recombinant human BBOX (green, PDB ID: 302G) and a generated homology mode
structure of psBBOX AKz1 (pink), showing that the overall folds of both enzymes are very similar. (b) Zoom in view of the
active site in (a), showing comparison (hnBBOX; green sticks, upper residues numbers, psBBOX; pink sticks, lower residue
numbers) of the residues involved in the binding of active site metal (grey sphere) GBB (cyan) and NOG (yellow). (c) Zoom
in view of the Zn" binding site in (a), showing comparison of the residues involved in the binding of structural zinc (red
sphere) (hBBOX; green sticks, upper residues numbers, psBBOX; pink sticks, lower residue numbers).
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2.2.10 Comparison of substrate preference of human and Pseudomonas BBOX

AK1

In general most of the compounds accepted as substrates by the hBBOX, are also accepted as
substrates by psBBOX AKI, but, with varying degree of activity (Figure 2.20)."" The
variation in the nature of some of the residues involved in GBB binding in both the enzymes
(hBBOX; Trp181, Tyr177, Asn191 and Asn292 vs psBBOX; Phel88, Phel84, Ser198 and
Ala296, respectively) (Figure 2.19b) is reflected in the different preferences of these enzymes
towards certain substrates. Amongst the similarities for example, GBB, C-3 substituted GBB
analogues including 3-(S5)-fluoro-GBB, D-carnitine, GBB analogue with one extra carbon in
the backbone chain (GBB-5) and GBBNF (Figure 2.20A) are accepted as substrates by
hBBOX; are also the substrates for psBBOX, forming the corresponding C-3 hydroxylated
products. Similarly, GBB analogues with two carbons shorter (GBB-2) or two carbons longer
(GBB-6) in the backbone chain, N°-trimethyllysine (GBB-6 with C-2 substituent), and GBB
analogues with C-2 substituent including N°-trimethyl ornithine (TMO) derivatives such as,
(5)-TMO and (R)-TMO, GBB analogues without free carboxylate such as GBB methyl ester
(GBB-OMe), keto-GBB derivative (GBB-CH3), acetylcholine and its structural analogues
such as thioacetylcholine, carbachol and phosphocholine (Figure 2.20B), are all neither the
substrates for ABBOX nor the psBBOX.'®’

A
2 PR S o o i . |
. : Ll PPV Y
HO)K/\/N\ HOMN\ HOMN\ HO T\ HOMN\ F
GBB 3-(S)-fluoro-GBB D-Carnitine GBB-5 GBBNF
Compounds, which are hydroxylated by both human and psBBOX AK1
B
(0] o (0]
i |- 0 |- Mﬁ/ M\ - +
HO*/NJ'\ k/\/\/N*’\ HO - | HO : N+\ HO N\
HO H z \ \
NH, NH, NH,
GBB-2 GBB-6 N-trimethyl lysine TMO-(S) TMO-(R)
2 | 0 )ok ‘ his ‘ D
. o | \ N N7 HO-P-O >
¥ - + NN AN
Sotoe N L e g s HN" 0 o
GBB-OMe GBB-CHj, acetylcholine thioacetylcholine carbachol phosphocholine
Compounds, which are not hydroxylated by human nor psBBOX AK1

Figure 2.20 Similarity of catalytic activity of human and psBBOX AKz1.
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Amongst the co-substrate (20G) analogues, none of 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 have been able to replace 20G as a co-substrate in catalysis by

both human and psBBOX AK1.'*

Amongst the differences, psBBOX AKI1 does not hydroxylate GBB-3 and L-carnitine (Figure
2.21A), both are poor substrates for recombinant human BBOX. In contrast, both the (R) and
(S) enantiomers of 2-amino GBB and (S)-2-hydroxy GBB (Figure 2.21B) are all accepted by
psBBOX for C3-hydroxylation, but not by recombinant hBBOX, presumably there is lesser
room for GBB-C2 substituent in the active site cavity of hHBBOX.

GBB-3 L-carnitine

Compounds, which are hydroxylated by hBBOX but not by psBBOX AK1

B
(0] +'L/ )OJ\/\;- | -
Ho)J\/V > HO™ ™ NS
NH, OH
2-amino-GBB 2-(S)-Hydroxy-GBB

Compounds, which are hydroxylated by psBBOX AK1 but not by hBBOX

Figure 2.21 Difference of catalytic activity between human and psBBOX AKx.

2.2.11 Inhibitors of BBOX

Most of the reported inhibitors of recombinant hBBOX fall into two types. The first type
predominantly acts as 20G competitors (Figure 2.22)."*>'®® These inhibitors include, NOG,
2,4-PDCA, 3-hydroxypyridine, 8-hydroxyquinoline (8-HQ) and 3-hydroxyisogionoline

derivatives (Figure 2.22). The second category of inhibitors are GBB analogues (Figure
0.23),157:159.165.168
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Figure 2.22 Different types of 20G-based inhibitors (with IC, values) of recombinant human BBOX.

Reported in references 5928 Blye coloured inhibitors are those for which the crystal structure of hBBOX has been
reported.
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Figure 2.23 GBB mimic inhibitors of recombinant hBBOX.
Reported in reference *. Blue coloured inhibitors are those for which the crystal structure of BBOX has been reported.
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Several metal ions are also reported as potent BBOX inhibitors, including COH, NiH, CuH,
Zn", cd" and HgH.132 These metal ion inhibitors likely compete with the active site Fe'

during catalysis.

Several selenium and sulfur based compounds are also reported as inhibitors of recombinant
hBBOX (Figure 2.24).%" Their mode of inhibition of BBOX activity is however different
from 20G, GBB or Fe! mimicking inhibitors as described above. These selenium and
sulphur-based compounds are effective zinc ejectors.64'66 These compounds are proposed to
irreversibly eject the structurally critical Zn" from the N-terminal domain of the BBOX, and

thus disrupt the stabilised and active (folded) conformation of the enzyme. 67

0 ¢ o ? Q
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N “OH “OH “se s ,L
Se N
| S

ICs0 0.69 pM ICso5.1 UM ICsp7.1pM  ICs035 UM ICs 54 UM ICs 54 UM ICs 56 UM

Ebselen Thiram

Figure 2.24 Selenium and sulphur based structural inhibitors of recombinant human BBOX.

2.2.12 Assays for BBOX

A wide variety of enzyme activity-based techniques have been employed for BBOX substrate
screening (whether a compound is hydroxylated by BBOX) and inhibitor screening (whether
the presence of another compound can inhibit BBOX catalysed substrate hydroxylation)

studies.

Most of the early (1970s) studies on BBOX were carried out by using either [methyl- "*Cs]-y-
butyrobetaine (GBB), monitoring the formation of [methyl- 14C3]—L—carnitine 52 or [1—14C1]—
20G, monitoring the formation of *C0,.""" In the [methyl- 14C3]—y—butyrobetaine assay, the
BBOX activity is assessed by incubating the BBOX, 20G, and cofactors (Fe“, L-ascorbate)
with labelled-GBB for a defined period of time. The labelled-carnitine formed is separated
from the assay mixture by ion-exchange chromatography and then its concentration is
determined by measurements of its radioactivity. Similarly, in the 20G-degradation activity
assay, BBOX, GBB and cofactors are incubated with [1 e 1]-20G and the resulting labelled-
carbon dioxide formed in the reaction is trapped on a piece of filter paper attached to a wire

in the rubber stopper of the test tube. After diffusion of CO, for a defined length of time, the
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filter papers are transferred to a scintillation mixture and then its radioactivity is measured in

a liquid scintillation spectrometer.

An enzyme-coupled assay has also been used to detect L-carnitine concentrations as low as
20-2000 picomolar.lgz'184 This method is based on the conversion of [1—14C]— acetyl-CoA to
[1—14C]—acety1carnitine in the presence of carnitine acetyltransferase (EC 2.3.1.7). The
formation of radioactive acetylcarnitine was shown to be proportional to the carnitine

concentration over a wide range.

L-carnitine + acetyl-CoA << > acetyl-L-carnitine + CoASH

The acetylcarnitine formed is separated from the labelled acetyl-coenzyme A by passing the
reaction mixture through a anion exchange chromatographic column and its isotope content is
then determined in a liquid scintillation counter.'® The Coenzyme A formed in this reaction
is determined by reaction (trapping) with 5,5'-dithiobis-2-nitrobenzoic acid (DTNB) or by
enzymic methods (for details see reference '*°) The rapid separation of [1-'*C]-acetylcarnitine
from [1—14C]—acetyl—CoA has also been carried out by the selective adsorption of the latter on

charcoal in the presence of an acid and ethanol.'®

155,157,163 155,156,168,186

Mass spectrometry (Figure 2.25) and NMR spectroscopy (Figure 2.26)

turnover assays have also been employed for BBOX substrate and inhibitor screening.

A fluorescence-based technique has also been employed for BBOX inhibitor screening.168
This technique is based on the BBOX catalysed C-3 hydroxylation of 3(S)-fluoro-GBB
(called as GBBF) and the subsequent release of fluoride ion from the unstable hydroxylated
intermediate (Figure 2.27). The fluoride ion released is detected by fert-butyldimethylsilyl-
protected fluorescein. When terr-butyldimethylsilyl-protected fluorescein is subjected to
increase fluoride ion concentration, a direct proportional increase in fluorescence is observed
following the removal of the silyl protective groups.'® By employing this assay, standard
enzyme kinetics time course can be readily obtained from changes in the fluorescence

intensity.
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Figure 2.25 MS (mass spectrometry) analysis of hBBOX catalysed hydroxylation of b-carnitine.
(Reproduced from reference 188)
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Figure 2.26 hBBOX catalysed GBB hydroxylation into L-carnitine as demonstrated by "H NMR.
(Reproduced from reference *3).
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Figure 2.27 Fluoride ion release assay for BBOX inhibitors screening.
The method is based on BBOX catalysed hydroxylation of 3-(S)-fluoro-GBB with subsequent fluoride ion release. The
fluoride ion released is detected by using a tertbutyldimethylsilyl (TBS) protected fluorescein chemical probe.

In addition to the above enzyme activity-based assays, only a handful of binding assays have
also been reported for BBOX. These include an isothermal calorimetric titration-based

d"™ and a BBOX intrinsic tryptophan fluorescence quenching-based assay.67 These

metho
methods have been used to measure the binding dissociation constant (Kp) of small
molecules ligands with BBOX.®”"" 1In the latter assay, the quenching of intrinsic tryptophan
fluorescence of BBOX after the addition of a ligand to the BBOX assay mixture, assays for
binding to BBOX (Figure 2.28). The ligand binding dissociation constant can be measured by
titrating a ligand to a fixed BBOX concentration and measuring the relative change in the
BBOX intrinsic tryptophan fluorescence 1. AFps/Finax (AFops is the decrease in observed

fluorescence and F, is the observed fluorescence signal without any inhibitor present) as a

function of ligand concentration.
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Figure 2.28 BBOX intrinsic tryptophan quenching binding assay.

Treatment of BBOX with ebselen causes quenching of BBOX intrinsic tryptophan fluorescence in a time dependent
manner, demonstrating the binding interaction of ebselen with BBOX. BBOX concentration used was 5 pM. (Reproduced
from reference %)
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Non-denaturing MS analyses have also been used to investigate small molecules binding
interaction (covalent) with BBOX.® This assay was employed to study the binding of sulphur
and selenium-based compound (zinc ejectors) to BBOX, which forms covalent linkage with
the cysteine thiol groups involved in the binding of structural zinc in BBOX (N-terminal zinc

binding domain).”’

2.3 Aims of the project

The aims of the work described in this chapter were primarily to gain a better understanding
of BBOX catalysis and its mode of inhibition. I aimed to develop solution-based NMR
binding assays for BBOX, that could be readily implemented, sensitive, site specific, not
require any specific probe, be operationally simple and which can be used to rank the hits
with a relatively fast approach compared to measuring their binding dissociation constant
value by titration experiments. Understanding the full picture of an inhibitor binding in the
active site of BBOX (mode of BBOX inhibition) is crucial for the development of its
selective inhibitors over other 20G oxygenases of biological interests. In principle, a
compound can inhibit BBOX activity either by competing with 20G or GBB or both,
however, the current reported inhibitor screening assays for BBOX do not readily and
reliably give this information. As observed in the case of PHD2, the crystallographic studies
do not always reflect the physiological conditions i.e in contrast to crystal structure, a
different mode of inhibitor binding was observed by solution NMR studies.'™ It may be
possible to determine whether a compound inhibits BBOX activity competitively with respect
to either 20G or GBB by enzyme kinetics studies. However, such studies are labour
intensive. Moreover, the kinetics studies for determining the mode of enzyme inhibitions are
known to be prone to errors arising from the design of the experimental conditions. For
instance, in early work on investigating the mode of inhibition of BBOX by mildronate,
based on kinetics studies, one group reported it as a non-competitive inhibitor of BBOX.%
Subsequently, however, another group used a different approach, and demonstrated that

mildronate in fact is a competitive inhibitor of BBOX."*

Due to complications in the assay
conditions, enzyme kinetics assays are not commonly used in determining the mode of an
enzyme inhibition by an inhibitor. Hence, there is need to develop efficient and reliable
solution-based assays which can demonstrate the nature of BBOX inhibition. Hence, I aimed
to develop efficient NMR assays that can demonstrate whether a compound inhibits BBOX

catalytic activity by competing with its natural substrate GBB, co-substrate 20G or both.
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I also aimed to investigate how important is the positive charge on the nitrogen of the
trimethylammonium moiety of GBB in BBOX substrate recognition. Though the hBBOX
crystal structure (PDB ID: 302G) shows that the GBB trimethylammonium group is located
in an aromatic cage, it is still unknown whether under solution physiological conditions it is
the hydrophobic interactions between the trimethyl groups of GBB and aromatic cage
residues, or whether the cation-m interaction between the positively charged nitrogen of
trimethylammonium group of GBB and aromatic cage residues that hold GBB in the aromatic

cage.

All the work described in this chapter was conducted on psBBOX AKI(produced by Dr
Jurgen Brem), because it was more simple to be produced on a large scale using an optimised

159
1

reported protocol ™ compared with recombinant human BBOX, and the results are widely

applicable for method development works.

2.4 'H NMR direct ligand observation binding assay for BBOX

'H NMR direct ligand-observation monitoring the broadening and/or attenuation of ligand
NMR resonances after the addition of a target protein is the most sensitive and readily
implemented binding technique (described in section 1.4.1) as compared to other ligand-
observed binding methods. We begin by applying this technique to first investigate the
binding interaction of natural substrate GBB to psBBOX (1:5 ligand:protein ratio) in the
absence of both co-substrate 20G and metal co-factor. The high sensitivity of the Mes signal
(singlet at 3.05 ppm) of GBB allowed the use of its lowest possible concentration in the assay
(5 uM) in order to reduce the consumption of protein in the assay. No change in the GBB
signals intensity or line-width occurred with the addition of psBBOX (Figure 2.29b)
suggesting that in its apo-form, psBBOX does not appear to form stabilized and active
conformation required for substrate binding (catalysis). It is possible that the apo-form of
psBBOX may also has a disordered active site loop region as observed for apo-hBBOX (PDB
ID: 3N6W) (as discussed in Figure 2.16, Section 2.2.4). To the assay mixture, 20G (300 uM
i.e ~ 2 times its Ky for hBBOX,188 believed to be sufficient to saturate all the psBBOX
molecules) was then added, but still no changes in the GBB NMR resonances were observed
(Figure 2.29c) implying that BBOX-20G complex may also not appear to be stable and
active to allow substrate binding. This prompted us to study the binding of GBB to psBBOX
in the presence of both metal co-factor and 20G in the assay solution. In the assay, we

employed Zn" instead of native catalytic Fe" to prevent catalysis. The concentration of Zn"
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used was 150 uM, which is 6 times the Ky for Fe' for hBBOX.'®® In the presence of both
20G and ZnH, it was observed that the GBB signals broaden/attenuate after the addition of
psBBOX (Figure 2.29d) demonstrating its binding interaction with the fully holo-form of
psBBOX. These results support the proposed sequential ordered catalytic cycle of metal and

20G stabilized active BBOX conformation required prior to substrate binding for catalysis."
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Figure 2.29 Investigating the binding of GBB with psBBOX by *H NMR direct ligand observation.

The GBB Me3 peak at 3.05 ppm marked with asterisk is followed. (a) Solution of GBB in buffer. (b) After the addition of
psBBOX to (a). The broad lump represents the signals of psBBOX. Signals of small molecule impurities from protein
solution are also seen. (c) After the addition of 20G to (b). (d) After the addition of Zn" to (c). The GBB signals were
attenuated only in the presence of both 20G and metal co-factor Zn". The concentrations used were 5 UM GBB, 25 uM
BBOX, 300 pM 20G, 8o mM KCl, 150 pM Zn". The assay solution was prepared in 5o mM Tris-D11, pH 7.5 in H,O.

In order to measure the binding affinity of GBB to psBBOX, psBBOX was titrated to a
solution containing a fixed concentration of GBB, 20G and Zn" (Figure 2.30). Both standard
'H (Figure 2.30a) and CPMG edited '"H NMR (Figure 2.30b) spectra were recorded. The
removal of the protein resonances by the CPMG filter clearly showed that the GBB Me;s
signal broaden and attenuates as the BBOX concentration increases (Figure 2.30c),
demonstrating its fast exchange binding interaction with BBOX. The loss in the GBB Mes
signal was measured as a function of BBOX concentration (Figure 2.30c). Fitting of the
titration data points using Origin Pro. according to the quadratic equation (details in
experimental section 5) calculated a binding constant (Kp) value of 5 + 1 uM for GBB

(Figure 2.30d).
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Figure 2.30 Measurement of the binding constant (Kp) of GBB to psBBOX-Zn”-zOG complex by CPMG edited "HNMR-
based direct ligand observation.

Titration of psBBOX to a solution containing a fixed GBB, 20G and Zn" concentration. (a) Overlay of the *H NMR spectra
of the assay solution with psBBOX concentration increases from bottom to the top (broad resonances). The red and black
stars are signals of the small molecules impurities from buffer and protein solutions respectively. (b) The corresponding
CPMG edited "H NMR spectra. Note that the CPMG filter has selectively removed the protein background resonances. The
GBB Me, at 3.05 ppm is conveniently seen as attenuating with BBOX titration, demonstrating its binding interaction. The
signal of the control molecule (1,1,1 trifluoroacetone) at 1.48 ppm remains unaffected with BBOX titration. A filter time of
32 ms was used in these experiments. (c) Left: A zoomed in view of the GBB Me, signal in (b), showing GBB fast exchange
binding with BBOX. Left: Quantification of loss of GBB Me, signal intensity as a function of BBOX concentration. Iz and Ip
represent GBB signal intensity in the absence and presence of protein (BBOX) respectively. (d) Fitting curve of titration
data points from (c) into Origin Pro. A Kp of 5 + 1 uM was obtained. The error bars represent standard deviation from three
separate measurements. The assay mixture contains 10 uM GBB, 250 uM Zn”, 700 pM 20G, 80 mM KCl, 5o uM 1,1,1
trifluoroacetone (internal NMR standard) in 50 mM Tris-D,,, pH 7.5, in 90% H,0:10% D,O.
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2.4.1 NMR paramagnetic relaxation enhancement

After establishing that "H NMR direct ligand observation is a suitable technique that can be
applied to study small molecules binding interaction with psBBOX, we begin to optimise the
assay conditions to simultaneously detect the binding of both GBB and 20G in a single
spectrum, potentially for the development of an NMR competition assay for ligand screening
(discussed in section 1.4.2), whereby both 20G and GBB can simultaneously be employed as
reporter molecules. However, we observed that using Zn" as co-factor, high psBBOX
concentrations are required to enhance the sensitivity of GBB/20G binding, which is ideally
required for NMR reporter displacement assay. We envisaged that greater sensitivity to
reporters binding might be achieved by the application of paramagnetic relaxation

enhancement (PRE). 190-194

Nuclear spins relaxation enhancement by paramagnetic spin-labels
has long (1960s) been used as a valuable tool to characterise metalloenzyme-ligand binding
interactions.'” This technique is based on the fact that the magnetic moment of an unpaired
electron is 658 times greater than that of a proton nuclear spin,'*® hence generating strong
local magnetic field and therefore acts as efficient source for nuclear spin relaxation. Thus,
when a ligand binds with a protein in the vicinity of a paramagnetic centre (within 15-20 A),
its nuclear transverse spin relaxation rates are significantly enhanced or in other words the
ligand NMR signals are significantly broadened. This technique was originally developed by
covalently tagging a paramagnetic spin-label'”"'** such as TEMPO (2,2,6,6-tetramethyl-1-
piperidine-N-oxyl) to proteins (Figure 2.31). This technique is termed as SPLASTIC (spin
labels attached to a protein side chain to identify interacting compounds). In addition to the

. . 1I1 II 198,1 .11 . 1T
spin labels, paramagnetic metals such as Co" " and Mn" "**'° Ni", low spin Fe" and most

lanthanides (with the exception of Gd") have also been used to produce PRE effect.'”’
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Figure 2.31 lllustration of application of NMR PRE effect in *"H NMR-based direct ligand observation binding technique.

(a) CPMG edited *H NMR spectrum of 4-hydroxy-N-phenylbenzamide. (b) After the addition of protein to (a). The ligand
signals are attenuated (though only slightly), demonstrating its binding interaction with the protein. (c) CPMG edited *H
NMR spectrum of 4-hydroxy-N-phenylbenzamide. (d) After the addition of protein tagged with spin label TEMPO (2,2,6,6-
tetramethyl-1-piperidine-Noxyl) to (c). Note that the due to the PRE effect of the spin label, the transverse relaxation rates
of the bound ligand are significantly enhanced and as a result the ligand NMR resonances are significantly
broadened/attenuated. (e) Spin-label TEMPO. (Reproduced from reference ***)

The magnitude of the paramagnetic relaxation enhancement (PRE) caused by the dipolar
interactions depends on the square of the gyromagnetic ratios of both the spins involved, the
inverse sixth power of the interspins distance, and the correlation time. The transverse
relaxation rate enhancement, Ropar, is described by below the equationzoo,

1 2 202 3 r

Ry = —SE+1) 8P 4r %

15 r l+o; +7,

Where, S denotes the electron spin, y; the proton gyromagnetic ratio, g the electronic g

factor,  the Bohr magneton, r the distance between the electron spin and the nuclear spin, o,
the resonance frequency of protons, and 7, the correlation time of the vector linking the

electron and the nuclear spins. A similar equation holds for the longitudinal relaxation rate

enhancement, Ry

110



Hence, taking the advantage that the active site of psBBOX does have a metal binding site to
which 20G directly binds in a bidentate manner and which is also in close approximation (~
3 A) to the location of the GBB binding site (Figure 2.32), we envisaged that the simplest
approach to produce the PRE effect in the psBBOX active site would be to replace the
diamagnetic Zn" in the assay mixture with paramagnetic Mn". Hence, we first investigated
the binding of Mn" to psBBOX by a reported NMR competition-based assay based on
measuring the water longitudinal relaxation rates (R; = 1/T)) in the presence of paramagnetic
Mn". "% In the absence of any metal chelating ligand and provided that access is possible,
water molecules can chelate a paramagnetic metal in a solution and as a result their T is
decreased their due to the PRE effect. These Mn'-bound water molecules undergo exchange
with water molecules in the bulk solvent matrix. Hence, if Mn"! binds in the active site of a
protein, then the titration of the protein to the assay solution would result in reduction of the
free Mn" in solution, which in turn would reduce the water molecules bound to MnH, and this
would ultimately result in increase of the bulk water T;. We thus titrated psBBOX to a
solution containing fixed Mn" concentration and it was observed that water T, increased as a
function of psBBOX concentration demonstrating the binding interaction of the Mn" to
psBBOX (Figure 2.33). A binding constant value of 3 = 1 uM was obtained for the binding of

Mn" to psBBOX, likely forming a complex in a 1:1 ratio (from saturation point).

Phe188 /

Phel84 Val190 Arg362

¢ T

)\ Asp211

Leu212 7x\
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—
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Ala296

Figure 2.32 View from the active site of psBBOX in a model structure based on hBBOX crystal structure (PDB ID: 302G).
The PRE effect of Mn" (grey sphere) drastically increase the transverse relaxation rates (line-shape) of the GBB (cyan) (see
below) and 20G (yellow) NMR resonances when they bind to psBBOX.
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Figure 2.33 Measurement of the binding constant of Mn" to psBBOX by water T, measurement assay.

By titrating psBBOX into 50 pM Mn" in a solution containing 1.2 mM 20G and 100 mM KCl in 50 mM Tris-D,, in 20%
H,0/80% D,0, we demonstrated the formation of a psBBOX—MnII complex. A binding constant of ~ 3 + 1 uM was obtained
for Mn" binding to psBBOX. The error bars represent standard deviation from three separate measurements.

After establishing the binding of Mn" to psBBOX, we then just simply replaced the
diamagnetic Zn" in the assay solution with paramagnetic Mn". Interestingly, we observed
that when GBB and 20G (reporter ligands) binds to psBBOX with Mn" in the active site,
then their NMR resonances are drastically broadened/attenuated in the presence of
significantly low amount of psBBOX as compared to diamagnetic Zn" (Figure 2.34). This is
due to their significantly higher transverse relaxation rates (R,) caused by the PRE effect of

bound Mn" in the active site of psBBOX.
(a) (b)

+75 pM BBOX _J(_)L__._ +15 UM BBOX  meeM s
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/20@
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Figure 2.34 Application of PRE effect in GBB/20G binding with psBBOX by CPMG edited *H NMR-based direct ligand
observation.

GBB Me, singlet at 3.05 ppm and 20G CH, triplet at 2.91 ppm are shown. (a) GBB and 20G binding to BBOX-Zn" (b) GBB
and 20G binding to BBOX-Mn". The assay mixture contains 25 GBB, 300 uM 20G, 150 uM M", 80 mM KCl, in 50 mM Tris-
D,, buffer, pH 7.5, in D,0. The spectra were run on a 700 MHz instrument.
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Control experiments (without psBBOX) revealed that at the concentrations employed, free
Mn" in solution did not affect the GBB line-shape in the spectrum (Figure 2.35 & Figure
2.36), likely because it doesn’t chelate the Mn'L it did, however, broaden the resonances of
20G, since this directly ligates Mn" (Figure 2.35). However, despite this broadening, the
resonance intensities ("H NMR peak areas) remained similar to those prior to the addition of
the metal (Figure 2.35 & Figure 2.37). Hence, based on these results, for a reporter (GBB,
20G) displacement assay it would be more appropriate to follow the reporters peak

attenuation as a probe of their binding with psBBOX intead of following their line-widths.

— L__ GBB/20G/Buffer + Mn'

o
Q o | HO. -~ _H.__OH
I T <, 0
HO™ - ~ N T— o H H o
GBB 1 e”/,”/’
‘i L 206G
| |
— M GBB/20G/Buffer - Mn"

31 3.0 29 28 ppm

Figure 2.35 Monitoring the effect of Mn" in solution on the line shape of free GBB and 20G by *H NMR.

Following the addition of Mn", the GBB signals (singlet at 3.05 ppm) are unaffected, whereas the 20G signals (triplet at
2.91 ppm) are broadened; however the absolute intensity of the latter remains the same with and without Mn". The final
assay mixture contained 25 pM GBB, 300 uM 20G, 150 pM Mn”, 8o mM KCl, in 5o mM Tris-D,, buffer, pH 7.5, in D20.

100 pM Mn"

50 uM Mn"

32 uM Mn"

16 uM Mn"

GBB 0 uM Mn'

e

31 3.0 29 ppm

Figure 2.36 Mn" in solution does not affect the line-shape of GBB ("H NMR).
The concentration of GBB was 100 M. The solutions were made in 5o mM Tris-D,,, pH 7.5, in 90% H,0 and 10% D, 0.
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Figure 2.37 The effect of Mn" on 20G in solution.
20G CH, signal at 2.91 ppm shown. Under the experimental conditions used Mn" only broadens the 20G resonances due
to direct chelation, but the resonances absolute intensities remain the same with and without Mn".

In another control experiment, the protein in the sample of GBB/20G/Mn"/psBBOX was
thermally denatured (heated at 100 °C for 5 minute), and it was observed that signals of the
20G and GBB recovers (Figure 2.38), demonstrating that the attenuation of their NMR
resonances after the addition of psBBOX was due to their binding interaction with the

psBBOX.
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Figure 2.38 psBBOX denaturation control experiment for the binding of GBB and 20G by CPMG edited "H NMR direct
ligand observation.

(a) Solution of GBB/20G with Mn"in buffer. (b) After addition of BBOX to (a); the GBB and 20G signals are attenuated due
to binding with BBOX. (c) After heat treatment of (b); denaturation of BBOX results in the recovery of signals of both GBB
and 20G, demonstrating that the signals attenuation of both these molecules in the presence of psBBOX is due to binding
with the BBOX. The final assay mixture contained 25 pM GBB, 300 uM 20G, 150 pM Mn", 8o mM KCl, 15 uM psBBOX in 50
mM Tris-D,, buffer, pH 7.5, in D,0.

These results thus clearly demonstrate that PRE is a useful technique that increases the NMR

sensitivity to ligand binding in the presence of significantly low amount of protein.
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2.5 '"H NMR dual-reporter displacement assay for psBBOX inhibitor

binding studies

In principle, an inhibitor can inhibit psBBOX catalysis by competing with co-substrate 20G,
or substrate GBB or both. Keeping in view that investigating the mode of psBBOX inhibition
by enzyme kinetics studies (Vmax and Ky determination with and without an inhibitor) is a
labour intensive process, we envisaged that in an alternative approach this can be achieved
more readily and reliably by investigating the mode of inhibitor binding to psBBOX i.e
whether an inhibitor binds psBBOX by competing with 20G or GBB or both. This
information can be more readily obtained via a NMR dual-reporter displacement assay,
whereby both GBB and 20G can be employed as reporter molecules. If an inhibitor binds to
psBBOX competitively with 20G, it will displace only 20G from its binding site, if it
competes with only GBB, then only GBB will be displaced from its binding pocket, and if it
competes with both 20G and GBB, then simultaneously both 20G and GBB will be
displaced. The displacement of these reporter ligands can be conveniently observed as
recovery of their NMR resonances in the spectrum. In this technique paramagnetic Mn" can

be used to enhance the NMR sensitivity of binding of the two reporter ligands.

As a proof of principle, we first analysed the binding of known 20G competitive ligands, 2,4-
PDCA, which is generic 20G oxygenase inhibitor® including hBBOX'®® and AMG-1957661,
which is a PHD2 inhibitor,” to psBBOX using this technique. It was observed that after the
addition of 2,4-PDCA to the sample of 20G/GBB/Mn"/psBBOX, only the signals of the
20G recover, suggesting that 20G is no longer bound to the psBBOX, but is now free in
solution i.e it is displaced from its binding site by 2,4-PDCA (Figure 2.39c). This
demonstrates that 2,4-PDCA binds to psBBOX by competing only with 20G and not GBB.
In case of AMG-1957661, we noticed that the signals of both 20G and GBB recover,
implying that AMG1957661 binds psBBOX by competing with both GBB and 20G (Figure
2.39d). The data also imply that after displacement, the splitting (multiplicity) of the 20G
resonances also become apparent, suggesting that the 20G molecules are no longer chelating
the free Mn" in solution, i.e the inhibitors also chelate free Mn"! in solution in addition to the

chelating the active site Mn".

115



O 0Og —/ )—OH
© P P9 o
o7 \T‘/%T’ oy AMG-1957661
N.‘_ e
2,4 PDCA
RS A VOV o N,
(b) + BBOX
0
ﬁ N HO. /l\x ~ ﬂ/OH
HO ey e . ‘-_‘___% O H H O
GBB / 20G
(a) e ;
GBB/20G/Mn

T

T T | T T
31 30 29 28 27 ppm

Figure 2.39 lllustration of the *H NMR (CPMG edited) based dual-reporter ligands displacement assay for ligand binding
studies to psBBOX.

Both GBB and 20G are simultaneously used as reporter molecules. (a) The spectrum (part shown for clarity) of a solution
of GBB, 20G and Mn" in buffer. (b) After the addition of psBBOX to the sample of (a). The reporters signals are attenuated
due to their binding to psBBOX. (c) The addition of 2,4-PDCA to the sample of (b) results in recovery of only 20G
resonances, showing that 2,4-PDCA binds psBBOX by displacing only 20G.(d) The addition of AMG-1957661 to (b) results
in the recovery of both 20G and GBB NMR resonances, implying that AMG1957661 binds psBBOX by competing with
both 20G and GBB. The assay mixture contained 25 uM GBB, 300 pM 20G, 150 pM Mn", 15 pM psBBOX, 8o mM KCl,
competitive ligand 700 uM in 50 MM Tris-D., pH 7.5in D, 0.

2.5.1 Binding of isoquinoline-based inhibitors to psBBOX by 'H NMR-dual

reporter displacement assay- A structure-activity relationship study

After establishing the proof of principle of NMR dual-reporter displacement assay for
psBBOX inhibitor binding studies, we then applied this technique to investigate the nature of
binding of a series of isoquinoline derivatives (provided by Dr Anna M. Rydzik) to psBBOX.
All these compounds possessed the same isoquinoline-core skeleton but varied in the side
chain amino acid (Figure 2.40). The isoquinoline-based compounds are known inhibitors of
many 20G oxygenases including hBBOX.%" Crystal structures of several 20G oxygenases
in complex with isoquinoline-derivatives have also been reported.'””'¥*2°"2% These
compounds are primarily designed as 20G competitors. We were interested to test these

compounds for two potential reasons (1) There is no reported crystal structure for psBBOX in
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complex with this series of inhibitors and (2) in case of PHD2, the crystal structure in
complex with an analogue (PDB ID: 2G19) containing the glycine side chain suggests that
the inhibitor binds in the 20G binding pocket by chelating the active site metal via the
pyridine nitrogen and amide carbonyl oxygen.'"®® However, solution-based NMR studies
revealed that the inhibitor binds in the 20G binding site in two different modes with equal
population, one mode of metal chelation was similar to the one reported in the crystal
structure, whereas, in the new mode, the inhibitor chelates the active site metal via the

hydroxyl oxygen and amide carbonyl oxygen.
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Figure 2.40 Structures of the isoquinoline-based compounds tested in the study.

In box: Core skeleton of the isoquinoline-based inhibitor. The brown colour represents part of the inhibitor that mimics
20G. (Below the box): structures of the isoquinoline-based compounds tested for their binding interaction with psBBOX
by CPMG edited *H NMR dual reporter displacement assay.

Exemplary results from the assay are presented in Figure 2.41 for two of these isoquinoline-
based ligands, one possessing glycine (1) and the other a L-Trp (11) amino acid functionality.
In this assay, the spectrum of the reporter molecules (GBB and 20G) with Mn" was first

recorded in the absence of psBBOX (Figure 2.41a). A second spectrum of the reporter
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molecules with Mn" was then recorded following the addition of psBBOX (Figure 2.41b). In
this spectrum, the reporter resonances are broadened and attenuated due to their binding
interaction with psBBOX. To the same sample, isoquinoline-ligand (1) was added and a
spectrum was recorded (Figure 2.41c). It can be seen that upon the addition of 1 only the
signal of 20G recovers, demonstrating that 1 binds to psBBOX by displacing (competing)
only 20G. Similarly, to another sample, isoquinoline-ligand (11) was added and it was
observed that the signals of both 20G and GBB recover (Figure 2.41d), demonstrating that
(11) binds to psBBOX and competes with both 20G and GBB.
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Figure 2.41 Studying the binding of isoquinoline-ligands (1) and (11) with psBBOX by CPMG edited *H NMR-based dual-
reporter displacement assay.

GBB signal at 3.05 ppm, 20G signal at 2.91 ppm, and 1,1,1 trifluoroacetone (internal NMR control) Me, peak at 1.49 ppm,
are shown. (a) Reporter ligands GBB and 20G, control molecule with Mn" in solution in the absence of psBBOX (b) After
the addition of psBBOX (c) Addition of (1) to sample of (b). (d) Addition of (11) to sample of (b). The asterisks represent
the signal of the reporter ligand (20G: blue, GBB: red) displaced after the addition of competitive ligand. The final assay
mixture contained 25 pM GBB, 300 uM 20G, 150 pM Mn", 15 pM BBOX, 80 mM KCl and 25 pM isoquinoline-based ligand
in 50 MM Tris-D11 buffer, pH 7.5, in D20.

The results for all the isoquinoline-ligands tested in the series are summarised in Figure 2.42.
All these ligands were screened at a single concentration (25 uM) in order to produce a
contrast amongst the nature of their binding with psBBOX. The chart compares the signal

intensity of the reporter molecules GBB (green colour) and 20G (orange colour) in the
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absence of psBBOX (1st left set of column; intensity set to unit intensity) with their intensity
after the addition of psBBOX (2nd left set of column) and with their intensity after the
addition of isoquinoline-based inhibitors (1)-(15) with varying side chain amino acid (X).
The threshold line represents the relative intensity of the reporters in the presence psBBOX.
After the addition of isoquinoline ligand, the reporters intensity above this line represents the
level of their displacement, whereas their intensity below this line represents further
enhancement of their binding. Asterisks highlight those isoquinoline-based ligands whose

addition results in a negligible influence on the reporters under these conditions.

OH (& E
5 e OH
H\-//LJJ‘J '|_| \Cl
27 ¢ X ®GBB 020G
Isoquinoline-based ligand
{ T core skeleton
- E5
=
7]
c
@
-
£
@
=
5
[
1=
1
@
b=
Q
(=8
@
o
. - L
> > NS e Q Q o> &
0\‘\ 2 A }le -'.\'a’ [ [ ‘Q? AN «(Q «(Q & ) Ny
0? F & PSS oyg’ F LKL

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15

Isoquinoline ligand side chain amino acid (X)

Figure 2.42 Structure-activity relationship study of isoquinoline-based compounds with psBBOX by CPMG edited *H NMR-
based dual-reporter displacement assay.

The chart compares the signal intensity of GBB (green) and 20G (orange) in the absence of psBBOX (ast left set of
column; intensity set to unit intensity) to their intensity after the addition of psBBOX (2nd left set of column) and that
after the addition of isoquinoline-based inhibitors 1-15 with varying amino acid (x-axis). The threshold line represents the
relative intensity of the reporters in the presence of psBBOX. After the addition of isoquinoline ligand, the level above this
line represents displacement; the level below represents enhancement of binding. Asterisks highlight ligands whose
addition results in a negligible difference on GBB/20G under these conditions. The error bars represent standard deviation
from three separate measurements.

From these results it may be concluded that isoquinoline-ligand containing glycine, (1) or
alanine side chains (both D (2) and L (3) forms) appears to bind psBBOX by competing with
only 20G. The full displacement of 20G by these ligands suggests that they are likely strong
binders of psBBOX, binding via active site metal chelation. The data further suggest that the
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binding of these compounds enhances the binding of GBB relative to its binding in the

presence of 20G as demonstrated by further attenuation of GBB signals.

However, with an increase in size of the amino acid side chain from H (1) and CH;3 (2), (3) to
isopropyl (8) and isobutyl (7) (both in L-forms), the ligand appears to bind less favourably as
demonstrated by relatively lower level of 20G displacement compared to (1), (2) and (3).
The ligands (5) and (7) also compete with GBB, but only weakly, as shown by low level of
displacement of GBB. The displacement of both 20G and GBB by these ligands suggests
that these ligands may access to occupying the 20G binding pocket, whilst also blockin or
occupying, the GBB binding pocket. The D forms of these ligands i.e (4) and (6), appear not
to be capable of binding in the psBBOX active site, likely because they cannot occupy a
suitable orientation that enables coordination to the active site metal. The introduction of a
more bulky aromatic hydrophobic group such as phenyl (9) or 3-methyl-indole (11), as the L-
isomers enables the binding of the ligand to again yield full displacement of 20G as for (1)-
(3). These ligands also appear to prevent the binding of GBB, (in the order (11) > (9), to
much greater extent than (5) and (7). It is possible that these isoquinoline- ligands bind
psBBOX in a mode such that their side chain group is located in the aromatic cage of the
GBB binding pocket that normally holds the trimethylammonium group of GBB and thus
form hydrophobic interaction with the aromatic cage residues. In the case of (11) and (9) this
would be more pronounced when compared with (5) and (7). Similar to (4) and (6), the D-
forms of these ligands i.e (8) and (10), also appear not to be effective at binding in the

psBBOX active site.

The influence of hydrophilic side chain groups on ligand binding was also investigated. It
was observed that ligands with Asp (both D (12) and L (13) forms) are weak 20G competitors
(as demonstrated by low level of 20G displacement) relative to (5), (7), (9) and (11) (all
ligands with hydrophobic group). It is possible that ligands (12) and (13) may be binding in
an orientation, such that their side chain group is projecting towards the aromatic cage of
GBB, producing unfavourable repulsion between the m-electrons and the carboxylate group.
Interestingly, (12) compete weakly with both 20G and GBB, whereas, (13) competes with
only 20G, suggesting these two ligands may bind in different modes relative to each other.
Ligand (14) (D-Glu), appears to compete only very weakly with 20G as compared to (12) and
(13). In contrast its L-form (15) is again a relatively moderate 20G competitor which also

moderately competes with GBB.
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The results of this qualitative structure-activity assay were then validated by measuring the
binding dissociation constants of these isoquinoline-based ligands by the tryptophan intrinsic
fluorescence quenching assay (performed by Robert K. Lesniak) previously applied to study
ligand binding to human BBOX (described in section 2.2.12). The results of this assay (Table
2.2) also demonstrated that ligands with glycine (1), D-Ala (2), L-Ala (3), L-Phe (9) and L-Trp
(11) are the strongest binders in the series, in agreement with the results of the '"H NMR dual
reporter displacement assay. Similarly, ligands with L-Val (5), L-Leu (7) and L-Glu (15) are

considered medium affinity ligands in the series.

Table 2.2 "H NMR and fluorescence-based assays results of the isoquinoline-based compounds (Figure 2.40) tested in the
NMR dual reporter displacement assay (Figure 2.42)

Compound no. Amino acid (X) Kp (uUM) by Fluorescence assay
1 Gly 22+4
2 D-Ala 20+4
3 L-Ala 15+3
4 D-Val 144 £ 6
5 L-Val 55+3
6 D-Leu 103 £4
7 L-Leu 553
8 D-Phe 82+3
9 L-Phe 26+4
10 D-Trp 168 + 37
11 L-Trp 20+5
12 D-Asp 101 £1
13 L-Asp 91 +£2
14 p-Glu 89+6
15 L-Glu 64 £2

The similar binding affinities of these ligands are also qualitatively reflected by similar levels
of 20G displacement by these ligands in the '"H NMR dual-reporter displacement assay.
Similarly, the fluorescence binding assay also demonstrated that the D-configured ligands,
4), (6), (8), (10), (12), (13) and (14) are the weakest binders in the series, consistent with the
'H NMR dual reporter displacement assay. Thus, the results of this fluorescence based assay
further validate the applicability by "H NMR dual reporter displacement assay for qualitative
ligand screening of psBBOX.
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Based on the results of both these binding assays, it appears that the level of 20G
displacement can be correlated with the binding affinity of these isoquinoline-based ligands.
For example isoquinoline ligands (1), (2), (3), (9) and (11) all fully displace 20G and have
binding affinities also close to each other (22, 20 15, 26 and 29 uM, respectively). Similarly,
ligands (5), (7) and (15), all compete relatively moderately with 20G compared to ligands
(1), (2), (3), (9) and (11), and again have binding affinities (55, 55 and 64 uM) that are
weaker than those of ligands (1), (2), (3), (9) and (11). Similarly, ligands (12) and (13), both
of which displace 20G to the same extent have similar affinities (101, 91 uM respectively),
are also weak binders compared with ligands (5), (7) and (15). Thus, whilst the level of 20G
displacement correlates well with the absolute binding affinity, (which follows from the fact
that the isoquinoline core is designed for chelation of the active site metal), the NMR assay

further provides evidence for disruption of GBB binding.

Although, we could not solved a crystal structure for psBBOX with an isoquinoline-based
inhibitor to assess the nature of binding of these inhibitor; manual docking and energy
minimisation studies of a model of psBBOX generated based the crystal structure of human
BBOX (PDB ID: 302G) suggests a possible structural explanation for the observed trends
(Figure 2.42) in this study. Studies by Rydzik er al'” suggests that for hBBOX, the L-
configured ligands (3) and (11) are better inhibitors than their corresponding D-forms (2) and
(10) (ICso 6 uM vs 73 uM, and 11 uM vs 33 uM, respectively), in agreement with the trend in
our studies with psBBOX. The docking studies revealed that (1) binds in the active site of
psBBOX in a similar mode as observed in the crystal structures of other 20G oxygenases,
i.e. PHD2 (PDB ID: 2G1M)203 and the fat mass and obesity protein FTO (PDB ID: 4IE6)204,
likely by chelating the active site metal via its pyridinium nitrogen and amide carbonyl
oxygen. Although more than one chelation modes such as via ring hydroxyl group and amide
oxygen are also possible, as reported in studies by Rydzik et al on hBBOX'™, which suggest
that removal of ring hydroxyl group results in significant loss in inhibitor potency. In our
proposed binding mode for (1), the phenyl ring of the isoquinoline functionality is positioned
towards the GBB binding aromatic cage, thereby leading to slight movement of Phel84, but
it does not disrupt the aromatic cage pocket to the extent so as the GBB binding is ablated
(Figure 2.43), which agrees with the NMR binding mode for (1)-(3), i.e (1)-(3) displaces only
20G but not GBB.

The observation that inhibitors (5), (7), (9), (11) (ligands with larger hydrophobic side chains)
compete with both co-substrate 20G and substrate GBB, is interesting. Manual docking and
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energy minimisation studies of (11) suggest that the bicyclic ring system of these inhibitors is
tilted with respect to that of the docked/minimised compound (1), while retaining its metal
coordination. The chlorine and phenyl ring of the inhibitor projects deeper into the GBB
binding aromatic cage, resulting in movement of Phel84 to approximately 2.5 A closer to
the aromatic inhibitor thus altering the shape of the aromatic cage and also sterically blocking
binding of the GBB trimethylamino group.'” This observation is consistent with the NMR
binding mode i.e. inhibitor competes with both 20G and GBB.

His 350

> \
Phe343 _ /,
//

/ Val 190

Figure 2.43 Overlay of the active site residues of human and psBBOX showing possible modes of binding (1) and (11).
psBBOX (model generated; pink residues with numbers) and human BBOX (green residues) (PDB ID: 302G). Docking
simulation implying possible conformational changes in the GBB binding pocket residues of psBBOX as a result of binding
of inhibitors 1 (green sticks, Cl in yellow) and 11 (pink sticks, Cl in yellow).

Although, the possibility of alternative binding/chelation modes also cannot be ruled out, the
modelling and energy minimization studies suggest that the larger side chains bind in a large
hydrophobic cavity adjacent to the 20G binding pocket (formed by the side chains of Val-
190, Ala-200, Leu-206, Ser-236, Leu-224, Leu-335, Trp-341, Phe-343, Arg-352 and Phe-
364). It also implies that in this pocket the binding of L- forms of inhibitors are preferred as
compared to the D- forms as observed (Table 2.2, Figure 2.43), due to a potential clash
between the carboxylate of (10) and Leu-206. The psBBOX model structure suggests that
that a loop comprising of residues 190-205 involved in GBB binding also forms part of the
hydrophobic pocket; it is also possible that the binding of inhibitor (11) may elicit changes in
the loop and prevents GBB binding. Biophysical studies have revealed the occurrence of

substantial conformational changes in human BBOX catalysis." 9:160.163
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2.6 Development of "H NMR assay for ICs, measurements for BBOX
inhibitors

To determine whether a small molecule ligand that binds to psBBOX do indeed inhibit
psBBOX catalysis, it is added to the assay solution of psBBOX and see if it stops the GBB
turnover into L-carnitine. This can be easily observed from a standard 'H NMR spectrum as
both GBB and L-carnitine gives separate NMR resonances. Due to high sensitivity, the Mes
peak; GBB at 3.05 ppm, L-carnitine 3.14 ppm can be conveniently followed to monitor the
inhibition of psBBOX catalytic activity in the presence of an inhibitory ligand. The reaction
can be initiated by adding psBBOX to the assay solution, usually contained in an eppendorf

tube.

Like hBBOX, psBBOX was also found to be very active, required only nM concentrations to
observe a reasonable amount of turnover. In monitoring psBBOX catalysed GBB turnover
into L-carnitine, we noted that the speed/amount of L-carnitine formation from incubation the
reaction mixture in a 1.5 mL Eppendorf tube was higher as compared to the reaction in a 5
mm diameter NMR tube (psBBOX added to the assay mixture already in the NMR tube),
whereas, in a 3 mm diameter NMR tube, the reaction did not occurred at all. We speculate
that this difference in the rate and level of L-carnitine is perhaps either due to the differences
in the rates of diffusion of oxygen across the sample or due to the surface area (Eppendorf

tube > 5 mm diameter NMR tube > 3 mm diameter NMR tube) of the reaction containers.

In addition to maximum turnover, the reaction in Eppendorf tube also allowed us to easily
quench the enzymatic reaction whenever required, hence presented a convenient approach to
measure the L-carnitine/GBB concentration at a desired time. We found that 5 uL. of 1M HC1
can effectively quench (stop) the psBBOX catalysed GBB turnover into L-carnitine. In the
presence of an inhibitory ligand, the L-carnitine signal was found to decrease in intensity as
the inhibitory ligand concentration increase. For the ICsy measurement of the inhibitors tested

in the study, the reaction was quenched at the 60™ second (linear rate region) (Figure 2.44).
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Figure 2.44 psBBOX catalysed GBB turnover into L-carnitine as observed by "H NMR.

(a) Time course of the psBBOX catalysed GBB turnover into L-Carnitine as monitored by "H NMR experiments (part of the
spectra shown). (b) Graph of the time course data. The reaction was carried out in a 1.5 mL eppendorf tube and quenched
by the addition of 5 pL of 1 M HCl. The assay mixture contained 200 uM GBB, 600 uM 20G, 100 uM Fe', 140 nM psBBOX,
500 UM L-ascorbate, 80 mM KCl in 50 mM Tris-D11, pH 7.5 in D,O. Error bars represents standard deviation from three
separate measurements.
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This technique offers one of the simplest approaches to measure the ICsy values of BBOX
inhibitors. We applied this technique to measure the ICsy values of the isoquinoline
derivatives tested in section 2.5.1. The inhibition potencies of these ligands are summarised
in Table 2.3. An exemplary result from the assay is shown in Figure 2.45 for isoquinoline
derivative containing the D-alanine side amino acid side chain (2), for which an ICsq of 0.20
uM was obtained. These '"H NMR-based inhibition results were further validated by the
reported fluoride ion release-based assay (performed by Robert K. Lesniak) (described in
section 2.2.12). The results of this assay (Table 2.3 & Figure 2.46) also revealed that the
ligand with glycine (1), D-Ala (2), L-Ala (3), L-Phe (9) and L-Trp (11) are the strongest
psBBOX inhibitors in the series, with other values are also qualitatively paralleling those of

the NMR-derived values.
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b |
HO™ e N T
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Figure 2.45 Measuremt of IC,, value of the isoquinoline-ligand (2) by for psBBOX using "H NMR.

(a) Bottom to top; *H NMR showing psBBOX catalysed GBB turnover into L-carnitine (CAR) in the presence of increasing
amounts of (2). (b) Dose response curve of (a). Error bars represent standard deviations from three separate
measurements. The assay mixture contained 200 uM GBB, 600 pM 20G, 100 uM Fe" 500 MM L-ascorbate, 80 mM KCl and
0.140 pM BBOX in 5o mM Tris-D,,, pH 7.5 in D,0.

The differences in ICs, values of "H NMR and fluoride ion release assays, particularly for
weak inhibitors, are likely due to the different experimental conditions used in both the
assays, notably the higher psBBOX concentration (1 uM) used in the fluoride ion release
assay (0.140 uM in 'H NMR assay). Also, the '"H NMR assay was based on the inhibition of
psBBOX whilst using the natural substrate GBB, whereas the fluoride assay is based on the
inhibition of fluorinated substrate (35)-3-fluoro-4-(trimethylammonio)butanoate (GBBF).
Study by Rydzik et al® on hBBOX using fluoride ion release-based assay have shown that

the L-configured ligands (3) and (11) are better inhibitors than their corresponding D-forms (2
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and 10) (ICsp 6 uM vs 73 uM, 11 uM vs 33 uM). Similarly, (1) is a weak inhibitor (ICs 31

uM) than (3).

Table 2.3 Comparison of the IC,, values measured by *H NMR assay (Figure 2.46) and fluoride ion release assay for the

isoquinoline psBBOX inhibitors tested in the study.
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Compound no. | Amino acid (X) IC5y (uM) by "H NMR IC5¢ (uM) by Fluoride ion
assay release assay
2 D-Ala 0.20 £0.02 0.9 +0.03
Gly 0.21 £0.01 1.2+0.1
3 L-Ala 0.22 +0.01 0.7 £0.02
11 L-Trp 0.9+0.03 26+2
9 L-Phe 1£0.03 13+£0.7
10 p-Trp 18 +1 > 1000
15 L-Glu 22£2 147 £21
5 L-Val 23£2 130+ 14
L-Leu 26+2 1256
8 p-Phe 38+0.6 101 £6
12 D-Asp 381 160 £ 61
13 L-Asp 76 £2 245 £ 62
14 D-Glu 86+5 > 1000
6 p-Leu 94+38 > 1000
4 p-Val 1916 > 1000
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Figure 2.46 Dose response curves of the isoquinoline-based inhibitors of psBBOX tested in the SAR study conducted by *H
NMR inhibition assay. The error bars represent standard deviation from three separate measurements.

2.6.1 Binding studies of selected quinoline, pyridine and pyrimidine based
ligands with psBBOX by '"H NMR dual-reporter displacement assay

Many of the 20G oxygenase inhibitors including hBBOX are also based on quinoline,

pyridine and pyrimidine core-skeleton.®'”?

These inhibitors are primarily designed as 20G
competitors for active site metal chelation. Figure 2.47 shows the structure of some of
selected quinoline, pyridine and pyrimidine based compounds that have been found to inhibit
various 20G oxygenases. As no crystal structure has reported for BBOX with these
compounds, therefore we applied the 'H NMR-based dual-reporter displacement assay to
assess the binding nature of these compounds (provided by Dr Ivan K. H. Leung) to
psBBOX. The results of these compounds are summarised in Figure 2.48. For the ligands that
showed binding, we determined their 1Csy values (Table 2.4 & Figure 2.49) by '"H NMR-

based assay as described in section 2.6.
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Figure 2.47 Structures of the compounds with different core skeleton tested for their binding with psBBOX by CPMG
edited "H NMR-based dual-reporter displacement assay.

Quinolinecore Pyridine core Pyrimidine core
**1 weBB 206 ! ' 1
>
b=
v
c 1
@
]
£
@
2 0.8 1
-
o
@
1=
G 0.6 1
o]
o
1]
om || T .
G) 0.4 1
v
Ly
@
e
t
=] 0.2 1
o
L+ H]
=4
o 4 T T T T T T T T T T T
Blank Reporter + 10X 10Xz G5K360A  CCT-2-66 MDzz24 MD330 MDz228  ATA-1-42 CCT-6-a76 CCT-6-112
Reporter BBOX
Inhibitors

Figure 2.48 Investigating the binding of quinoline, pyridine and pyrimidine-based ligands with psBBOX by CPMG edited "H
NMR-based dual-reporter displacement assay.

Chart showing the effect of addition of ligand of interest (x-axis) on the signal intensity (threshold lines) of the reporter
ligands GBB and 20G, whey they bind with psBBOX. After the addition of screening ligand of interest, the reporters
intensity above the threshold line represents the level of their displacement, whereas, their intensity below this line
represents further improvements in their binding. The final assay mixture contains 25 uM GBB, 300 uM 20G, 150 uM Mn",
15 uM BBOX, 50 pM F;CCOCH, (internal control), 8o mM KCl and 25 pM screening ligand in 50 mM Tris-D,, buffer, pH 7.5,
in D,0. The error bars represent standard deviation from three separate measurements.
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Table 2.4 1C,, values of psBBOX inhibitors determined by "H NMR assay

Ligand ICso (uM) by 'H NMR assay
10X1 1575
10X2 2.4+0.01
GSK360A 0.786 = 0.02
CCT-2-66 not determined
MD224 897 +7 uM
MD330 5+0.8
MD228 not determined
ATA-1-42 6£0.6
CCT-6-176 13+1
CCT-6-112 not determined
_— fcso 157 uM 100+ IC5D 2.4 UM
R*=0.9946 R*=0.9964
X X
%‘ 50 %‘ 50
< <
oL : : , ‘ 0L, ; ‘
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Figure 2.49 Dose response curves of the IC,, values of the inhibitors in Table 2.4.
The error bars represent standard deviation from three separate measurements.

The above results (Figure 2.48 & Table 2.4) suggest that amongst the quinoline-based
compounds, GSK360A appears to be the stronger psBBOX binder (hence a strong inhibitor
with ICsp 0.786 uM) as demonstrated by high its high level of 20G displacement. I0OX,, an
inhibitor of HIF hydroxylases,””> binds relatively weakly than GSK360A, as demonstrated
by relatively lower level of 20G displacement, with an 1Csp 2.4 uM, also competing against
only 20G. The binding of 10X, also appears to improve the binding of GBB with psBBOX.
I0X;, which is a cell-active selective inhibitor of histone demethylases,205 binds further
weakly as demonstrated by its low level of 20G and GBB displacement, with an ICsg of 157
uM. The data suggests that both GSK360A and 10X2 appears to bind in identical mode i.e
both are competing with 20G only, however, 10X likely binds differently to GSK360A and
I0X2, competing both 20G and GBB, but perhaps in unfavourable positon as demonstrated
by its lower ICsg 157 uM. CCT-2-66, an inhibitor of KDM4 appears to have no influence on
the binding of both GBB and 20G under our experimental conditions, likely a non-binder or

very weaker binder of psBBOX (ICs not determined).

Amongst the compounds containing the pyridine core skeleton, MD330 (nucleic acid
demethylase inhibitor), MD228 and Ata-1-42 all appear to bind psBBOX with identical
affinity as demonstrated by identical level of 20G displacement by these compounds, hence
also have similar inhibition potencies i.e ICsp; 5 uM (MD330), 6 uM (Ata-1-42), 1Csp not
determined for MD228. Although both MD228 and Ata-1-42 have different core skeleton,
but they appear to bind identically; both are competing with both 20G and GBB. MD330
binds differently to MD228 and Ata-1-42; competing with 20G only. In this series the
addition of MD224 has negligible influence on the binding of both the reporters and is a
weakest inhibitor with ICsp; 897 uM.
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In the pyrimidine series, the data suggests that CCT-6-176 (OGFODI1 inhibitor) binds
psBBOX by competing with both 20G and GBB (ICsy 13 uM), whereas, the CCT-6-112
(HIF hydroxylases inhibitor)**® appears to have negligible effect on the binding of both GBB
and 20G and likely a very weak inhibitor of psBBOX (ICsj not determined).

The above results suggests that the 'H NMR-based dual-reporter displacement assay (section
2.5) and '"H NMR-based ICsp measurement assay (section 2.6) are useful techniques that
readily reveal how inhibitors containing different core skeleton are likely to bind in the active

site of BBOX, and what are their potencies relative to each other, respectively.

2.6.2 Binding of TCA cycle intermediates to BBOX

The acyl-coenzyme A (CoA) produced as a result of fatty acid f-oxidation in mitochondria
enters the tricarboxylic acid (TCA) cycle, in which it ultimately breaks down and produces
metabolic energy in the form of ATP (Figure 2.50). 20G which is the co-substrate of BBOX,
itself is also a TCA cycle intermediate. Due to this direct linkage between the fatty acid
metabolism and B-oxidation, it is possible that other TCA cycle intermediates may also bind
BBOX and perhaps may have a role in regulating cellular L-carnitine levels via psBBOX

inhibition (20G competitors).
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Figure 2.50 Schematic representation of the TCA cycle.
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We therefore investigated the binding interaction of the TCA cycle intermediates (Figure
2.51) with psBBOX using the "H NMR-based dual-reporter displacement assay. The results
are summarised in Figure 2.52. The data suggest that only fumaric acid and citric acid appear
to bind to psBBOX, competing weakly with only 20G (Figure 2.52a) without influencing the
binding of GBB (Figure 2.52b). Previous studies have shown that fumarate is also a binder of
PHD2, competing weakly with 20G.>”" As fumarate does not have the o-ketoacid acid
functionality typically involved in active site metal chelation, the only possible modes of its

metal chelation may be either via the two carboxylate groups or the carboxylate and double

bound.
o o) O OH o o] o]
OH A_OH ., -OH
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O O o o] o NH,
oxaloacetic acid succinic acid L-malic acid fumaric acid L-glutamic acid
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O__OH O«_OH :
=
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citric acid DL-isocitric acid cis-aconitic acid I-lactic acid
Figure 2.51 Structures of the TCA cycle intermediates.
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Figure 2.52 Investigating the binding of TCA cycle intermediates with psBBOX by CPMG edited "H NMR dual-reporter
displacement assay.

Chart showing the effect of addition of TCA cycle intermediate on the signal intensity of 20G (a) and GBB (b) In the *H
NMR dual-reporter displacement assay for BBOX. The threshold lines represent the relative intensity of the reporters in
the presence of BBOX. In the presence of competitive ligand, the reporter intensity above this line represents the level of
their displacement, whereas their intensity below this line represents further improvements in their binding. The final
assay mixture contains 25 uM GBB, 300 uM 20G, 150 pM Mn”, 15 uM BBOX, 50 uM F,CCOCH, (internal control), 80 mM
KCl and 100 pM screening ligand in 50 mM Tris-D11 buffer, pH 7.5, in D,O. The error bars represent standard deviation
from 3 separate measurements.

Citrate has been previously reported as a moderate inhibitor of psBBOX.]26 Its mode of metal
chelation may perhaps be via the 1,4 decarboxylate groups, based on the structure of the
molecule. It is possible that the binding of both fumarate and citrate to psBBOX may have
potential role in regulating cellular carnitine levels. Hence further investigations along this

line are proposed.

2.7 The role of cation-m interactions in psBBOX substrate recognition

Many protein systems contain an aromatic cage (or aromatic box) as part of the recognition
module for specific binding of natural substrates. Aromatic cages typically consist of 2—4
aromatic amino acids (Trp, Tyr, Phe), and can be found either on the protein surface or buried
inside the protein.””®*' Pioneering work by Dougherty and co-workers has shown that
aromatic cages recognise the positively-charged quaternary ammonium species via

211-213

favourable cation—n interactions. For example, cation—n interactions are involved in
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associations of Cys-loop receptors and G-protein coupled receptors with various
neurotransmitters, including acetylcholine, serotonin, dopamine, epinephrine, and
histamine.”'* More recently, structural analyses of protein—peptide interactions on proteins
involved in epigenetic gene regulation processes suggest that reader domain proteins that
recognise dimethylarginine or trimethyllysine-containing histone tails interact via cation—n
interactions.”" Since their establishment and appearance in the literature in 1980s, cation—n
interactions have been highlighted along with the hydrophobic effect, hydrogen bonding and

. .. . . . . .. 21
ion pairing as the dominant non-covalent forces in protein—ligand associations.*"

Analysis of the crystal structures of hBBOX reveals that the positively charged
trimethylammonium group of GBB is located inside an aromatic cage formed by residues
Tyrl77, Tyr-194, Trp-181, Tyr-205 and Tyr-366 (Figure 2.53) The GBB carboxylate group
also forms interactions with the side chains of Asn-292 (2.9 /0\), Asn-191 (2.9 A) and the
backbone amide of Tyr-205 (2.9 A) (Figure 2.53).

Tyrl94

Tyrl77

Phel84 Tyr188

Phel88

Asn191 ' GBB
)
\ Ser198 \‘ Tyr368
" \

Tyr205 \/-—-\\
Leu212
N

Thr295 — Asn292
Leu299 Ala296

Figure 2.53 A view of the GBB binding site in the crystal structure of hBBOX (PDB ID: 302G) overlayed with a generated
model of psBBOX.

hBBOX: Green sticks, upper residues numbers, psBBOX: pink sticks, lower residue numbers. GBB is shown as (cyan stick).
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Previous studies on both recombinant human and psBBOX AKI1 suggests that GBB
analogues which lacks the carboxylate — OH group are not accepted as substrates by BBOX,
suggesting that the interactions forming by the — OH group are crucial for the GBB binding.
A radio-activity based assay has shown that a GBB analogue, in which the
trimethylammonium group is replaced by a tertiary butyl group is a poor substrate of
hBBOX.'®® However, in a recent study, it has also been shown that GBB analogue with
trimethylammonium group replaced with an isopropyl group is not a hBBOX substrate.'®
Compared to the crystallographic studies, in solution physiological conditions it is still
unknown whether it is the cation-m interactions between the GBB trimethylammonium group
and BBOX aromatic cage residues or it is the hydrophobic interactions between the GBB
trimethyl groups and aromatic cage residues that hold the GBB trimethylammonium group

inside the aromatic cage in the BBOX active site.

Hence to investigate in more details, the role of cation-m interaction in BBOX substrate
recognition, we replaced the positively-charged trimethylammonium group of GBB by three
analogues functionalities: 1) positively-charged trimethylphosphonium group; I) positively-
charged trimethylarsonium group II; and uncharged tert-butyl group III (Figure 2.54) and
tested their activity towards psBBOX for C-3 hydroxylation. Our aim was to
comprehensively examine the binding and catalysis of these phospha, arsa and carba GBB

analogues with BBOX using rigorous NMR and LC-MS analyses.”'

o} @l _ 0] o ol _ j\/\)<
-
HOJJ\/\/N\ HO)J\/\/P\ HO)J\/\/AS\ HO
GBB I I 1]

Figure 2.54 Structures of the phospha, arsa and carba analogues of GBB tested for C3 hydroxylation by psBBOX.

Both the phospha and arsa analogues possess a fixed positive charge, but are slightly larger
than the GBB i.e atomic radius of P is 1.28 A, As is 1.39 A and N is 0.92 A. The neutral
carba analogue has virtually the same size (atomic radius of C is 0.91 A) and shape as GBB,

but lacks the presence of the positive charge.

Our analysis by "H NMR experiments revealed that the phospha (I) (Figure 2.55) and arsa
(II) (Figure 2.56) GBB analogues, both of which possess positive charge on the central atom
in the trimethylammonium moiety, are hydroxylated by psBBOX at C-3 position, whereas the

carba analogue (IIT) which lacks positive charge is not hydroxylated by psBBOX (Figure
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2.57), even with 10 folds ( 10 uM) higher psBBOX concentration as compared with phospha
and carba ligands (1 uM psBBOX).

i [+ 20G + Fe®*, After 25 min) — control Exp. bil ‘ I
(NO hydroxylation without psBBOX)

[+ 20G + Fe’™+ psBBOX, After 25 min) 206G succinate o oH 4
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206 Il HO™ P ™
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Figure 2.55 psBBOX catalysed C-3 hydroxylation of the phospha GBB analogue (I) as demonstrated by *H NMR.

Bottom spectrum shows the phospha ligand (I) on its own in buffer solution; middle spectrum shows the psBBOX
catalysed formation of C-3 hydroxylated product in the presence of 20G and Fe', top spectrum shows the control
experiment without psBBOX. The assay mixture contains 200 uM phospha ligand (), 600 uM 20G, 1200 pM Fe"and 1 pM
psBBOX in 5o mM Tris-D_,, pH 7.5in D,0.
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Figure 2.56 psBBOX catalysed C-3 hydroxylation of the arsa GBB analogue (ll) as demonstrated by "H NMR.

Bottom spectrum shows the arsa ligand () on its own in buffer solution; middle spectrum shows the psBBOX catalysed
formation of the hydroxylated product in the presence of 20G and Fe'; top spectrum shows the control experiment
without psBBOX. The assay mixture contains 200 UM arsa ligand (ll), 600 uM 20G, 100 pM Fe'and 1 MM psBBOX in 5o
mM Tris-D,,, pH 7.5in D,0.
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Figure 2.57 The carba GBB analogue (Ill) does not undergo hydroxylation by psBBOX as demonstrated by *H NMR.
Bottom spectrum shows the carba ligand (Ill) on its own in buffer solution; middle spectrum shows the mixture of carba
ligand (lll), 20G, Fe" and psBBOX in solution; top spectrum shows the control experiment without psBBOX. The assay
mixture contains 200 uM carba ligand (lll), 600 pM 20G, 100 pM Fe"and 10 MM psBBOX in 5o mM Tris-D,,, pH 7.5in D,0.

Similarly, our investigation by LC-MS assays also demonstrated that the phospha (I) and arsa
(II) GBB analogues undergo C-3 hydroxylation by psBBOX, whereas the carba analogue
(IIT) does not (Figure 2.58) even with 10 folds high psBBOX as compared to the phospha (I)

and arsa (IT) ligands.
(a) 100 146.00 (b) 100 163.12
0 0
100 162.04 100 179.04
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0 o T By A 0 A jA
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m/z m/z
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Figure 2.58 LCMS analysis of the psBBOX-catalysed hydroxylation of (a) GBB (b) phospha (1) (c) arsa (ll) and (d) carba (l11)

ligands.

Top panel = starting substrate, bottom panel = psBBOX-catalysed reaction (a-c: 1 pM psBBOX, 5 minutes; d: 10 pM

psBBOX, 3 hours).
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The acceptance of phospha (I) and arsa (IT) ligands by psBBOX for C-3 hydroxylation can be
observed from the addition of 15.99 i.e atomic mass (Da) of oxygen to the molecular weights
of phospha (I) (163.12 Da, Figure 2.58b) and arsa (II) (206.88 Da, Figure 2.58c) in the
presence of psBBOX, whereas no such addition is observed in case of carba ligand (III)

(144.04 Da, Figure 2.58d).

Control experiments were also carried out to demonstrate that in the absence of psBBOX, the
incubation of the phospha (I) and arsa (II) ligands in their respective assay solutions do not

undergo hydroxylation (Figure 2.59).

1 179.04 :
@) 00 (b)IOU 222.96
206.88
163.12 220.96
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100, 163.12 100 206.96

E220.9
. i Jl176'80 g 6

160 170 180 190 200 210 220 230
m/z m/z

Figure 2.59 LCMS control experiments to prove the hydroxylation of phospha (1) and arsa (II) ligands occurs by psBBOX
catalysis.

a) hydroxylation of the phospha ligand (I) in the presence of psBBOX (top) and in the absence of psBBOX (bottom); b)
hydroxylation of arsa ligand () in the presence (top) and in the absence of psBBOX (bottom). A typical reaction was
carried out with the following conditions psBBOX (2 uM), 20G (1.5 mM), ascorbate (5 mM), FeSO,, (50 uM) and substrate
ligand (50 pM) in Tris buffer pH 7.5. Peak at 176.80 Da is from ascorbic acid, whereas, peak at 220.96 Da is from a
contaminant in the LCMS instrument.

To demonstrate the requirement of molecular oxygen (as co-substrate) for psBBOX catalysed
oxidation of phospha (I) and arsa ligands (IT), we incubated their assay mixtures under (near)
anaerobic conditions (under argon atmosphere), and only traces (< 5%) of hydroxylated

products were observed (Figure 2.60).

In addition, the standard enzymatic reaction of phospha (I) and arsa (II) ligands in H,"*0
(Tris-buffered saline, pH 7.5) afforded hydroxylated products that have the same molecular
weight as products from the standard reaction in Tris-buffered H,'°O (Figure 2.61),

demonstrating that the oxygen atom in the hydroxylated product is introduced by catalysis
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and not from the solvent. Collectively, all these results confirm that phospha (I) and arsa (I)
ligands undergo psBBOX-catalysed hydroxylation and that the oxygen atom in the
hydroxylated products is derived from oxygen from the air, and not from oxygen from water,

as also observed in the labelling studies on most other 20G oxygenases.22

206.88
163.12 ) 2209,
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g 160 170 180 190 0 200 210 220 230
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Figure 2.60 LCMS control experiment to prove that in the psBBOX catalysed hydroxylation of phospha (1) and arsa (I1)
ligands, the oxygen is required in the catalysis.

(a) psBBOX-catalysed hydroxylation of phospha ligand (I) under standard conditions (top) and under argon atmosphere
(bottom); b) psBBOX-catalysed hydroxylation of arsa ligand (Il) under standard conditions (top) and under argon
atmosphere (bottom). A typical reaction with psBBOX (2 uM), 20G (1.5 mM), ascorbate (5 mM), FeSO, (50 pM) and
substrate ligand (50 pM) in Tris buffer, pH 7.5. Peaks at 176.88 Da and 220.96 Da derive from sodium ascorabate.
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Figure 2.61 LCMS control experiment to prove that in the in the psBBOX catalysed hydroxylation of phospha (I) and arsa
(I1) ligands, the oxygen comes from O, and not from solvent.

a) psBBOX-catalysed hydroxylation of phospha ligand (I) under standard conditions in H,*°0 (top) and in H,**0 (bottom);
b) psBBOX-catalysed hydroxylation of arsa ligand (Il) under standard conditions in H,®0 (top) and in H,*®0 (bottom).
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2.7.1 Characterisation of the phospha and arsa ligands C-3 hydroxylation
products by 2D NMR techniques

After we proved that the phospha (I) and arsa (I) ligands are hydroxylated by psBBOX, we
then used the 2D NMR techniques of COSY and HSQC to characterise these hydroxylation
products. The C-3 hydroxylation product of the phospha ligand (I) was characterised by
recording the following '"H NMR spectrum (Figure 2.62), COSY spectrum (Figure 2.63), and
HSQC spectrum (Figure 2.64) of the assay mixture.

1H NMR (700 MHz; D,0): 8/ppm 2; br, m, 4.21,
1; dd, 2.36, 3; dd, 2.31, 4; 5, 1.74.
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Figure 2.62 *H NMR analysis of the assay mixture of psBBOX catalysed hydroxylation of phospha ligand (1).

Bottom spectrum is the assay mixture without psBBOX and the top spectrum is the assay mixture incubated with
psBBOX. The assay mixture contains 1 mM phospha substrate ligand (I), 1 MM 20G, 8o mM KCl, 10 uM psBBOX and 100
puM Fe'in 50 mM Tris-D11, pH 7.5in D,0 and incubated for 25 min.
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Figure 2.63 COSY NMR spectrum of the assay mixture of psBBOX catalysed hydroxylation of phospha ligand (I).
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Figure 2.64 *H-C HSQC NMR spectrum of the assay mixture of psBBOX catalysed hydroxylation of phospha ligand (I).
Bottom: A zoomed in view highlighting the presence of phosphorus coupling with C-3 in the hydroxylated product
(structure shown at the top of the spectrum).

The assignments of this psBBOX catalysed formation of phospha C-3 hydroxylated product
was also confirmed by the addition of synthetically synthesized (stereoselectively) (3R)-
hydroxylated phospha product to the assay mixture of psBBOX catalysed hydroxylation of
phospha ligand (I). It was shown that the addition of synthetic (3R)-hydroxylated phospha
product resulted an increase (spiking) in the signals intensities of psBBOX catalysed phospha

hydroxylated product in 'H NMR spectrum (Figure 2.65).

The C-3 hydroxylation product of the arsa ligand (II) was characterised by recording the
following 'H NMR spectrum (Figure 2.66) COSY spectrum (Figure 2.67) and HSQC

spectrum (Figure 2.68) of the assay mixture.
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Figure 2.65 Conformation of NMR assignments of phospha hydroxylated product using spiking technique.

"H NMR spectra (part shown for clarity) showing the spiking of the psBBOX catalysed phospha hydroxylated product
(blue) with the same compound produced synthetically (red). The psBBOX catalysed hydroxylation of phospha ligand (1)
was performed with an incubation of the assay mixture containing 1 mM phospha ligand (1), 1 mM 20G, 8o mM KCl, 10
MM psBBOX and 100 pM Fe'in 50 mM Tris-D,,, pH 7.5 in D,0O for 25 min. To this assay mixture 1 mM synthetically
produced phospha hydroxylated product was added and a *H NMR spectra was recorded.
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Figure 2.66 "H NMR spectrum of the assay mixture of psBBOX catalysed hydroxylation of arsa ligand (Il).

Bottom spectrum is the assay mixture without psBBOX and the top spectrum is the assay mixture incubated with
psBBOX. The assay mixture contains 1 mM arsa ligand (Il), 1 MM 20G, 8o mM KCl, 10 pM psBBOX and 100 pM Fe'in 50
mM Tris-D,,, pH 7.5 in D,0 and incubated for 25 min.
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Figure 2.67 COSY NMR spectrum of the assay mixture of psBBOX catalysed hydroxylation of arsa ligand (Il).
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Figure 2.68 *H-3C HSQC NMR spectrum of the assay mixture of psBBOX catalysed hydroxylation of arsa ligand (1l).
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Similarly, in this case also, synthetically produced (3R)-hydroxylated arsa product was added
to the assay mixture of psBBOX catalysed hydroxylation of arsa ligand (II). It was shown
that upon the addition of synthetic (3R)-hydroxylated arsa product, the signals intensities of
the psBBOX catalysed arsa hydroxylated product were increased (spiking), (Figure 2.69)

further confirming that the NMR assigments of the arsa hydroxylated product were correct.
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Figure 2.69 Conformation of NMR assignments of arsa hydroxylated product using spiking technique.
*H NMR spectra (part shown for clarity) showing the spiking of the psBBOX catalysed arsa hydroxylated product (blue)
with the same compound produced synthetically (red). The psBBOX catalysed hydroxylation of arsa ligand (ll) was
performed with an incubation of the assay mixture containing 1 mM arsa ligand (lI), 1 mM 20G, 8o mM KCl, 10 pM

psBBOX and 100 pM Fe"in 50 mM Tris-D,,, pH 7.5 in D,O for 25 min. To this assay mixture 1 mM synthetically produced
arsa hydroxylated product was added and a *H NMR spectra was recorded.

2.7.2 Comparison of the activities of GBB, phospha and arsa psBBOX

substrates

Using LC-MS, the comparative enzyme kinetics analyses for the three positively-charged
substrates (GBB, phospha (I) and arsa (II) ligands) was performed in order to quantitatively
determine their ability to act as psBBOX substrates (Figure 2.70). In the presence of 1 uM of
psBBOX, NMe;" was almost instantly (within 5 minutes) fully hydroxylated. PMe;" was also
observed to be a very good substrate yielding 72% of the corresponding hydroxylated

product, but less efficiently than NMes". Under the same conditions, AsMes" was found to be
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the poorest of the three positively-charged substrates; only 39% of the hydroxylated product

was formed.
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Figure 2.70 Comparison of the activities of GBB, phospha () and arsa (ll) ligands using psBBOX kinetics studies performed
on LCMS.

Time-course analyses of the psBBOX-catalysed hydroxylation of GBB (circle), P-substrate (I) (square) and As-substrate
(triangle). Conditions used in these experiments are: psBBOX (1 uM), 20G (1.5 mM), ascorbate (5 mM), FeSO, (50 uM) and
substrate (50 pM) in a Tris (20 mM), NaCl (200 mM) buffer at pH 7.5.

A similar trend of activity (GBB > phospha > arsa) of these substrates was also observed by

'H NMR in the presence of 575 nM psBBOX (Figure 2.71).
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Figure 2.71 Comparing the activities of GBB, phospha (1) and arsa (Il) ligands using psBBOX kinetics studies by *H NMR.
psBBOX catalysed C-3 hydroxylation of (a): GBB, (b): phospha ligand (1) and (c): arsa ligand (l1). The data shows that GBB is
a better substrate than phospha (I1), which in turn is a better substrate than arsa (ll) ligand for psBBOX. (d): Plot showing
the level of hydroxylation of all the three substrates as a function of time. The assay mixture contains 150 uM substrate
ligand, 600 uM 20G, 100 pM Fe”, 575 nM psBBOX, 8o mM KCl in 5o mM Tris-D,,, pH 7.5 in D,0. The reaction was
performed in a 1.5 mL eppendorf tube and quenched by with the addition of 5 pL of 1M HCI.

LC-MS-based ‘Michaelis-Menten’ analyses were performed at 400 nM psBBOX with
varying concentrations of substrates from 50 uM to 1.5 mM (Figure 2.72); reactions were
quenched with acetonitrile after 1 minute at 23 °C. Maximal velocity (Vma) for the
conversion of GBB into L-carnitine was significantly higher than V. for the conversion of
its phospha (I) and arsa (IT) analogues into their corresponding hydroxylated products (2.81
vs. 1.65 vs. 1.04 uM s'l,Table 2.5); consequently, values of the rate constant (K¢,) showed
that k., for GBB is about 1.7 and 2.7-fold higher than k¢, for its phospha and arsa analogues,

respectively.

—®= N-substrate
—#= P-substrate

—+— As-substrate

0 500 1000 1500 2000
[Substrate] ('M)

Figure 2.72 LC-MS-based ‘Michaelis-Menten’ analyses of GBB, phospha (1) and arsa ligands (l).

Conditions used in these experiments are: psBBOX (400 nM), 20G (1.5 mM), ascorbate (5 mM), FeSO, (50 uM) and varying
concentrations of substrate in a Tris (20 mM), NaCl (200 mM) buffer at pH 7.5. Reactions were quenched with acetonitrile
(80% v/v final concentration) after 1 minute incubation at 23 °C. The error bars represents standard deviation from three
separate measurements.

150



Table 2.5 Kinetic parameters for the conversion of GBB and its phospha (1) and arsa (I1) analogues by psBBOX.

GBB Phospha Arsa
Vimax (UM s71) 2.81 £0.31 1.65+0.16 1.04 £0.13
Keae (8 7.02 +£0.77 4.13 +0.40 2.61 £0.31
Ky (M) 1001 + 205 1200 + 202 1366 + 275
Kea/ Ky (s M) 7.01 - 10° 3.44 - 10° 1.91 - 10°

We speculate that this observable decrease in V. and k¢, values for phospha and arsa
ligands relative to GBB, may be at least in part, due to slight alterations in the positioning of
phospha and arsa substrates in the active site of psBBOX, which make the slower rate of the
hydroxylation, as has been observed in substrate analogue studies with other 20G
oxygenases. It is possible that longer C-P and C-As bond lengths (1.87 A and 1.98 A,
respectively) relative to C-N bond length (1.47 A) forces the phospha and arsa substrates to
adopt a slightly non-optimal binding modes, with the unactivated CH, groups further away
from the highly oxidising Fe'V=0 enzymatic intermediate. Values of the Ky for all three
positively-charged substrates (GBB 1001, phospha, 1200, arsa 1366 pM) were also observed
to follow the order (GBB < phospha < arsa), implying that all three substrates are likely to be
binding with psBBOX with affinities in close range in the order GBB > phospha > arsa.
Thus, calculated values of enzyme efficiency (kq./Km) clearly show that substrates follow the

activity trend as: GBB > phospha > arsa.

2.7.3 Binding studies of phospha, arsa and carba ligands to psBBOX by 'H
NMR direct ligand-observation

Although both the qualitative 'H NMR and quantitative LCMS-based kinetics studies proved
that the positive charge in the trimethylcation XMe;" moiety of the ligand is critical for
psBBOX catalysis, the small difference in V., ke and Ky values and the complex
mechanism of 20G oxygenases, motivated us to study the binding interactions of phospha
(I), arsa (IT) and carba (III) ligands with psBBOX-Zn"-20G complex by CPMG 'H NMR
direct ligand observation by titrating BBOX. We obtained the binding dissociation constant
(Kp) values of 7 uM and 17 uM for phospha ligand (I) (Figure 2.73) and arsa ligand (II)
(Figure 2.74) respectively; the Kp of GBB was 5 uM (determined in section 2.4). These
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results thus clearly demonstrate that GBB binds slightly better than the phospha ligand (I),
which in turn binds better than the arsa ligand (IT). These results are consistent with the trend
in the Viax, kear and Ky values for these substrates as described above. Most importantly, the
"H NMR-based binding studies also confirmed that due to the lack of positive charge on the
central atom in the ligand tertiary butyl group, the carbon analogue (III) does not bind with
psBBOX (Figure 2.75), hence consistent with the results of both '"H NMR (Figure 2.57), and
LC-MS (Figure 2.58d) based turnover assays showing that the carba analogue is not a
psBBOX substrate.

Similar trends have also been reported in the inhibition of serine protease factor Xa, which
has an aromatic cage in its S4 substrate residue binding pocket, which showed that the

inhibitor containing a quaternary ammonium moiety has a similar potency as inhibitor

containing analogues phosphonium group towards factor Xa, whereas, the carba analogue is a
217,218

significantly less potent inhibitor (almost 60 fold less potent) .

+60 UM BBOX

e e 10 UM BBOX

o e 4 20 UM BBOX

“‘M +10 pM BBOX
_“_ij\_ﬁ,_ +5uM BBOX

10 pM ligand

-100+— T r T

% change (loss) in ligand signal intensity

I T T

1.75 170 1.65 ppm BBOX/uM

Figure 2.73 Measurements of the binding constant (Kp) of the phospha ligand (I) to psBBOX by CPMG edited *H NMR
direct ligand observation.

The attenuation of the ligand Me, signal is measured as a function of BBOX concentration (left image). To the right is the
fitting curve of the titration data points using Origin Pro. A Kp of 7 uM was obtained. The assay mixture contains 10 M
phospha ligand, 1 mM 20G, 300 uM ZnCl, in 50 mM Tris-D,, buffer, pH 7.5 in 90% H,0 and 10% D,0. The filter time used
in CPMG experiments was 32 ms.
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Figure 2.74 Measurements of the binding constant (Kp) of the arsa ligand (Il) to psBBOX by CPMG edited *H NMR direct
ligand observation.

The attenuation of the ligand Me, signal is measured as a function of BBOX concentration (left image). To the right is the
fitting curve of the titration data points using Origin Pro. A K of 17 uM was obtained. The assay mixture contains 10 uM
arsa ligand (I1), 1 mM 20G, 300 pM ZnCl, in 50 mM Tris-D,, buffer, pH 7.5 in 90% H,0 and 10% D,0. The filter time used in
CPMG experiments was 32 ms.

psBBOX signals
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Figure 2.75 Monitoring the binding of carba ligand (lIl) with psBBOX by "H NMR direct ligand observation.

Monitoring the broadness/attenuation of ligand NMR signals (Me, signal at 0.7 ppm shown) in the presence of psBBOX
(broad signals) as a probe of binding interaction. (a) Spectrum (part shown) of the carba ligand in the presence of co-factor
Zn" and co-substrate 20G in the absence of psBBOX. (b) In the presence of psBBOX. From spectrum (b), it is evident that
the ligand signals are not attenuated / broadened in the presence of psBBOX (with 1:11, ligand:BBOX concentration ratio),
demonstrating that the carba ligand doesn‘t bind with psBBOX . The assay mixture contains 10 uM carbon analogue , 300
pM Zn”, 1mM 20G, 110 pM psBBOX in 5o mM Tris-D,,, pH 7.5 in 90% H,0: 10% D, 0.
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2.7.4 Docking studies of phospha and arsa ligands

To investigate the binding mode of phospha (I) and arsa (IT) ligands with BBOX, the crystal
structure of hBBOX in complex with Zn" and NOG (PDB ID: 302G) was used to make a
homology model of psBBOX. All the three substrates i.e GBB and its phospha and arsa
analogues were predicted to bind in the same way inside the psBBOX active site for

stereoselective C-3 hydroxylation, with XMe;" group located inside the aromatic cage

(Figure 2.76).
mm& Lgﬁ

Phel84
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His209
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Figure 2.76 Docking studies of the binding of GBB, phospha (I) and arsa (ll) ligands in psBBOX active site.
The model structure of psBBOX (purple) complexed with Zn" (red), N-oxalylglycine (cyan) and substrates GBB (white),
phospha (yellow) and arsa (magenta) ligands.

In addition, the CHELPG (Charges from Electrostatic Potentials using a Grid-based method)
atomic charges of the central X atom and its surrounding 3 carbons and 9 hydrogen atoms for
the docked conformations for GBB and its phospha, arsa analogues and the minimized energy
conformation for the carba analogue (Table 2.6) were also calculated (performed by Hwanho
Choi). Notably, the average partial charge of 9 hydrogen atoms of XMe;" shows slightly
incremental trend of +0.1506 (for arsa), +0.1596 (for phospha) and +0.1652 (for GBB). The
calculated partial charge of hydrogen atoms in neutral tert-butyl group of carba analogue is
+0.0884. These results are in agreement with trends in binding affinities as observed by
NMR; the more positively-charged H atoms of XMes' results in stronger cation—m

interactions with the aromatic cage of psBBOX.
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Table 2.6 Calculated CHELPG charges (in e) of the X (As, P, N and C) and its surrounding atoms in the model system for
the psBBOX-substrate complex.

Partial charge (CHELPG) As P N (GBB) C

X=As,P,N,C 1.083874 0.982078 0.346632 0.781339
Co6 -0.62055 -0.62769 -0.44605 -0.52202

Cc7 -0.51859 -0.54974 -0.36109 -0.48489

C8 -0.55633 -0.49209 -0.33038 -0.46134

H15 0.124747 0.16353 0.168474 0.091036

H16 0.133143 0.148607 0.168991 0.091743

H17 0.146389 0.138545 0.185918 0.093877

H18 0.153665 0.136004 0.146934 0.093287

HI19 0.127262 0.199521 0.157062 0.076114

H20 0.176385 0.184089 0.151968 0.099502

H21 0.13269 0.125163 0.258579 0.087137

H22 0.174563 0.157739 0.14222 0.070371

H23 0.187265 0.1833 0.106538 0.092407
H_average 0.150679 0.159611 0.165187 0.088386

2.7.5 Enantiopure (R) and (S) C-3 hydroxylated phospha and arsa ligands as
psBBOX substrates

We also tested the synthesised enantiopure (3R)- and (35)-hydroxylated phospha-and arsa
ligands (Figure 2.77) as substrates of psBBOX using both LCMS and 'H NMR-based

turnover assays.

(0] OH@l/ 0 OH@l (o) (_)H@| 0] (:)H@l/
Dol - -
R-form S-form R-form S-form

v Vv Vi Vil

Figure 2.77 Synthesized enantiopure phospha and arsa analogues of carnitine tested as substrates of psBBOX.

Our LCMS based results showed that in the presence of 20 uM psBBOX, the (3R)-phospha
hydroxylated ligand IV is not a substrate of psBBOX within the limits of detection (Figure
2.78a), whereas, the (35)-phospha hydroxylated ligand V is a poor psBBOX substrate,
forming a small amount of 3-keto product (mass 176.96 Da) (Figure 2.78b.e). We, however,
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did not detect the formation of 3-keto product from (3R) VI (Figure 2.78c) and (35) VII arsa
hydroxylated ligands (Figure 2.78d).

(a) (b)
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0 J b ol sl
100 179.02 100, 17908
176.9 |
0 s AL 0 A L JA _'&.._.._MM‘L.L—AI.
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0b— J|L 0 ,\Jl‘»_a_,.\.)._ R WY, -
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HO ~ -H,O
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\'/

Figure 2.78 LCMS analysis of the psBBOX catalysed hydroxylation of ligands IV to VII.

Investigation of enantiopure (a) (3R) hydroxylated phospha IV and (b) (35) hydroxylated phospha V (c) (3R) hydroxylated
arsa VIl and (d) (3S) hydroxylated arsa VIl as psBBOX substrates using LCMS. Top panel = starting substrate, bottom panel
= after the addition of psBBOX. A typical reaction was carried out with psBBOX (20 pM), 20G (1.5 mM), ascorbate (5 mM),
FeSO, (100 uM) and substrate (200 uM) in Tris buffer pH 7.5. (e) psBBOX catalysed hydroxylation of (35) hydroxylated
phospha V. The hydroxylated product is unstable, undergoes dehydration in the assay mixture and forms the 3-keto
derivative.
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However, our 'H NMR results revealed that all the four hydroxylated ligands IV-VII are
poor psBBOX substrates with low levels of turnover being observed in the presence of 10
uM psBBOX, likely to the corresponding C-3 ketone compounds or perhaps their acetyl
derivatives (Figure 2.79), as these could not be fully characterised due to the low level of

conversion.
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Figure 2.79 Reaction schemes of the psBBOX catalysed hydroxylation of ligands IV to VII.

Figure 2.80 shows the psBBOX catalysed hydroxylation reaction for (3R)-hydroxylated
phospha ligand IV, Figure 2.81 for the (35)-hydroxylated phospha ligand V, Figure 2.82 for
the (3R)-hydroxylated arsa ligand VI, Figure 2.83 for the (35)-hydroxylated arsa ligand VII.
The observation of a product with the same chemical shift for the XMes" group from IV-VII
supports the proposed formation of the corresponding 3-ketone product or perhaps their
acetyl derivative in all four cases (Figure 2.79). As expected, in both the forms of phospha
and arsa hydroxylated ligands, the (35)-enantiomers (V and VII) were proved as relatively
better substrates than their (3R)-enantiomers i.e IV and VI (turnover: 36% vs 7% for phospha
V and IV, 22% vs 3% for arsa VII and VI). The relatively higher level of turnover for V

compared with VII is consistent with the observations that the phospha GBB analogue is a
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better psBBOX substrate than its arsa analogue as demonstrated by both of our 'H NMR and
LCMS based assays as stated previously. These results are consistent with previous results of
hBBOX- and psBBOX-catalysed hydroxylation of D (S-form) and L (R-form) carnitine, for
which as expected the level of conversion was higher for both S$- and R- forms, as compared

with the S- and R- forms of hydroxylated phospha and arsa analogues.'®’
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Figure 2.80 NMR analysis of the psBBOX catalysed hydroxylation of (3R)-hydroxylated phospha ligand IV.

Hydroxylation of (3R)-hydroxylated phospha ligand IV (bottom, blue) in the presence (middle, red) and absence (top,
green) of psBBOX. The appearance of the new PMes * peak (doublet, marked with *) indicates the formation of the
product, likely the corresponding 3-keto derivative of IV (as observed by LC-MS analyses) or perhaps the acetyl derivative.
The assay mixture contained 1 mM (3R)-hydroxylated phospha ligand IV, 1 mM 20G, 8o mM KCl, 10 uM psBBOX and 100
UM Fe"in 50 mM Tris-D,,, pH 7.5 in D,O and incubated for 1 hour.
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Figure 2.81 NMR analysis of the psBBOX catalysed hydroxylation of (35)-hydroxylated phospha ligand V.

Hydroxylation of (35)-hydroxylated phospha ligand V (bottom, blue) in the presence (middle, red) and absence (top,
green) of psBBOX. The appearance of the new PMes+ peak (doublet, marked with *) indicates the formation of the
product, likely the corresponding 3-keto or acetyl derivative of V. The assay mixture contained 1 mM (35)-hydroxylated
phospha ligand V, 21 mM 20G, 8o mM KCl, 120 uM psBBOX and 100 pM Fe'in 50 MM Tris-D,, pH 7.5 in D,0 and incubated
for 1 hour.
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Figure 2.82 NMR analysis of the psBBOX catalysed hydroxylation of (3R)-hydroxylated arsa ligand VI.

Hydroxylation of (3R)-hydroxylated arsa ligand VI (bottom, blue) in the presence (middle, red) and absence (top, green) of
psBBOX. The appearance of the new AsMes+ peak (marked with *) indicates the formation of the product, likely the
corresponding 3-keto or acetyl derivative of VI. The assay mixture contained 1 mM (3R)-hydroxylated arsa ligand VI, 1 mM
20G, 80 mM KCl, 10 uM psBBOX and 100 pM Fe'in 50 mM Tris-D,,, pH 7.5 in D,0 and incubated for 1 hour.
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Figure 2.83 NMR analysis of the psBBOX catalysed hydroxylation of (35)-hydroxylated arsa ligand VII.

Hydroxylation of (35)-hydroxylated arsa VII (bottom, blue) in the presence (middle, red) and absence (top, green) of
psBBOX. The appearance of the new AsMes+ peak (marked with *) indicates the formation of the product, likely the
corresponding 3-keto or acetyl derivative of VII. The assay mixture contained 1 mM (35)-hydroxylated arsa ligand VII, 1
mM 20G, 8o mM KCl, 10 pM psBBOX and 100 uM Fe'in 50 mM Tris-D,, pH 7.5 in D,0 and incubated for 1 hour.
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2.8 The complexity of binding of GBB to psBBOX

In exploring the psBBOX catalysis, some unexpected results were also observed. We noted
that the BBOX natural substrate GBB cannot be fully out competed by a GBB analogue
ligand (as observed by "H NMR-based dual-reporter displacement assay discussed in section
2.5), whereas a bulky ligand such as AMG-1957661 was able to fully displace GBB from its
binding pocket. Figure 2.84 shows the results of the CPMG edited 'H NMR reporter
displacement assay for monitoring the competitive binding of the phospha GBB analogue to
psBBOX. Part of the spectra showing only the GBB Mej signal (reporter ligand) at 3.05 ppm
is shown. Figure 2.84a (II) shows the binding of 5 uM of GBB to 25 uM psBBOX in the
presence of 700 uM 20G and 250 uM Zn". The complete attenuation of GBB signal with the
addition of psBBOX demonstrates that almost all the GBB molecules are bound to the
protein. To this sample the phospha competitive ligand, which has almost similar activity as
GBB as psBBOX substrate, was titrated in 100 uM (III), 300 uM (IV) and 600 puM (V)
concentrations. As a result of this titration, only approximately half of the GBB molecules

were displaced from the protein (Figure 2.84b).

In another experiment, we incubated the assay mixture of 1.5 mM phospha ligand/700 uM
20G/250 uM Zn"/25 uM psBBOX/buffer for 10 minutes in order to first fully saturate all the
psBBOX molecules with the phospha ligands (in order to block all the GBB binding sites
with the phospha ligand). To this sample, we then added 5 uM of GBB to see if GBB still
binds. Unexpectedly, it was observed that the GBB signal attenuates by almost 50% (Figure
2.84aVI). To this sample, we then added the bulky ligand AMG (250 uM), and as it be seen
that the addition of AMG-1957661 has resulted in almost complete displacement of GBB
from its binding pocket (Figure 2.84aVII). The results of this experiment suggest that some of
the GBB (possibly half of molecules) binds in a pocket, which is not accessed by the phospha
ligand but accessed by the bulky ligand AMG-19557661.The displacement of GBB by AMG-
1957661 1s not surprising as its analogue has been previously shown to block the GBB

binding pocket (in addition to 20G binding pocket) in the crystal structure of hBBOX.'*

The observation that why a GBB mimic ligand cannot fully displace GBB from its binding
pocket is interesting. Since we have shown in section 2.7.2 that the phospha ligand has almost
similar activity to psBBOX as GBB, therefore 600 uM of phospha ligand is more than
enough to displace 5 uM GBB, however, it failed to do so. The partial displacement of GBB
by the phospha ligand and the subsequent displacement of the remaining bound GBB by
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AMG-1957661 may imply that the rest of the GBB molecules could perhaps be bound
elsewhere, possibly in the other monomer (as BBOX is a dimer) and which is difficult to
displace by another GBB mimic ligand. It is possible that GBB may be occupying both the
binding sites in the dimer with equal population. Following the binding of GBB (and 20G
and active site metal), the loop above the active site (as shown in section 2.2.4, Figure 2.16)
locks the substrate binding pocket. This makes the substrate difficult to be removed from its
binding pocket by a substrate analogue competitive ligand. Perhaps, the substrate is released
after when it is hydroxylated, with the loop above its binding pocket likely to open in order to
release the product. In another scenario it is also possible that at a time only one monomer
may be participating in catalysis, instead of both. The monomer not participating in the
catalysis may have the substrate locked in a specific conformation and which cannot be
displaced by another GBB mimic ligand. The displacement of GBB that occurs with the
phospha ligand may be from the other monomer in which GBB is not locked. This partial
displacement of GBB by another GBB mimic ligand appears to be a complex process. More
insights perhaps may be obtained by further studies, including fluorine-labelling at both the
catalytic sites of the BBOX dimer to probe protein conformational changes upon GBB
binding, mass spectrometric studies to investigate the number of GBB molecules bound per
BBOX dimer etc. This incomplete displacement of GBB by other GBB mimic ligands raises
important questions as what would be the exact mechanism of binding of such ligands with

BBOX.
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Figure 2.84 Partial displacement of GBB by its phospha analogue (I) as observed by CPMG edited '"H NMR GBB
displacement experiment.

(a) The titration of phospha ligand to GBB-psBBOX-zOG-Zn|| (only the GBB Me, signal at 3.05 ppm is shown). I: 5 uM GBB
(+700 pM 20G and 250 pM Zn"in 50 MM Tris-D,,, pH 7.5in D,0.). II: after the addition of 25 uM psBBOX. IlI-V: titration of
the phospha psBBOX substrate to Il in 200 uM (lll), 300 uM (IV) and 600 pM (V) concentration. VI: The 1.5 mM phospha
ligand/700 uM 20G/250 uM Zn"/25 uM psBBOX/Tris buffer was first incubated for 10 minutes. After 10 min 5 uM GBB was
added and a spectrum was recorded. VII: After the addition of 500 uM AMG-19557661 to VI. (b) Graphical representation
of data of (a).
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Similar results were also obtained for mildronate (THP), which is also a competitive substrate
of BBOX."">'% The data showed that 1.5 mM of mildronate could not fully displace 5 uM of
GBB form its binding pocket (Figure 2.85).
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Figure 2.85 Partial displacement of GBB by THP as observed by CPMG edited "H NMR GBB displacement experiment.

(a) Titration of mildronate to GBB-psBBOX-zOG-ZnII in CPMG edited "H NMR experiments (only parts of spectra shown
for clarity). I: Assay mixture of 5 pM GBB/700 pM 20G/250 pM Zn"in 50 mM Tris-D,,, pH 7.5 in D,O. Il: After the addition
of 25 uM psBBOX. lII-V: Addition of 5oo pM THP, 2 mM THP and 1.5 mM THP respectively to Il. Resonances of THP are not
shown for clarity. VI: After the addition of oo uM AMG-19557661 to V. (b) Graphical representation of data of (a).
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Similarly, in case of GBBF (Figure 2.86111) and GBBNF (Figure 2.861V), which are also
substrates for both human and psBBOX,166 of comparable activity to GBB; we however

observed no displacement of GBB by these substrates.
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Figure 2.86 Partial displacement of GBB by GBBF and GBBNF as observed by CPMG edited "H NMR GBB displacement
experiments.

l: Assay mixture of 25 uM GBB/300 pM 20G/150 uM Mn" in 50 MM Tris-D,,, pH 7.5 in D,O. Il After the addition of 15 pM
psBBOX. IlI: After the addition of 700 uM GBBF to II. IV: After the addition of 1 MM GBBNF to II.

2.9 Summary

In summary, the work described in this chapter demonstrates that the 'H NMR direct ligand-
observation is a useful technique for studying small molecules binding interaction with
BBOX. In this assay, it was shown that the NMR sensitivity to ligand binding can be
improved by the use of PRE effect using paramagnetic metal co-factor Mn". With the
application of PRE effect, the consumption of protein in the assay was also significantly
reduced. Based on this technique, using both GBB and 20G simultaneously as reporter
ligands, a NMR dual-reporter displacement assay was developed to assess the nature of an
inhibitor binding to BBOX i.e whether the inhibitor binds by competing with GBB or 20G or

GBB. The applicability of this assay was demonstrated with a structure-activity relationship
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(SAR) study using a series of isoquinoline-based ligands. We envisage that this assay will aid
in the development of new potent BBOX inhibitors, including those selective for BBOX over

other 20G oxygenases.

Similarly, an efficient '"H NMR-based assay was also developed to study BBOX inhibition by
a ligand of interest. In this technique, the BBOX catalytic assay is performed in an eppendorf
tube. The activity of the enzyme is then calculated from the concentrations of GBB and L-
carnitine, which can be conveniently measured from the signal of their respective Mes; group
in a standard '"H NMR spectrum. This assay was applied to measure the ICsy values of a
series of inhibitors and the results obtained were in reasonable correlation with the values

obtained with the reported fluoride ion release assay for BBOX.

In this work, it was also shown that the cation-m interaction between the positive charge of
the substrate and the aromatic cage residues of the BBOX plays a critical role in BBOX
substrate recognition. This was demonstrated by studying the binding interaction and
turnover of three GBB analogues in which the nitrogen of the trimethylammonium group was
replaced with phosphorous, arsenic and carbon atoms. The phospha and arsa analogues which
contained the positive charge were proved to bind with the BBOX and undergo C-3
hydroxylation, whereas, the analogue with the neutral carbon atom did not show turnover

with the BBOX, because it doesn’t bind BBOX due to the lack of the positive charge.

Finally, it was also shown that mildronate (THP), which binds to hBBOX in the same site as
GBB, however, cannot fully out compete GBB from its binding site. It is proposed that this
unusual binding mode of GBB may have some potential biological relevance in terms of

modulating the function of BBOX.
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3 Non-enzymatic 2-oxoglutarate decarboxylation by ascorbate

degradation

3.1 L-Ascorbic acid as co-factor/activity stimulator for 20G oxygenases

A large number of 20G and Fe"" dependent oxygenases in both plants and animals require L-
ascorbic acid or simply ascorbate (Figure 3.1) for maximum enzymatic activities both in in
vitro and in vivo environments (Table 3.1).1'4 The stimulatory effect of L-ascorbic acid has
also been observed for 20G oxygenases originating from microorganisms that do no produce

L-ascorbate.’

-\\O
|II

H
HO OH

Figure 3.1 Structure of L-ascorbate

It is proposed that ascorbate serves as reducing agent to these enzymes, by maintaining a pool

" to Fe™") available to the enzyme for catalysis, and hence promotes

of Fe"" (by reducing Fe
maximum catalytic activity. Studies have shown that in the 20G oxygenase catalysed
hydroxylation reactions, the rate of hydroxylation is similar in the linear region in both in the
presence and absence of L-ascorbate; however in the absence of L-ascorbate after certain time
the rate of hydroxylation then suddenly and markedly deviates from linearity to become
negligible.l'4 This significant reduction in the rate of hydroxylation by 20G oxygenases in
the absence of L-ascorbate is generally believed to be due to the inactivation of enzyme in the

M back to the

absence of Fe" and thus L-ascorbate is used as reducing agent to reduce Fe
catalytic Fe" and promote maximum enzyme activity. Since, no such active mechanism is
known that transports iron into the active sites of 20G oxygenases, it is therefore unknown if

I I .
to Fe", or it

L-ascorbate promotes the catalytic activity by reducing the enzyme bound Fe
reduces the free Fe'" in solution to Fe'. To date, no crystal structure of a 20G oxygenase in
complex with L-ascorbic acid has been reported that could suggest enzyme activation by
ascorbate induced conformational changes. If the role of L-ascorbate was only to maintain a
pool of Fe", then a strong reducing agent such as dithiothreitol (DTT) (Figure 3.2) which has
more negative standard reduction potential as compared with L-ascorbate; -0.33 VO vs +0.28

I

V7, would be more capable of reducing Fe" into Fe" in solution and hence would result in
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significant activation of 20G oxygenases activity compared with L-ascorbate. However,

except one example (AlkB, a bacterial 20G oxygenase)8 no such study has so far

demonstrated that any other reducing agent can replace L-ascorbate for promoting maximum

20G oxygenase activity. The stimulation of 20G oxygenases activity in the presence of L-

ascorbate appears to be a complex process, the precise mechanism of which still remains

unknown.

Table 3.1 List of the important human and plant 20G oxygenases that require L-ascorbic acid as reducing agent/co-
factor/activity stimulator (Reproduced from Reference °)

Enzyme

Physiological Role

Enzymatic Activity

Metal Ion
Cenfre

Deacetoxycephalosporin C
synthetase

v-Butyrobetaine-2-oxoglutarate-4-
dioxygenase E.C. 1.14.11.1
Gibberellin-3-p-dioxygenase
E.C. 1.14.11.15
Lysine hydroxylase
E.C.1.14114
Procollagen proline 2-oxoglutarate-
3-dioxygenase
EC: 1.14:11.7
Proline hydroxylase
E.G: 1.12.11:2

Pyrimidine deoxynucleoside 2°-
dioxygenase E.C.1.14.11.3

Thymine dioxygenase
E.C.1.14.11.6

Trimethyllysine 2-oxoglutarate
dioxygenase E.C.1.14.118

Antiobiotic metabolism (fungi)

Carnitine biosynthesis

Gibberin (plant hormone)
biosynthesis

Collagen biosynthesis (animals) &
Extensin biosynthesis (plants)

Procollagen biosynthesis (animals)
Extensin biosynthesis (plants)

Procollagen synthesis (animals)

Pyrimidine metabolism (fungi)

Pyrimidine metabolism (fungi)

Carnitine biosynthesis

Penicillin N to deacetylcephalosporin

Hydroxylation of butyrobetaine to
carnitine

Cyp oxidation decarboxylation and
activation of gibberelling

Hydroxylation of Lysine

Hydroxylation of proline (3-
hydroxylating)

Hydroxylation of proline (4-
hydroxylating)

Deoxyuridine to uridine

7-Hydroxylation of thymine

Hydroxylation of frimethyl lysine

Iron

Tron

Tron

Tron

Iron

Iron

Iron

Iron

Iron

SH HS

HO OH

Figure 3.2 Structure of Dithiothreitol (DTT)

The stimulatory effect of some of 20G oxygenases by L-ascorbic acid in the assay solution is

discussed below,
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3.1.1 Stimulatory effect of L-ascorbate on collagen hydroxylases

In animals after collagen (the major structural protein in the extracellular matrix of
connective tissues) is biosynthesised, its post-translational modification involves the
hydroxylation of some proline and lysine residues on the growing peptide chain."’
Hydroxyproline and hydroxylysine are essentially required for the formation of a stable
extracellular matrix and cross-linkage in the fibres. Its absence results in structurally unstable
collagen. Hydroxylysine is also necessary for formation of the intermolecular crosslinks in
collagen. These hydroxylation reactions are catalysed by prolyl (prolyl 4-hydroxylases, prolyl
3-hydroxylases, EC 1.14.11.2) and lysyl hydroxylases (EC 1.14.11.4) respectively, both of

11-14

which belong to the Fe"" and 20G dependent oxygenases super family of enzymes. In the

in vitro assays, it has been observed that these enzymes require L-ascorbic acid for maximum

13-16

catalytic activity. The formation of under hydroxylated collagen due to the lack of L-

ascorbic acid has also been demonstrated in cell culture studies using ascorbate-deficient

growth medium.'”*'

The direct involvement of ascorbic acid in collagen biosynthesis is well
established and perhaps it is the most established biochemical role of this vitamin. In animals,
the conditions of defective connective tissues (a symptom of scurvy), the biochemical basis
of which have been known to be the impaired collagen biosynthesis, have been traced back to
the dietary vitamin C deficiency. Collagens biosynthesis that may occur in the absence of L-
ascorbic acid usually results abnormal fibres, causing in skin lesions, blood-vessel fragility,
etc. Based on this biochemical link of L-ascorbic acid with collagen biosynthesis in vivo, it is
possible that this link may be the activity dependency of these prolyl and lysyl hydroxylases
(and possibly other enzymes) on L-ascorbic acid. L-ascorbate analogues/other reducing
agents, including, its stereoisomer D-ascorbic acid (Figure 3.3), various reduced pteridines, a
number of thiol compounds including DTT, cysteine, NADH2 and NADPH2 have been
tested as alternative reducing agents, however ascorbic acid appears to be the most effective
reductant for these enzymes.””” The observation that some of these alternative reducing
agents did increased the catalytic activity of these enzymes though to significantly low level
as compared to L-ascorbate, the possibility existed that reductants other than vitamin C may
perform this function in vivo and that impaired collagen synthesis in scurvy might imply a
role for ascorbic acid in collagen metabolism other than one in hydroxylation. There appears
to be no evidence, however, for the other reducing agents to replace L-ascorbic acid in the

hydroxylation mechanism in vivo.
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Figure 3.3 Structure of b-ascorbate

Several suggestions have been made regarding the possible role of ascorbate in the prolyl
hydroxylase reactions,">'® but none of these have so far been proven. The exact mode of

action of ascorbate in these hydroxylations has yet to be established.

If L-ascorbic acid was to act as a reducing agent by maintaining a pool of Fe" to the enzyme,

then in that case ascorbic acid should be consumed in stoichiometric proportions i.e one

1

molecule of ascorbic acid should reduce two atoms of Fe'! to Fe'’ However, no such studies

have proved this yet.3’26‘28 Both prolyl and lysyl hydroxylases can catalyse their reaction in
complete absence of ascorbate at an essentially maximal rate for 5 to 15 s, corresponding to

15 to 30 reaction cycles, however after this time the rate of reaction dramatically

27,29,30

decrease. In a study by Raili et al® in monitoring prolyl hydroxylase reaction, L-

ascorbate was added to the reaction mixture after 15 s and it was observed that the rate of
hydroxylation was suddenly restored with L-ascorbate addition to similar level to that in the
presence of L-ascorbate, suggesting that the enzyme inactivation in the absence of L-ascorbate

was not at least irreversible. To investigate if the enzyme activation was due to increase in

1T

concentration of free Fe species in solution (produced by reduction of Fe'" into Fe" by L-

ascorbic acid), they studied the oxidation of Fe' into Fe'" in the absence of both enzyme and

L-ascorbate, and it was found that only 1-2% of free Fe' is oxidised into Fe""

per min. This
suggests that in the absence of L-ascorbate, the enzyme inactivation is not solely and
primarily due to the decrease in the concentration of free Fe' in solution, because L-ascorbate
was clearly required after 15 s, when only 0.25-0.5% of free Fe" had become oxidised and
about 99.5% or more still remain as Fe". This leaves the possibility that L-ascorbate may

I

perhaps be reducing the enzyme-bound Fe' to Fe in a specific manner.

Both prolyl and lysyl hydroxylases have also been reported to catalyse the uncoupled 20G
decarboxylation in the absence of the peptide substrate.'**"***! Some studies have shown
that the rate of this uncoupled 20G turnover increases in the presence of certain substrate

31,32

competitive inhibitors with ascorbate. It has been shown that unlike the complete

reaction, this uncoupled 20G decarboxylation involves stoichiometric L-ascorbate
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33,34

consumption. The mechanism of this 1:1 stoichiometry of wuncoupled 20G

decarboxylation and L-ascorbate oxidation still remains unknown.

3.1.2 Stimulatory effect of L-ascorbate on HIF hydroxylases

HIF (hypoxia inducible factor) plays an important role in animal’s response to low oxygen
level (hypoxia).>® In human cells, the levels of HIF-a domains are regulated in the presence
of oxygen by four enzymes, called HIF hydlroxylases.”'40 These enzymes belong to the 20G
oxygenases super-family of enzymes. In normoxia, the prolyl hydroxylase domains 1-3
(PHDs 1-3) catalyse hydroxylation of two prolyl residues in HIF-a (in HIF-1a, Pro*®, Pro™®)
in the N- and C-terminal ODDs (oxygen-dependent degradation domains) (NODD) and
(CODD) respectively preparing them for subsequent ubiquitination and degradation by the

41,42
proteasome.

Studies have shown that PHD?2 activity is significantly increased in the presence of L-ascorbic

L1 14143 44 : - 4
acid in isolated proteins,"*'*’ insect cell extracts™* and in cultured mammalian cells.*

FIH (factor inhibiting HIF) catalyses asparaginyl hydroxylation (Asn®*”) in the CAD (C-
terminal activation domain) of HIF-lo. This hydroxylation is a modification which is
believed to stop the interaction of HIF-loa with the co-transcriptional activator, p300.46
Studies have also shown that the catalytic activity of FIH also significantly increases in the
presence of L-ascorbic acid.' FIH is also a Fe" and 20G dependent oxygenase that plays a

key role in adaptation to low oxygen availability.

The role of L-ascorbic acid on the activities of both these enzymes (PHD2, FIH) has been
proposed to be via the completion of uncoupled turnover cycles or via maintaining a pool of

catalytic Fe!l. 47

Work by Flashman et al.' have shown that neither DTT nor glutathione (GSH) (at 4 mM) was
able to fully replace L-ascorbic acid in promoting PHD2 hydroxylating activity towards either
CODD or NODD peptide fragments substrates of HIF-la protein. They showed that
ascorbate (at 4 mM) increased the level of CODD hydroxylation from 15% (in the absence of
ascorbate) to 64%, whereas, the level of NODD hydroxylation was increased from 2% to
63%. DTT partially stimulated PHD2 hydroxylation of CODD to 48% compared with 64% of
L-ascorbic acid. In case of NODD, the stimulatory effect by DTT was however lower than
CODD, to 26% compared with 63% of L-ascorbic acid. Similarly, glutathione was also found

to promote PHD2-catalysed CODD hydroxylation, although to a lesser extent compared with
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DTT, (27%, as compared with 15% without L-ascorbic acid, and 17% with oxidized
glutathione). Glutathione however, did not stimulate the NODD hydroxylation at all. Their
study has shown that the dependence of FIH on L-ascorbic acid was lower than the
dependence of PHD2. The level of hydroxylation increases only from 19% to 36% by the
addition of L-ascorbate. In contrast to PHD2, replacement of L-ascorbate with either DTT or
glutathione do not result in an increase in FIH-catalysed HIF hydroxylation relative to levels
seen without L-ascorbate (22% and 12% respectively, compared with 19% without L-
ascorbate). These results suggest that L-ascorbic acid possibly interacts with both these
different enzymes via different modes/mechanism. It is therefore possible that specific
reducing agents can be employed to selectively activate certain HIF hydroxylases, or indeed

20G oxygenases.

Their study' of L-ascorbic acid analogues (Figure 3.4) have shown that both D-isoascorbate
and iso-propylidine-L-ascorbate (IPPA) fully replace L-ascorbate in stimulating both PHD2
and FIH catalytic activities. These results suggest that at least a highly specific binding
pocket for L-ascorbic acid in both these different enzymes is highly unlikely. To investigate
the role of 2 and 3 -OH groups (ene-diol group of L-ascorbate) in enzyme stimulation, L-
gulonic-y—lactone, which has a cis 1,2-diol group but lacks the double bond, a sulfate
analogue and dehydro-L-ascorbic acid had been tested but none of them had shown to
stimulate the activities of either PHD2 or FIH,' suggesting that ene-diol part of the L-
ascorbate appears to play a critical role in stimulating PHD2 and FIH catalytic activity.
Similarly, 3,4-dihydroxyphenylacetic acid contains an ene-diol group within a planar ring,
but lacks the lactone functionality and side chain, also do not stimulate the activity of both
PHD?2 and FIH. The exact mechanism on how L-ascorbate preferentially activates both PHD?2

and FIH remains still unknown.

HO N HO HO
Lo, Q9 HO_~—0  HO_A~_O_ o
HO" 3 o0 \/\;—T
H \
= HO ‘o 0,80

HO OH
OH HS o
p-isoascorbate iso-propylidine-L-ascorbate (IPPA) L-gulonic-y-lactone L-ascorbate-2-sulphate
HO
O
HO
HO\/XC‘)(O
o o HG  OH
Dehydro-L-ascorbate (DHA) 3,4-dihydroxyphenylacetic acid

Figure 3.4 Structure of L-ascorbate analogues that had been tested for their stimulatory effect of PHD2 and FIH enzymes.
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3.1.3 Stimulatory effect of L-ascorbate on 20G oxygenases involved in L-

carnitine biosynthesis pathway

L-ascorbic acid is also an essential co-factor for two human 20G and Fe" dependent
oxygenases, N°-trimethyllysine hydroxylase (TMLH) and vy-butyrobetaine hydroxylase

(BBOX) involved in the L-carnitine biosynthetic pathways in animals.**>*

Studies by Holme et al.> suggest that during the in vitro hydroxylation of GBB by human
kidney BBOX, significant level of uncoupled 20G decarboxylation occurred in the presence
of L-ascorbate. Similarly, when human BBOX was incubated with 20G in the absence of
GBB, but in the presence of added D-carnitine, the level of uncoupling almost become
doubled, from 20% in the first experiment to 36% in the last. This un-coupled 20G
decarboxylation was also observed when BBOX from pseudomonas was used, but the degree
of uncoupling was considerably less. To these observations they had no obvious explanation.
In another study on BBOX, isoascorbate (Figure 3.5) has been shown to be an effective
stimulator, while, other reductants including 2,6-dichlorophenolindolphenols (DCPIP) and 2-
amino-5,6-dimethyl-4-hydroxy-5,6,7,8-tetrahydropteredine (Figure 3.5) have been shown as

less effective stimulator.’*

H

HO\)\:S_TO Oj;ﬁ\ /©/OH NN
— S |

N OH

HO OH Cl

Isoascorbate 2,6-dichlorophenolindolphenols (DCPIP) 2-amino-5,6-dimethyl-4-hydroxy-
5,6,7,8-tetrahydropteredine

Figure 3.5 Strcuture reported reducing agents that had been tested for their stimulatory effect BBOX.

For N°-trimethyllysine hydroxylase, other reductants including NADH, NADP and DTT
simply cannot replace L-ascorbate for maximum enzymatic activity.”*>' Although the exact
mechanism by which L-ascorbate stimulates the activities of both these enzymes remains
unknown, but it is believed that L-ascorbate reduces the Fe into catalytic FeH, thus maintains
a pool of Fe" to the enzyme and hence promote maximum catalytic activity. The present
knowledge concerning the in vivo functions of L-ascorbate in carnitine biosynthesis suggests
that ascorbate deficiency in guinea pigs results in a variable decrease in several tissues
carnitine levels.”® The reduced activity of ascorbate-deficient guinea pigs liver BBOX can be

restored rapidly by injection of ascorbate. Similarly, in vivo, ascorbate deficiency in guinea
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pigs appears to diminish N°-trimethyllysine hydroxylase activity in kidney but not in liver. It
is possible that the low carnitine level may be due the dependence of activity of both BBOX

and TMLH on L-ascorbic acid.

3.1.4 Stimulatory effect of L-ascorbate on TET 20G oxygenases

The Ten-eleven translocation (Tet) family of proteins was discovered in 2009.”7 These
enzymes belong to the super family of 20G and Fe" dependent oxygenases.””® Tet enzymes
catalyse the oxidation of 5-methylcytosine (SmC) in the DNA strands (Figure 3.6).77%
Studies on these proteins in the past several years have established that 5-
hydroxymethylcytosine (ShmC) is an intermediate in DNA demethylation process and that
Tet proteins have important biological roles in epigenetic reprogramming in early embryos
and primordial germ cells dioxygenases for the oxidation of 5-methylcytosine (5mC).®! ShmC
undergoes further oxidation by Tet proteins to form S5-formylcytosine (5fC) and 5-
carboxylcytosine (5caC), which can be excised by thymine DNA glycosylase (TDG)
followed by the reintroduction of unmethylated cytosine via the base-excision repair (BER)

pathway.””%

NH, Tet 1 OH NH,

\ﬁN Fell K(gN
N o L-ascorbic acid N/&O
YN b

OH

5-methylcytosine 20G Succinate 5-hydroxymethylcytosine
(5mC) 0, co, (5hmC)
20G
o Tet 2
: Fe'
L-ascorbic acid
Succinate

co, O NH,

{
O  NH, Tet3 K(KN
HO =N I
)k(L - b
N o L-ascorbic acid
/ \ I

OH .
i 5-formylcytosine
5-carboxylcytosine Succinate 20G (gfc)y

(5caC) co, 0,

Figure 3.6 Reactions catalysed by Tet 20G oxygenases in DNA strands.

It has been found that the activity of Tet 20G oxygenases both in in vitro and in vivo assays
is specifically and highly dependent on the presence of L-ascorbic acid in the assay

61-64

mixture. Studies by Ruichuan et al. have shown that in a dose-dependent manner, L-

ascorbate (50-500 uM) increases the level of formation of ShmC and 5fC by 4.0—7.0-fold and
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by 4.6-8.9-fold respectively.61 Their reaction time courses showed that in the presence of L-
ascorbate the reaction rates of formation of ShmC and 5fC increased by 8.2- and 6.2-fold. D-
ascorbic acid was also as good as ascorbate in promoting the 5fc formation (3.8 fold
increase). Other compounds including ascorbate analogues L-ascorbate-2-phosphate and L-
ascorbate-2-sulfate and strong reducing agents including spermidine, vitamin B1, vitamin E,
glutathione, NADPH, and L-cysteine cannot replace L-ascorbic acid for Tet catalysed
oxidation reactions. They showed that L-ascorbic acid binds to the C-terminal catalytic
domain of Tet2 enzyme as evidenced by changes in intrinsic fluorescence. They proposed
that the binding of L-ascorbic acid to Tet2 may be either inducing structural changes in the
enzyme to catalytically active form or it may be acting as a site specific reducing agent by

recycling the Fe'™ to catalytic Fe'.

The regulation of DNA 5-hmC activity by L-ascorbic acid is a novel biochemical function of
this vitamin, suggesting its role in modulating the epigenetic control of genome activity. The

65,66 r. -
This area of

impaired generation of 5-hmC has also been recently associated with cancer.
research may help to develop novel therapies for these conditions by rescuing the impaired

generation of 5-hmC using ascorbate treatments in the future.

3.1.5 Stimulatory effect of L-ascorbate on Anthocyanidin synthase (ANS)

6768 that

Anthocyanidin synthase (ANS), is a plant Fe"" and 20G dependent oxygenase
catalyses the second last step in the biosynthesis of the anthocyanin class of flavonoids
(Figure 3.7). Flavonoids are common colorants in plants that are widely distributed
throughout plant body and have long-established biomedicinal properties.®”’® Flavonoids
produce yellow or red/blue pigmentation in petals designed to attract pollinator animals. In

higher plants, flavonoids are involved in UV filtration, symbiotic nitrogen fixation and floral

pigmentation.

R
OH ANS
HO O R HO o R Acidic
o N O

i OH
OH OH 0,+20G succinate + CO, OH OH
leucoanthocyanidins L _J 2-Flavin-3,4-diol
trans-Dihydroquercetin (DHQ) 3-Flavin-2,3-diol anthocyanidins
(pseudobase)

Quercetin

Figure 3.7 Reaction catalysed by ANS.
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In in vitro studies have shown that ANS requires an unusually high concentration of
ascorbate (40 mM) for optimal turnover.””**”! In the absence of ascorbate, ANS has only 5%
of full activity in standard in vitro assay conditions, suggesting a key role for L-ascorbic acid
in catalysis.”' Based on the presence of MES or 2-(N-morpholino)ethanesulfonic acid (Figure
3.8) buffer molecule in the active site of ANS in the holo-form crystal structure, it has been
proposed that the MES binding site could be the L-ascorbic acid binding site, with its
morpholino oxygen atom making interaction with the C-3 hydroxy group (2.71 A) of
quercetin and during crystallization MES may have displaced L-ascorbic acid.”' It is possible
that one of the enol hydroxyl groups of ascorbate can act as an acid or base through its
interaction with the C-4 hydroxyl of dihydroquercetin (DHQ-1) or the C-3/C-4 hydroxyls of
the leucoanthocyanidins as observed in the proposed role of ascorbate in the catalytic
mechanism of myrosinase.’” In the apo-crystal structure of ANS, the MES molecule was not
found in the active site, but was found at a remote site away from the active site, suggesting

that the binding of the MES in the active site was dependent on substrate binding.

\\S//

o

Figure 3.8 Structure of 2-(N-morpholino)ethanesulfonic acid or MES.

3.1.6 Stimulatory effect of L-ascorbate on AIkB 20G oxygenase

AIkB is one of four proteins (AlkA, AidB, and Ada) involved in the adaptive response to
DNA alkylation damage in Escherichia coli. 7 AIKB is highly conserved from bacteria to
humans.”*  AIkB belongs to the Fe" and 20G-dependent oxygenase super-family of
enzymes 'C which repairs the methylated DNA by direct demethylation of 1-methyladenine
and 3-methylcytosine lesions (Figure 3.9). The demethylation proceeds via hydroxylation

(Figure 3.9).

AlkB NH NH

NH
<N:ka,Me ! N ~ N
7| Fe oy N~ "OH _ ) NH
2‘ N/) N <N | N/) \ < | N/)
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N
20G Succinate : o 5
. AN L NN
DNA/RNA DNA/RNA H™ "H
. CcO DNA/RNA
1-methyl-adenine 2 .
Adenine

Figure 3.9 Oxidative demethylation of DNA/RNA 1-methyl-adenine by AlkB.
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Welford et al. studied the catalysis of AIkB in vitro using 1-['*C]20G and measuring '*CO,
released from succinate formation.® They found that in the presence of L-ascorbic acid and the
nucleoside substrates analogues, including 1-methyladenosine, 1—methy1—2/ -deoxyadenosine,
3-methylcytidine, and 3-methyl-2/-deoxycytidine (Figure 3.10) in the assay mixture, there is a
stimulation of uncoupled 20G turnover by AlkB. In these reactions, the prime substrate
analogue completely fails to hydroxylate. In the absence of substrate/substrate analogues,
only a low level of uncoupled 20G turnover occurs, whereas, in case of 1-methyladenosine
and 1—methyl—2/—deoxyadenosine, the uncoupled 20G turnover was significantly increased,
up to 7 fold, whereas, in case of 3-methylcytidine and 3-methyl-2-deoxycytidine, the

increase in the uncoupled 20G turnover was 2 and 3 folds respectively.
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Figure 3.10 Structure of the AIkB substrate analogues that stimulate the uncoupled 20G decarboxylation in the presence
of L-ascorbic acid.

This uncoupled 20G turnover by AlkB was found to be highly dependent on ascorbate both
in the presence and absence of 1-methyladenosine, but more so in the former case. This un-
coupled 20G turnover increased by using upto 500 uM ascorbate. L-Ascorbate concentration

above 500 uM (4 mM) made no influence on the uncoupled 20G turnover. They also
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observed that the amount of ascorbate required for optimal uncoupled 20G turnover was far

in excess of stoichiometry to 20G.

In the presence of other nucleoside substrate analogues such as adenosine, 2/—deoxyadenosine
and adenine (in the absence of the 1-methyl group), the rate of uncoupled 20G turnover was
similar to the rate observed in the absence of substrate (significantly low). The observation
that in the presence of 1-methyladenine (AlkB substrate), 1-methyladenosine and 1-methyl-
2/ -deoxyadenosine, there was a significant increase in the rate of uncoupled 20G turnover,
indicate that the 1-methyl group is an absolute requirement for stimulation of the uncoupled
20G turnover. In case of 1-methyladenosine and 1—methy1—2/ -deoxyadenosine, the uncoupled
20G conversion was higher compared to substrate 1-methyladenine, suggesting that the
presence of a sugar moiety improves substrate recognition by AIlkB, perhaps by direct
contacts between the enzyme and the sugar giving rise to tighter enzyme/substrate analogue
binding. Cytidine, 2-deoxycytidine, cytosine, 6-amino-1-methyluracil, 7-methylguanosine,
N6—methyladenosine—5/ -monophosphate and Nz—methylguanosine (Figure 3.10) all resulted in
only a negligible increase in the level of uncoupled 20G conversion, indicating that AlkB

activity is stimulated by binding the methyl group of 3-methylcytidine nucleosides.

Crystallographic, spectroscopic, and solution studies of other 20G oxygenases have indicated
that binding of the prime substrate to the enzyme complex is required to initiate the binding
of molecular oxygen and subsequent coupled catalysis.”” " It is therefore possible that 1-
methyladenosine and 3-methylcytidine nucleosides may be binding in the AlkB active site,
followed by the binding of dioxygen, but as the reactive oxidizing intermediate (Fe''=0) is
positioned incorrectly to make the requisite connections with the DNA oligomer to effect
hydroxylation, instead only uncoupled 20G decarboxylation occurs, but how L-ascorbate

promotes this completely uncoupled 20G turnover, still remains unknown.

Other reducing agents including D-isoascorbate and DTT have also been able to fully replace
L-ascorbate in this uncoupled 20G decarboxylation, with the latter giving approximately 90%
of the activity of L-ascorbate. 3-mercaptoethanol results in only a moderate stimulation in the
uncoupled 20G turnover. Tris(2-carboxyethyl)phosphine (TCEP), dithionite and 4-

nitrocatechol do not stimulate AlkB catalysed uncoupled 20G turnover (Figure 3.11).
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Figure 3.11 Structure of the reducing agents that do not stimulate AlkB catalysed uncoupled 20G decarboxylation.

The exact mechanism of how the presence of certain nucleoside substrate analogues in the
presence L-ascorbic acid or other reducing agents (DTT) results in significant level of

uncoupled 20G decarboxylation remains unknown.

3.1.7 Stimulatory effect of L-ascorbate on TfdA 20G oxygenase

2,4-Dichlorophenoxyacetic acid (2,4-D) is a broad leaf herbicide that undergoes rapid
degradation in the environment.®® The first step in catabolism of 2,4-D is its oxidation to 2,4-
dichlorophenol and glyoxylate (Figure 3.12). This reaction is catalysed by 2.4-D
dioxygenase®"** commonly called, TfdA (from the TfdA gene)*’ in Ralstonia eutropha
(formerly Alcaligenes eutrophus) JIMP134. TfdA belongs to the 20G oxygenases family of
enzymes. In in vitro studies have shown that catalytic activity of TfdA towards the
thiophenoxyacetic acid (TPAA, Figure 3.12) substrate (but not towards 2,4-D) specifically
and essentially depends on the presence of L-ascorbic acid in the assay mixture.” The

mechanism by which L-ascorbate stimulates the activity of TfdA is still unknown.

OH
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H
Cl ﬁo( Fe! O ol OH o
Cl 0 spontaneous CI\<> )H]/OH
+ H
cl o}
¢]] Cl
24D i 2,4-dichl henol glyoxylate
0,+20G CO, + succinate Hemiacetal ,4-dichloropheno
OH
S/W Traa oH SH thiol specific

chromophoric reagent

S)}(OH spontaneous o
)H(OH + ., Readdily detectable

o Fe'
@ o H o absorbance
TPAA glyoxylate Thiophenol

0,+20G CO, + succinate

ascorbate

Figure 3.12 Reaction catalysed by TfdA.
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3.1.8 Stimulatory effect of L-ascorbate on JMJD2E 20G oxygenase

The 20G oxygenase histone demethylase (HDM) subfamily of enzymes catalyse the
demethylation of N-methylated lysine residues in the N-terminal tails of histones proteins.
The demethylation proceeds via the enzyme catalysed hydroxylation. Methylated histone tail
lysines are involved in the formation of different chromatin states, and have roles in both
gene silencing and activation.®® Several different HDM subfamilies have been linked with
many diseases, with the JMJD2 HDMs being associated to prostate and oesophageal

CEIIICG:I'S.85

In vitro studies have shown that L-ascorbate significantly stimulate the activity of JMJD2E
towards K9me2/me3/K9Mel peptides.86 In these reactions uncoupled 20G decarboxylation

also occur over time.

3.2 Stimulation of non-20G oxygenases enzymes by L-ascorbic acid

In addition to 20G oxygenases, the activities of a large number of biologically important
non-20G oxygenases enzymes are also highly dependent on the presence of L-ascorbate both
in in vitro assays and in cells. Most of these enzymes are mono or dioxygenases that contain a
metal co-factor such as Cu" in their active site and require molecular oxygen, and a reductant
such as L-ascorbate for catalysis. Although, the exact role of L-ascorbic acid in the catalysis
of these enzymes is still not well-established, but, it is generally believed that it acts as a
reducing agent in the assays of these enzymes, which keep the enzyme catalytic metal in the
reduced (catalytic) form and thus promote maximum enzyme activity. The role of L-ascorbate

in the catalysis of some of these enzymes is discussed below,

Table 3.2 List of biologically important non-20G dependent enzymes whose catalysis require L-ascorbic acid (Reproduced
from Reference °).

Metal Ion

Enzyme Physiological Role Enzymatic Activity Centre
1-Aminocyclopropane-1- Ethylene (plant hormone) Oxidation of 1-Aminocyclopropane to )
. - o : . Iron
carboxylate Oxidase biosynthesis ethylene and cyanoformic acid
Cholesterol 7-alpha Cholesterol catabolism; bile acid B . .
monooxygenase E.C.1.14.13.17 synthesis (animals) Hydroxylation of Cholesterol )
Catechol-O-methyl transferase E.C. Adrenaline (epinephrine) inactivation Tncreased levels of adrenaline _
2.1.1.6 (animals) (epinephrine)
Dopamine-fi- monooxygenase Noradrenaline (norepinephrine) I . . )
EC 114171 synthesis p-hydroxylation of dopamine Copper
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Decarboxylation and hydroxylation of
Tyrosine metabolism 4-hydroxyphenyl pyruvic acid to Tron
homogenistic acid

4-Hydroxylphenylpyruvate
dioxygenase E.C. 1.13.11.27

i . 1 C i [ -3 4 . .
M eshondel ghyopel NAD(P) H and ATP production: aid

phosphate dehydrogenase . : ) Dehydrogenation of triose phosphate Iron
Sty in insulin release =
EC. 11995
Peptidyl glycine v-amidating  Peptide amidation in peptide hormone ) ‘ : S .
c : = ; C-terminal glycine amidation Copper
monooxygenase E.C.1.14.17.3 metabolism i
Thioglucoside glucohydrolase . . Cona .
T EC _.sgq 3 1 Y Catabolism of glucosinolates (plants) Hydrolysis of S-glucosides -
- ‘ : Zeaxanthin biosynthesis and the De-epoxidation of violaxanthin and
Violaxanthin de-epoxidase . -
xanthophylls cycle (plants) antheroxanthin

3.2.1 Stimulatory effect of L-ascorbate on dopamine-B-monooxygenase (DpM)

L-Ascorbic acid acts as a biological electron donor to dopamine-B-monooxygenase (DM), a
Cu" containing aromatic amino acid oxygenase, that catalyse the hydroxylation of dopamine

to norepinephrine (a neurotransmitter) (Figure 3.1 3).87'90

Oz H,0 HO, H
NH, ) _NH,
2H + x/
HO HO
OH \ OH
Dopamine : :

P DBM-E-Cu', DBM-E-Cu', R-Norepinephrine

Ascorbate

Figure 3.13 L-ascorbic acid (exogenous electron donor) in DBM catalysis

Studies by Kandatege et. al’' have shown that L-ascorbic acid analogues such as 6-deoxy-L-
ascorbic acid, 6-bromo-6-deoxy-L-ascorbic acid and 5,6-isopropylidene-L-ascorbic acid
(Figure 3.14) also display reducing activity to DBM, similar as L-ascorbic acid, suggesting
that the C-6 -OH group of L-ascorbic acid has no significant influence on the electron donor
efficiency of the molecule. However, modification of the 3-OH group of L-ascorbic acid
either with an alkyl group or an acetyl groups (Figure 3.14) results in complete loss of
reducing activity of the molecule to the enzyme, demonstrating a crucial role of the 3-OH
group of L-ascorbic acid for its activation of DBM. Analogue, 6-amino-6-deoxy-L-ascorbic
acid (Figure 3.14) however was proved as not influencing DBM activity, although it is not
expecting that 6-amino group can significantly affect the molecule reduction potential. The
other possible explanation of this compound could be attributed to its altered structural
features. Since at physiological conditions, the molecule should exists as a zwitterion (6-

amino group positively charged and 3-OH group negatively charged), therefore the
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electrostatic interactions of the two charged groups of the molecule may alter the

conformation/mode in such a way that it could not interact with the enzyme efficiently.

HO o HO o o
(0] (0] =
\)\gj Br\)\q O\/TOIO
HO  OH HO  OH HO ~ OH
6-Deoxy-L-ascorbic acid 6-Bromo-6-deoxy-L-ascorbic acid 5,6-Isopropylidene-L-ascorbic acid

HO

HO
O0._o O0.__o

H,N o7
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HO OH

6-Amino-6-deoxy-L-ascorbic acid  6-O-Phenyl-L-ascorbic acid

HO HO HO oH
o0 _o O o O _NH
S _ S _ HO  \_
OH OH

HG  OH HG  NH, HO  OH

6-S-Phenyl-L-ascorbic acid 6-S-Phenyl-2-amino-L-ascorbic acid Imino-b-gluco-L-ascorbic acid

Figure 3.14 L-Ascorbic acid analogues that had been tested for their stimulation of DBM. Compounds coloured red do not
activate DPM.

Clearly, it appears that the 5-OH and/or 6-OH groups of the L-ascorbate molecule are not
essential for the efficient interactions with the enzyme; positively charged groups at position
6 are however, intolerable. L-Ascorbate analogues with bulky hydrophobic group at position
six, such as 6-O-phenyl-L-ascorbic acid and 6-S-phenyl-L-ascorbic acid (Figure 3.14) have
been proved as excellent reducing agents, stronger than L-ascorbic acid. The high affinity of
these molecules towards the enzyme could simply be due to the hydrophobic interactions of
the phenyl group of the molecule with some hydrophobic amino acids residues in the
reduction site of the enzyme. However, in contrast, the 6-S-phenyl-2-amino-L-ascorbic acid
(Figure 3.14) was shown as a competitive inhibitor of DBM similar to imino-D-glucoascorbic
acid with respect to L-ascorbic acid. The unexpected and unparalleled behaviour of these two
series of compounds suggest that they may be interacting with the enzyme in possibly two
different modes. One possible important difference between these two series of compounds is

the pKa values of the 3-OH group. In case of L-ascorbic acid and its 6-OH substituted
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derivatives the pKa of the 3-OH group is 4.2, and therefore under physiological conditions it
should be mostly negatively charged and the negatively charged species may interact with the
enzymes preferentially. The pKa of the 3-OH group of 2-aminoascorbic acid and is 6-OH
substituted derivatives is about 6.8 and hence under physiological conditions it should exist
mostly uncharged and the uncharged species may interact with the enzyme by an altered
mode. Imino-D-glucoascorbic acid (Figure 3.14), also a strong electron donor, has been
shown as a potent competitive inhibitor of DPM with respect to L-ascorbic acid. The inability
of the iminoglucoascorbic acid to act as a reductant for DM must be due to the altered
reduction potential of the molecule due to the replacement of the carbonyl group by an imino
group. The strong inhibition of DM activity by iminoglucoascorbic acid demonstrates that
iminoglucoascorbic acid must be interacting exclusively with the oxidised form of the

enzyme, in a binding mode that mimics the binding mode of L-ascorbic acid.

3.2.2 Stimulatory effect of L-ascorbate on ACCO

L-Ascorbic acid is crucially required for ethylene biosynthesis in plants. Ethylene serves as
ahormone in plants.”” Ethylene is involved in stimulating and regulating of
the ripening of fruit, the opening of flowers, and the abscission (shedding) of leaves. The
final step of ethylene biosynthesis involves the conversion of I-aminocyclopropane-1-
carboxylic acid (ACC) into ethylene (Figure 3.15).2%* This reaction is catalysed by
enzyme ACC-oxidase (ACCO), which is a non-heme Fe-containing enzyme formerly known
as the ethylene forming enzyme (EFE). In this reaction ACC undergoes two electrons
oxidation into ethylene in the presence of dioxygen and two electrons (Figure 3.15). In

addition to ethylene, CO, and cyanide are also formed.

ACCO
Fe'
052 L-Ascorbic acid
[>< H,C=CH, + 2H,0 + CO, + HCN
NH, o
2

Figure 3.15 Reaction catalysed by ACCO.

In in vitro studies have shown that the native ACCO shows significantly low activity and in
the presence of L-ascorbic acid, the enzymatic activity is significantly stimulated.
Structurally, ACCO is very similar to the Fe" and 20G dependent oxygenases family of
enzymes; however ACCO does not require 20G for catalysis. Other reducing agents,

including saccharic acid 1,4-lactone (a redox-inactive structural analogue of ascorbic acid)
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DTT, B-mercaptoethanol NADH, NADPH and reduced cytochrome c are also able to
stimulate. ACCO activity, however only slightly as compared with L-ascorbic acid.”
Dehydro-L-ascorbate, neither stimulate nor inhibit ACCO activity.%’96 Studies by Zhang et al.
have shown that 5,6-O-isopropylidine-L-ascorbate and D-ascorbate can also fully replace L-
ascorbate for stimulating ACCO activity (5,6-O-isopropylidine L-ascorbate > D-ascorbate > L-

ascorbate), whereas, L-galactono-y-lactone is completely inactive towards ACCO.”

In addition, L-ascorbic acid is also crucially required by other biologically important enzymes

97,98

including cholesterol 7-a-hydroxylase (cholesterol metabolism into bile acids), aromatic

amino acids hydroxylases such as L-tryptophan hydroxylase (TPH) (biosynthesis of serotonin

or S5-hydroxytryptamine, a neurotransmitter)’”, phenylalanine hydroxylase,100

L-tyrosine
hydroxylaseg’99 (L-tyrosine metabolism into catecholamines) and 4-hydroxyphenyl pyruvate

dioxygenase (HPPD)lOl‘103 (tyrosine catabolism).

3.3 Role of L-ascorbic acid as an antioxidant/free radical scavenger

In addition to its role as enzymes stimulator/co-factor, ascorbic acid also functions as an
effective antioxidant in biological systems. Oxygen is the key to the survival of all life forms.
During cellular oxygen metabolic processes in the mitochondria of animals and chloroplast of
plants, where cellular energy is produced by the reaction of an oxygen molecule with 4

electrons and 4 protons resulting in the formation of water (Figure 3.16).

+ + H-.OooH
oOooO. . :OooOo +2.H H:OooO:H+2H
L) o0 e LX) L) e LX) o0 2e LN
HooOooH
Oz O, H20, 2H,0

Figure 3.16 Four-electron reduction process of oxygen into water.

In these metabolic processes, reactive oxygen species (ROS), including peroxides,
superoxide, hydroxyl radical, and singlet oxygen are also formed as natural by-products.
Inside cells, these ROS are also generated from exogenous sources such as ionizing radiation.
These ROS initiate free radical chain reactions resulting in serious damage to tissues.'**
These conditions are usually described as oxidative stress in chemical biology.'® It is
therefore highly essential that an active defensive mechanism be in place to control these

toxic ROS from participating in harmful biological reactions inside the cells. L-Ascorbic acid
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interacts with ROS and their derivatives, both enzymatically and non-enzymatically and
neutralize their toxic effects (Figure 3.17).'% These ROS, in particular, hydrogen peroxide
reacts with transition metal ions in the cells, especially Fe'' and generate hydroxyl radical
(Fenton reaction), a highly reactive radical, which immediately removes electrons from any
molecule coming in its path, converting the molecule into a free radical, thus propagating a
chain reaction. The hydroxyl radicals (HO") react easily with cellular components such as
proteins, DNA, lipids and membrane lipids (Figure 3.17).'"* Membrane lipids contain allylic

hydrocarbon chains that can easily react with hydroxyl radicals. The resulting carbon-centred

radicals rapidly react with oxygen and form alkyl peroxy radicals (LOQO"), which then abstract
a hydrogen atom from lipids and produce LOOH. Due to its stability, LOOH flows and reacts
with metal ions and generate free radicals causing damage to membranes and other cellular
bodies. Although, L-ascorbic acid cannot directly detoxify the lipophilic radicals, it acts as an
available agent to the tocopherol for the reduction of lipid peroxide radicals.'™ Tocopherols
(vitamin E) are also biological antioxidants, scavenging peroxyl radicals, by reacting with
them and forming a tocopheryl radical. At the aqueous-lipid interface, L-ascorbic acid
donates its hydrogen to the membrane-bound oxidized tocopherol radical and thus regenerate

the active reduced tocopherol for continued peroxyl radicals scavenging.
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Figure 3.17 Schematic representation of the radical reactions in the cells and antioxidant activities.

Radical species are represented by X, tocopherol by TOC and glutathione peroxidase by GPX. Radical chain reactions lead
to oxidative stress. Thus, cell antioxidants e.g. L-ascorbic acid, antioxidant enzymes and glucose supplies reducing power
to fight oxidative stress. ***
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Compared with other antioxidants in the cells such as uric acid, carotenoids, flavonoids, o.-
tocopherol, etc. the mode of action of L-ascorbic acid as an anti-oxidant is more beneficial
because it terminates the radical propagations reactions, while itself is converted into non-
toxic oxidised forms e.g semidehydro-L-ascorbic acid radical and dehydro-L-ascorbic acid.
Semidehydro-L-ascorbic acid radical disproportionates back to L-ascorbic acid and dehydro-
L-ascorbic acid (Figure 3.18). This non-enzymatic antioxidant activity of L-ascorbic acid is
very useful in maintaining the balance of keeping a wide range of important biological
substrates in their reduced and active forms. For example, L-ascorbic acid maintain a pool of
the reduced form of folic acid (vitamin By). Folic acid is required in many of the cellular one-
carbon migration reactions, which are frequently involved in the formation of many of

. . 104
bioactive molecules.
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Semidehydro-L-ascorbate (SDHA)
or L-ascorbyl free radical

Dehydro-L-ascorbate (DHA)

Figure 3.18 L-ascorbate redox system

3.4 Aim of the project

We are interested in exploring the underlying chemistry of the catalysis of 20G oxygenases,

which employ 2-oxoglutarate (20G) as a co-substrate and Fe"" as a co-factor for catalysis.

As described above, many of these 20G oxygenases require L-ascorbic acid for maximum
enzymatic activities in the turnover assays. The aim of the work described in this chapter was
in general to apply '"H NMR spectroscopy to gain a better understanding of the complex
mode of action of ascorbate in the in vitro assays. We aimed to investigate the role of L-

ascorbate in the following contexts;
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The 20G oxygenases rate of reaction in the linear region remains same both in the absence
and presence of ascorbate, but deviates suddenly in the absence of ascorbate after 10-15 s.
However, no such study has so far proved that this sudden enzyme inactivation is due to the
unavailability of free Fe" species in solution and that ascorbate is required (as reductant) to

111

convert Fe! to Fe' to activate the enzyme. This leaves the possibility that ascorbate may

o catalytic FeH, but again, no such evidence has

perhaps be reducing the enzyme-bond Fe
so far emerged to prove that ascorbate specifically binds in the active site of a 20G
oxygenase. So what is the mechanism of the stimulation of a 20G oxygenase activity in the

presence of ascorbate in the in vitro assays?

Other important questions are; why in the presence or absence of a substrate, incubation of a
20G oxygenase assay solutions with ascorbate over longer time results an increase in the
level of uncoupled 20G turnover? In addition, why the presence of certain compounds results
a significant increase in uncoupled 20G decarboxylation in the presence of ascorbic acid in

the assay mixture as observed in the case of AlkB.

According to the reported literature, there is a considerable variation in the scope of ascorbate
in the catalysis of 20G oxygenases, with some enzymes showing a high dependency on
ascorbate (specifically) for maximum catalytic activity, while some do not; some assays
result in high uncoupled 20G turnover with ascorbate over time, while some result in low
uncoupled 20G turnover. Hence, to understand this complex role of ascorbate, it is also
highly important to assess the influence of typical assay conditions of 20G oxygenases on
ascorbate in the assay mixture. It is possible that the stimulation of 20G oxygenases (high
turnover) over time by incubation with ascorbate at least in parts could be through an indirect
mechanism, perhaps through some chemistry between ascorbate and the components of the

assay mixture.
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3.5 Ascorbic acid degradation leads to non-enzymatic 20G

decarboxylation

In the presence of a known substrate, the activity (turnover reaction) of a 20G oxygenase is
generally followed either from the decrease in the level of the substrate or from the
decarboxylation of 20G into succinate, whereas, in case when the enzyme substrate is not
known, the activity of the enzyme can be only assessed via 20G turnover into succinate.
These assays are performed in the presence of L-ascorbate as reducing agent to keep the iron
predominantly in the reduced form (Fe') to promote maximum enzyme activities. For an
accurate interpretation of the enzyme kinetics results, it is highly important to carry out
necessary control experiments to eliminate any artifacts in the results that could arise from

the assay conditions instead of enzyme catalysis.

In working towards understanding the chemistry of the complex role of L-ascorbate in the
catalysis of 20G oxygenases, using 'H NMR spectroscopy, we observed that in the absence
of a 20G oxygenase, if a mixture of L-ascorbate (500 uM) and 20G (200 uM) is incubated
in 50 mM Tris-Dy; buffer (one of the most commonly used buffers for 20G oxygenases
assays) solution at pH 7.5 in H,O in an eppendorf tube at room temperature (298K), then
over time, L-ascorbate in the mixture degrades and at the same time 20G is decarboxylated
forming succinate (~ 88 puM) (Figure 3.19). Due to the low amounts of the L-ascorbate

degradation products, we didn’t aim to investigate their identity.

(a)
L-Asc degradation compounds succinate
After 10 hours
e L“‘A A J|‘\ M e
Tris
L-Asc L-ascorbate + 20G + Tris-D4, buffer— fresh mixture

L-Asc
L-Asc

4.4 4.2 4.0 3.8 3.6 34 3.2 3.0 28 26 24 2.2 ppm
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Figure 3.19 Non-enzymatic 20G decarboxylation caused by ascorbic acid degradation in buffer.

(a) Overlay of a "H NMR spectrum of a fresh mixture of ascorbate and 20G in buffer (bottom) with a mixture incubated for
10 hours at room temperature on a bench in the laboratory. (Top): During 10 hours incubation, ascorbate has been
degraded and 20G is turned over into succinate. The assay mixture contained 500 uM L-ascorbate (L-Asc), 200 uM 20G in
50 mM Tris-D,,, pH 7.5 in H,O. After 10 hours incubation, all (500 uM) of the L-ascorbate was found degraded (signals in
blue rectangle) resulting in the formation of 88 uM of succinate. (b) Schematic representation of (a).

To eliminate any possible role of bacteria etc. which could potentially come from buffer, the
stock solutions of L-ascorbate and 20G or the eppendorf tube, the stock solutions of L-
ascorbate, 20G and buffer were separately made sterile and then the assay mixture was
incubated in a sterile falcon tube. In this case also, it was found that L-ascorbate (500 uM)
degrades and at the same time 20G decarboxylates into succinate (~ 90 uM) demonstrating

that the 20G decarboxylation by L-ascorbate degradation is purely a non-enzymatic process.

In control experiments, 20G alone was incubated in Tris-D;; buffer and no succinate was
formed, implying that the 20G decarboxylation directly correlates with L-ascorbate
degradation (Figure 3.20a). Similarly, by incubating L-ascorbate alone in Tris buffer, it was
found degraded, suggesting that its degradation is an automatic process, and that 20G has no

role in the L-ascorbate degradation (Figure 3.20b).
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After 10 hours incubation
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Figure 3.20 Control experiments for 20G decarboxylation by L-ascorbate degradation.

(a) Overlay of "H NMR spectra of a solution of 20G in Tris-D,, buffer. Bottom: freshly prepared solution. Top: after
incubation for 10 hours. (b) Overlay of "H NMR spectra of a solution of L-ascorbate in Tris-D,, buffer. Bottom: freshly
prepared solution. Top: After incubation for 10 hours. The concentrations used are 20G 200 uM and L-ascorbate 500 pM.

To investigate how the degradation of L-ascorbate results in simultaneous 20G
decarboxylation, we monitored the L-ascorbate/20G/Tris-D;; buffer mixture incubated in an
eppendorf tube after every one hour over a period of ten hours. We observed that over time,
L-ascorbate slowly degrades into dehydro-L-ascorbate (DHA), which due to its instability,
degrades further into other compounds. During this L-ascorbate degradation process, 20G is
also decarboxylated forming succinate, demonstrating a direct link between the two processes
(Figure 3.21). The peaks of DHA were identified from the spectrum of a reference sample. It

was also observed that the rate of L-ascorbate degradation is much faster than 20G turnover.
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Figure 3.21 Time course of ascorbate degradation and concomitant 20G turnover into succinate.

(a) Time course analysis by "H NMR, showing the degradation of L-ascorbic acid and the simultaneous decarboxylation of
20G (parts of the spectra shown). (b) Graph showing the degradation of L-ascorbate and the simultaneous succinate
formation. The assay mixture contained 500 pM L-ascorbate, 200 pM 20G in 50 mM Tris-D,,, pH 7.5 in H,O.
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From our knowledge of the reported literature, we propose that this degradation of L-
ascorbate (Figure 3.22)'°"° in buffer is the oxidative degradation of L-ascorbate by
dissolved oxygen in the assay mixture. The oxidative degradation of L-ascorbic acid is known
as a complex process and involves a number of oxidation/reduction and inter-molecular
rearrangement reactions.'” At physiological pH ascorbate exists predominantly in the
monoanion form (Figure 3.22). The anion loses an electron from its ene-diol group to form
semi-dehydro-L-ascorbate radical. This reversible reaction is believed to be primarily
responsible for the antioxidant properties of ascorbic acid to scavenge toxic free radicals
produced in biological systems. Further oxidation of semi-dehydro-L-ascorbate radical forms
the uncharged molecule DHA. DHA is a highly unstable compound in aqueous solutions at
neutral pH, undergoes hydrolysis in two ways. One is by the formation of a bicyclic
hemiketal (BH) via intramolecular ring closure. The other is by the formation of
diketogulonic acid (DKG) via ring opening. Further oxidation of DKG by H,0O, produces
4,5,5,6-tetrahydroxy-2,3-diketohexanoic acid (THDH) (first route) and trihydroxybutanoic
acid (threonic acid) along with oxalic acid (second route). In the third route, the hydrolysis of
DKG results in the formation of two epimers of pentanoic acids (L-xylonic and L-lyxonic

acids).

We also tested this non-enzymatic 20G turnover in the presence of DHA in the assay
mixture, and it was found that DHA also degrades and simultaneously results in 20G
decarboxylation (Figure 3.23). With DHA, however, the level of 20G turnover was much
lower as compared with L-ascorbate i.e 15% vs 45% under the same incubation conditions.
Since, DHA can reduce back to L-ascorbate in the presence of H' under physiological

11

conditions;'""  we speculate that the 20G turnover occurs during the transformation of L-

ascorbate into DHA.
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Figure 3.22 Degradation of L-ascorbate.
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Figure 3.23 Non-enzymatic 20G decarboxylation by DHA degradation as demonstrated by "H NMR.
The assay mixture contained 500 uM DHA, 200 pM 20G in 50 mM Tris-D,,, pH 7.5 in H,O. After 10 hours incubation, 31 uM
succinate was formed. The blue asterisks represent the DHA degradation products.

3.5.1 L-Ascorbate oxidative degradation generates H,0,

L-Ascorbate undergoes auto-oxidation in the presence of molecular oxygen to produce
dehydro-L-ascorbate (DHA) and hydrogen peroxide (H,0)"*" in a 1:1 stoichiometry.115
According to the reported literature, in this reaction H,O, is believed to be formed via the
highly reactive and toxic intermediate superoxide anion (O,”) (the product of the one-
electron reduction of dioxygen O,)."* In contrast to its role as an antioxidant, such (H,O,
production) pro-oxidant properties have also been ascribed to ascorbic acid under certain
conditions."*"'* Ascorbic acid can cause strand breakage in the DNA in the presence of
oxygen and can initiate cell death in tissue culture, through the generation of toxic reactive
oxygen species such as H,O,, superoxide anion (O;") and hydroxyl radical (OH). Because of
its property to produce H,O, in physiological conditions, pharmacological ascorbate
concentration has been also proposed as a prodrug for the delivery of HO, to

113,114,116,124,125
tumors.

We therefore propose that it is this H,O» that generates from the auto-oxidation of L-ascorbate
(Figure 3.24a) and that carrys out the 20G decarboxylation (Figure 3.24b). Similar to L-
ascorbate, many polyphenolic compounds (containing the 1,2-diol-ene moiety) have also

126

been reported to generate H,O, by auto-oxidation. This H,O, and/or other oxidation

products can contribute to, or account for, many of the observed effects of ascorbate and
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polyphenols on cells in culture. Similar to ascorbate, these polyphenols are also well-

established anti-oxidants that scavenge (detoxify) the free radicals."’
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intermediate
(b) )
(0] (OH o o
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0-8 ¢ O
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Figure 3.24 Proposed mechanism of 20G decarboxylation in the presence of L-ascorbate auto-oxidative degradation.

a-Ketoacids have also been found to react (scavenge) with H;O, and undergo

131

128130 This reaction was first described by Holleman'' in

decarboxylation (Figure 3.24b).
1904.'% Mechanistically, in this nucleophilic addition-elimination reaction, the a-ketoacid
and H,O, exist in equilibrium with a tetrahedral intermediate. Irreversible decarboxylation of
the intermediate forms the corresponding carboxylic acid. The reaction of a-ketoacids with
H,0; has also been previously used to measure H,O; induced toxicity in cells, 128130133135
Ketoacids have been implicated as strong biological anti-oxidants reacting with H>O, and
concomitantly leading to its decomposition. There is renewal of interests in H,O,—mediated
a-ketoacids oxidation due to the consideration regarding these chemicals to be useful from
therapeutic point of view in several disease states from cancer to aging.135'138 H,0, has also
been proposed to be involved in many brain pathologies such as neurodegenerative diseases

139-142

and in acute diseases such as ischemia or trauma. It has been found that pyruvic acid

and other related a-ketoacids protects neurons from the toxic effect of H,O, via this non-

143

enzymatic detoxification (decarboxylation) process.~ The protective role of pyruvate in

H,0;-induced renal cellular injuries is also well-documented.'**

To test our hypothesis that H,O, (generated during L-ascorbate oxidation into dehydro-L-
ascorbate by dissolved oxygen) is the real specie that results in 20G decarboxylation, we

monitored the 20G (200 uM)/H,0, (500 uM)/Tris-D;; buffer incubation mixture after every
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one hour over a period of 10 hours at room temperature (298K, as were all subsequent

experiments in this chapter) (Figure 3.25).
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Figure 3.25 20G decarboxylation by H,0,.

(@) *H NMR time course of 20G decarboxylation by H,0,. (b) Plot of succinate formation vs time. The assay mixture
contains 500 pM H,0,, 200 pM 20G in 50 mM Tris-D,, pH 7.5, in H,0.

It was observed that within three hours approximately 90% of the 20G in the assay mixture
was decarboxylated forming succinate, implying that the reaction of H,O, with 20G itself is
a fast process. These results also demonstrate that in the L-ascorbate (500 uM)/20G (200
uM)/Tris-Dy; buffer incubation mixture (Figure 3.19), out of the 500 uM of H,O, that
generates from 500 uM L-ascorbate oxidation, only 18% (88 uM) of H,0, reacts with 20G
(200 uM) forming 88 puM succinate, while the remaining 82% (412 uM) of H,O, reacts
somewhere else in the reaction mixture. We thus speculate that the slow 20G
decarboxylation in the L-ascorbate/20G/Tris-Dy; buffer incubation mixture (Figure 3.21) is

first due to the slow L-ascorbate oxidation into DHA and second it is only a fraction of the
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H>0, left in the mixture that reacts with 20G as most of H,O, is utilized elsewhere in the

assay mixture.

As H;0; is known to result in oxidative degradation of both L-ascorbic acid (antioxidant
property of ascorbate) and dehydro-L-ascorbic acid, forming the same degradation products

145,14
from both compounds, 5146

while itself reduces to water, it is possible that most of the H,O,
that generates from ascorbate oxidation to dehydro-L-ascorbate, may in turn be consuming in
the degradation of both these compounds (and their degradation products). Hence to
investigate whether most of the H,O, (82%) that generates from L-ascorbate oxidation into
dehydro-L-ascorbic acid, in the L-ascorbate (500 pM)/20G (200 uM)/Tris-D;; buffer
incubation mixture, could be involved in the oxidation of ascorbate again (an H,O, recycling
process), we monitored the H,O, (500 uM)/20G (200 uM)/L-ascorbate (500 uM)/Tris-Dy;
buffer incubation mixture after every one hour for a period of 10 hours (Figure 3.26). In this
case if L-ascorbate can react with H,O,, it will slow down the rate and decrease the level of

20G decarboxylation relative to the rate and level of 20G decarboxylation in the presence of

only H,0,, because most of H,O, would be consumed in reaction with L-ascorbate.

(a) Tris
. / succinate
20G \
MY 8 P ks ) )\ 10 h
gl T S I S 1 l i -
R Ll J I i
N Ll | | .
ENENERN J W,
e L \ .
T AM[J | i i -
S T L i k .
e Lk i -

IETEERETY N |

T T T \ T
42 40 38 36 34 32 30 28 26 24 22 ppm

216



200

¥

150 |
=
==
2]
E ¥
£
| S S S S S S S "

; % —=—H202 + L-Ascorbate
50
O T T T T T T . I | | |

0o 1 2 3 4 5 6 7 8 9 10 11

Time / minutes

Figure 3.26 20G decarboxylation by H,0, in the presence of L-ascorbate.

(a) Overlay of "H NMR spectra (part shown) showing time course analysis of mixture of H,0,/20G/L-ascorbate/Tris-D11
buffer. The red asterisks represent L-ascorbate degradation products. The assay mixture contains 500 uM H,0,, 500 uM
ascorbate, 200 pM 20G in 50 mM Tris-D,,, pH 7.5 in H,0. (b) Plots comparing the rate and level of 20G decarboxylation in
the presence of only H,0, (blue curve) and in the presence of both H,0, and L-ascorbate (brown curve, from (a). The error
bars represents standard deviation from three separate measurements.

Interestingly, in this mixture it was observed that both the rate and level of 20G
decarboxylation was significantly reduced as compared to 20G/H,0,/Tris-D;; mixture,
forming only 90 uM of succinate (45% 20G turnover), (Figure 3.26) which is similar to the
amount of succinate formed in the L-ascorbate/20G /Tris-D;; mixture (Figure 3.19). In this
case it was also noted that at 1 hour, all of the L-ascorbate in the assay mixture was found
degraded, which is significantly faster compared to the L-ascorbate auto-degradation in L-
ascorbate (500 uM)/20G (200 uM)/Tris-Dy; buffer incubation mixture (Figure 3.21). These
results suggest that H,O, speeds up L-ascorbate degradation. Separately, in the absence of
20G, we also investigated the L-ascorbate degradation in the presence of different amounts of
H,0, (Figure 3.27) and it was observed that H,O, speeds up L-ascorbate degradation in a

concentration dependent manner.
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Figure 3.27 H,0, speeds up L-ascorbate degradation.

(a) "H NMR spectra comparing L-ascorbate degradation in (I, 11) absence of H,0, (lll, IV) in the presence of low (100 uM) to
high amount (500 uM) of H,O,. The solutions were incubated for 3 hours in a 1.5 mL eppendorf tube. (b) Chart showing
the level of ascorbate degradation from the *H NMR spectra in (a). The error bars represent standard deviation from 3
separate measurements.
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Hence based on the results of Figure 3.26 and Figure 3.27, we propose that most (82%) of the
H,0, that generates from L-ascorbate oxidation into dehydro-L-ascorbate in the L-ascorbate
(500 uM)720G (200 uM)/Tris-Dy; buffer incubation mixture (Figure 3.19 & Figure 3.21), is

recycled in the oxidative-degradation of L-ascorbate and its degradation products.

In another test for the parallel reaction of L-ascorbate with H;O, in the L-
ascorbate/20G/Tris-D;; buffer incubation mixture, we observed that in the presence of
catalase (which breaks H,O, into H,O and O;), L-ascorbate does not appear to
oxidise/degrade and hence no 20G decarboxylation occurs (Figure 3.28a). This suggest that
the process of oxidation of L-ascorbate to dehydro-L-ascorbate is primarily driven by
hydrogen peroxide in agreement with the reported literature'*°. In control experiment it was

shown that catalase inhibits the H,O, mediated 20G decarboxylation (Figure 3.28b,c).

H

it
| ||. ‘rU \J Il

1
Ao v Y I jk\}\w

m After 10 hours )\
| I

L-Asc + 20G + catalase + Tris-Dy, (Fresh mixture) i 206G
L-Asc |||
K ‘ ll catalase impurity
L-Asc f \
|L-Asc Mm Ulli-U' lm I \Jl /
e L_ . R T - o~ RN S ¥ W UL \'V"‘m
44 43 a2 a1 4.0 a9 28 3.7 T s pem

succinate

JL_ﬁ After 10 h w'-—J L‘A“

After 10 h
Catalase
impurity
206G 20G /
20G + H,0, + Tris-Dqy 20G + H,0, + catalase
Fresh mixture e Tris-Dy,-Fresh mixture -~
24 2.3 ppm 24 2.3 ppm

Figure 3.28 Investigating 20G decarboxylation by L-ascorbate degradation in the presence of catalase.

(a) Overlay of *H NMR spectra (parts shown) of a freshly prepared mixture of L-ascorbate/20G/Tris-D,,/catalase (bottom
spectrum) and mixture after 10 hours incubation (top spectrum). (b) Control experiments; 20G decarboxylation by H,0, in
the absence of catalase. (c) In the presence of catalase. The concentrations used are; 500 UM L-ascorbate, 200 uM 20G,
500 UM H,0,, 3 plL catalase (45 mg/ml; 3x45= 135 pg, batch activity 12852 units /mg; hence activity = 12852x135/1000 =
1735 units) in 5o mM Tris-D,,, pH 7.5in H,O.
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To prove that oxygen is required for the generation of H,O, from L-ascorbate oxidation in the
assay, we incubated the L-ascorbate/20G/Tris-D;; buffer mixture in anaerobic conditions for
10 hours. It was observed that under anaerobic conditions, L-ascorbate does not appear to
oxidise and hence does not generate H>O; and in turn no 20G decarboxylation occurs (Figure

3.29).

After 10 h incubation in the absence of oxygen J

) ) L-Asc 206
L-Asc + 20G + Tris-Dy; buffer (Fresh mixture) ,_J
T T T T T T T T T T T —f  F T
4.45 4.40 4.35 4.30 4.25 4.20 4.15 4.10 4.05 4.00 3.95 2.3 PPm

(b)

After 10 h incubation the absence of oxygen

L-Asc + Tris-D,, buffer (Fresh mixture)
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Figure 3.29 Testing 20G decarboxylation by L-ascorbate degradation in anaerobic conditions.

(a) Overlay of *H NMR spectra (parts shown) showing a fresh mixture of L-ascorbate and 20G in buffer (bottom) with that
incubated for 10 hours (top), in anaerobic conditions. In the absence of oxygen, ascorbate does not oxidise, hence does
not generate H,0,, and in turn no 20G decarboxylation occurs. (b) Control experiment of (a); assay mixture in the absence
of 20G. The final assay mixture contains 5oo pM L-ascorbate and 200 pM 20G in 5o mM Tris-D,,, pH 7.5 in H,O.

Similarly, in a second test for the requirement of oxygen for the generation of H,O, from L-
ascorbate oxidative degradation, the L-ascorbate/20G/Tris-D;; buffer mixture was incubated
in a 3 and 5 mm (diameter) NMR tubes in the NMR spectrometer for 10 hours. Under these
conditions, the assay mixture was now left with only a limited amount of oxygen i.e only the
dissolved oxygen in the solution mixture, as the flow of oxygen from outside to inside of the
NMR probe (and then through the assay mixture) was almost prevented. It was observed that
both the rate and level of 20G decarboxylation is reduced due to slow L-ascorbate breakdown

forming only 25 uM (3 mm tube) and 50 uM (5 mm tube) of succinate compared to ~ 90 uM
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in the eppendorf tube in the presence of oxygen under our standard incubation time of 10
hours. These results thus clearly demonstrate that oxygen is the main factor responsible for L-

ascorbate degradation in agreement with the reported literature work.

To test if the dark in the NMR probe or glass of the NMR tube could account for the reduced
level of ascorbate oxidation/20G decarboxylation, the L-ascorbate/20G/Tris-D;; buffer
mixture was incubated in plastic eppendorf in the dark as well as a mixture left in an identical
size glass vial in light. After 10 hours of incubation (our experimental incubation time), in
both cases, identical levels of 20G decarboxylation were observed (Figure 3.30). These
results thus clearly demonstrate that the low level of 20G decarboxylation in the presence of
L-ascorbate in the NMR tubes incubated in the NMR probe was primarily due to limited
supply of oxygen to the assay mixture and neither due to the influence of either dark in the

NMR probe nor due to the glass of NMR tubes.
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Figure 3.30 Monitoring 20G decarboxylation by L-ascorbate degradation by incubation the reaction mixture in a plastic
eppendorf tube in light, dark and in a glass vial in light.

3.5.2 Effect of different L-ascorbate concentration on 20G decarboxylation

20G oxygenases show various degrees of dependencies on the presence of L-ascorbic acid in
the assay mixture for maximum catalytic activity. In most cases, a concentration of 0.5-1 mM
of L-ascorbate is believed to be sufficient for maximum catalytic activity. However, in some
cases such as in ANS, a significantly higher ascorbate concentration (40 mM) have been

employed. Hence, it is important to assess as what ascorbate concentration could be
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producing maximum artifacts of the ascorbate-induced 20G turnover in the level of the
uncoupled 20G turnover in the presence of a 20G oxygenase. We therefore performed our
assay in the presence of low (50 uM) to high concentration (20 mM) of ascorbate. Our results
(Figure 3.31) showed that maximum 20G turnover occurs with 0.5-1 mM ascorbic acid
concentration, suggesting that at this concentration of L-ascorbate there is a high probability
of artifacts of ascorbate-induced uncoupled 20G turnover in the enzymatic assays. The data
further suggest that under our assay conditions, L-ascorbate concentration at and above 1 mM
begins to alter the solution environment, possibly the pH (as indicated by changes in the
chemical shift of the signals in 'H NMR spectrum) to become unfavourable to promote L-

ascorbate oxidative degradation and hence concomitant 20G decarboxylation.
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Figure 3.31 20G decarboxylation in the presence of different L-ascorbate concentration.

(a) "H NMR spectra recorded after 10 hours incubation of a mixture of L-ascorbate, 20G (200 pM) and 50 mM Tris-D11, pH
7.5, in H,0. The concentration of L-ascorbate used are, 0.05, 0.2, 0.5, 1, 1.5, 2.5, 5, 10, 15 and 20 mM from bottom to top.
The blue line is drawn to aid visualization of the changes in the chemical shift of the signals (b) Plot of L-ascorbate
concentration vs succinate concentration.
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3.5.3 Effect of different buffers on ascorbate-induced 20G decarboxylation

The activity of a protein is generally dependent upon its incubation buffer and hence may
exhibit different level of activity in different buffer systems. Most enzymatic assays employ
buffer concentration ranges from 50-200 mM. At such high concentrations, the interaction of
buffer with protein in some form (proton transfer, salt bridge formation or Schiff’s base
formation) is highly likely, and perhaps these interactions stabilise the proteins. Many buffer
systems have been found to bind the enzymes and possibly play a role in the catalysis. For
example, in Anthocyanidin synthase (ANS), the in vitro turnover activity of which is highly
dependent on L-ascorbate, a 2-(N-morpholino)ethanesulfonic acid or MES buffer molecule
was found bound in the crystal structure. The binding site has been proposed to serve as the
binding site of L-ascorbic acid (MES may have displaced L-ascorbate during
crystallization).71 In the context of this study, it is possibly that a buffer system may interact
with ascorbate and hence may either promote or demote the level of artifacts of ascorbate-
induced 20G turnover in the presence of a 20G oxygenase. We therefore investigated the
effect of different buffers on the ascorbate-induced 20G decarboxylation assay. The different
buffer systems tested include, sodium phosphate, N-(tri(hydroxymethyl)methyl)glycine
(Tricine), N-[tris(hydroxymethyl)methyl]-2-aminoethanesulfonic (TES), 4-(2-hydroxyethyl)-
1-piperazineethanesulfonic acid (HEPES), 1,4-piperazinediethanesulfonic acid (PIPES) and
4-morpholinepropanesulfonic acid (MOPS). The buffers were tested at 50 mM concentration
at pH 7.5 in H,O. 'H NMR spectra were recorded after 10 hours incubation of the mixture of
L-ascorbate/20G/buffer (Figure 3.32a). It was observed that in case of sodium phosphate
buffer, L-ascorbate remains stable and does not undergo oxidative degradation and hence no
20G decarboxylation occurs. In the case of Tricine, also most of the L-ascorbate in the
mixture remained undegraded, and hence only a very low amount of succinate was formed. In
contrast, in case of TES, HEPES, PIPES and MOPS, the entire L-ascorbate in the mixture was
found degraded after 10 hours incubation, but different amount of succinate was formed in
each case (Figure 3.32). The level of succinate formed was in the order Tris-D;; > HEPES >
PIPES > MOPS > TES. These results suggest that apart from their buffering capacity, these

buffers also display chemistry towards the components of the assay mixture (ascorbate).
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Figure 3.32. The effect of different buffer system on L-ascorbate induced 20G decarboxylation.

(a) "H NMR spectra (part shown) recorded after 10 hours incubation of a mixture of L-Asc/20G/buffer. (b) Chart showing
the amount of succinate formed in case of each buffer system. The assay mixture contains 500 uM ascorbate, 200 pM
20G in 50 mM buffer at pH 7.5 in H,O.

According to these results, sodium phosphate and Tricine clearly do not appear to promote
ascorbate oxidative degradation and hence 20G turnover. This may possibly be due to the
reaction of these buffers with either oxygen or H,O,, the only two species that can cause

ascorbate oxidative degradation in the assay mixture. Although, TES does appear to promote
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ascorbate degradation, however it does not result in 20G turnover, perhaps by its (buffer)
reaction with H,O,. Hence, in comparison to the rest of the buffers tested, the use of sodium
phosphate, Tricine or TES buffer with ascorbate in the assay mixture may provide an
accurate measurement of the level of uncoupled 20G turnover in the presence of a 20G

oxygenase.

3.5.4 Effect of buffer pH on ascorbate induced 20G decarboxylation

In order to investigate what pH of the assay mixture promotes the ascorbate-induced 20G
turnover, we incubated the ascorbate/20G/Tris-D;; buffer mixture with different pH of the
buffer. The buffer was tested at pH 1.92, 3.76, 5.64, 7.5, 9.41 and 12. The results are shown
in Figure 3.33. From these results it appear that in the acidic pH range, i.e pH 1.92, 3.76,
5.64, L-ascorbate does not appear to undergoes oxidative degradation and hence does not
cause 20G decarboxylation, whereas, in the neutral and alkaline pH range, i.e 7.5, 9.41, 12,
L-ascorbate undergoes oxidative degradation and results in 20G decarboxylation, with
maximum turnover occurs between 7.5-9. As enzymatic (20G oxygenase) assays are
performed at physiological pH (7-7.5), therefore at this pH, there is a high probability of

artifacts of ascorbate-induced uncoupled 20G turnover in the enzymatic assays.
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Figure 3.33 The effect of different pH of Tris-D,, on the ascorbate induced 20G decarboxylation.

(a) *H NMR recorded after 10 hours incubation of L-ascorbate/20G/Tris-D,, of different pH. (b) Plot of level of succinate
formation at different pH of Tris-D,,. The assay mixture contains 500 pM ascorbate, 200 pM 20G, in 5o mM buffer in H,0.
The error bars represents standard deviation from three separate measurements.

3.5.5 Effect of different metals on L-ascorbate induced 20G decarboxylation

20G oxygenases are metalloenzymes that requires Fe' for catalysis. Other metals such as
Zn", Ni", Mn" and Cu" etc. are routinely employed in the binding assays of 20G oxygenases
instead of catalytic Fe'' to prevent the catalysis. In general, also, most of the reagents used in
the assays or chemical reactions are used as supplied by the manufacturer. These reagents are
sometimes contaminated with traces of metals. Even in trace amounts, these metals are
potential sources of un-wanted chemical reactions and hence their presence may lead to
ambiguity in the actual experimental results. We therefore decided to explore the effect of
addition of different metals such as Nal, Kl, MgH, Cau, FeH, Znu, Cuu, NiH, Co" and Mn" on
the L-ascorbate induced 20G decarboxylation (Figure 3.34). It was observed that in all these
samples the entire concentration of L-ascorbate in the assay mixture was found degraded after
our standard incubation period of 10 hours, however, different amounts of succinate was
formed in the presence of different metals. In cases of both Fe"" and Cu", significantly lower
amounts of succinate were formed as compared to the assay mixture without a metal, whereas
in case of Zn", relatively higher amount of succinate was formed in comparison to the assay

mixture without a metal.
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Figure 3.34 20G decarboxylation by L-ascorbic acid degradation in the presence of different metals.

Chart showing the amount of succinate formed by incubation of 500 pM L-ascorbic/200 uM 20G/100 pM metal/Tris-D.,
buffer mixture for 20 hours. The error bars represents standard deviation from three separate measurements.

Based on our proposal that it is H,O, generated from L-ascorbate oxidative degradation that
causes 20G decarboxylation; that is the amount of succinate formation is directly
proportional to the amount of H,O, in the assay mixture. Therefore in order to evaluate the
mechanism by which Fe'! decreases the level of 20G turnover, we studied the 20G
decarboxylation by H,0, in the presence of Fe" (Figure 3.35) It was revealed that Fe"
reduced the rate and level of succinate formation most likely by breaking down H,O; into
hydroxyl radical and hydroxyl anion possibly via Fenton chemistry (Figure 3.36). In our
experiments, the copper metal was used as CuCl,. Based on the reported literature, we

speculate that the mechanism of breakdown of H,O, by Cu" (Figure 3.36) perhaps is either

7 148
1

via Fenton chemistry, 14 that

or through its reaction with superoxide anion radica
generates from the reaction of ascorbic acid and oxygen, which then readily forms H,O,. The
reaction of Cu" with superoxide anion possibly forms Cu' and O,, thus prevent the

superoxide anion radical from forming H,0,.

227



200

- * . i
R
160 < {iz L_—_;
2 120 .
g |
g 80 :" !,,' —a— H202 + Fe (II)
40
04 ‘ I I I I I
0 2 4 6 8 10 |
Time /Hour

Figure 3.35 20G decarboxylation by H,O, in the absence and presence of Fe (Il).
"H NMR time course profiles of 20G decarboxylation by H,0, in the absence (blue curve) and presence (brown curve) of Fe
(I). The assay mixture contains 200 uM 20G/500 uM H,0,/100 uM Fe (Il) /[so mM Tris-Da1, pH 7.5, H,O.

Fe! +H,0,— » Fe' + OH + OH (Fenton Chemistry)

+ +
Cu' +H0, < = CuOOH +H

+ - +
CuOOH —» Cu'+0,+H

cu' + H,0, ——————» cu'l + O_H + dH (Fenton Chemistry)

cu' + 0, > O, +Cu (Copper anti-oxidant effect)

Figure 3.36 Breakdown of H,0, via Fenton chemistry

To investigate the concentration of Zn" that may yield high level of 20G turnover; the 500
UM ascorbate/200 uM 20G/Tris-D;; assay mixture was incubated with 25 uM, 100 uM, 500
uM, 2.5 mM, and 5 mM of Zn". The results (Figure 3.37, blue curve) obtained suggest that
maximum 20G turnover occurs with 500 uM of Zn" (succinate; 136 uM vs 88 uM without
Zn"). The concentration of Zn" above 500 uM however did not further increase the level of
20G turnover. These results suggest that the mode of action of Zn" in this process may be

via some type of its interaction with ascorbate, possibly in a 1:1 ratio. Since earlier in section
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3.5.2, we noted that the concentration of L-ascorbate in the (ascorbate/200 uM 20G/Tris)
mixture at and above 1 mM does not fully degrade during our standard incubation time of 10
hours, and result in identical level of 20G turnover (73 uM succinate) as with 500 uM of
ascorbate (88 uM succinate), we envisaged that the higher 20G turnover in the assay with
Zn" compared to without Zn", may perhaps be due to the rapid ascorbate degradation with
Zn" than without Zn". To test this catalytic role of ZnH, the 1.5 mM ascorbate/200 uM
20G/Tris assay mixture was incubated for 10 hours with 0.5 uM, 2.5 mM and 5 mM of Zn".
Interestingly, it was observed that with 2.5 mM of Zn", the entire 1.5 mM ascorbate in the
assay mixture was found degraded after 10 hours incubation (Figure 3.38) and
simultaneously the level of 20G turnover was also significantly increased from 73 uM
succinate (with 1.5 mM ascorbate) to ~ 164 uM succinate (Figure 3.37, brown curve). These
results thus clearly demonstrate that Zn" speeds up ascorbate oxidative degradation and thus

increases the level of 20G turnover.

180

160

140

—

100
. »/ —+—0.5 mM Ascorbate
J -2-1.5 mM Ascorbate

60

Succinate / M

40

20

Zn(ll) / mM

Figure 3.37 20G decarboxylation by L-ascorbate degradation in the presence of different concentration of Zn (ll).
The concentrations of Zn (Il) used are 25 pM, 100 pM, 5oo uM, 2.5 mM, and 5 mM. The error bars represent standard
deviations from three separate measurements.

229



succinate
(164 uM)
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+ Tris-Dy4 (After 10 hours incubation)
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Figure 3.38 Zn(ll) speeds up L-ascorbate oxidative degradation.

Bottom is the "H NMR spectrum of the assay mixture of 1.5 mM ascorbate, 200 uM 20G in 50 mM, pH 7.5 in H,O after 10
hours incubation. Top is the *H NMR spectrum of the corresponding mixture in the presence of 2.5 mM Zn(ll). Note that in
the top spectrum all of the L-ascorbate is degraded and hence more succinate is produced as compared to the spectrum
below.

The direct reaction of dioxygen with biomolecules e.g ascorbate is spin forbidden, because
ground state dioxygen is a biradical. Hence these reactions proceed very slowly. Transition
metals can exist in several spin-states and thus they are able to relieve the spin restriction of
dioxygen. These metals allow the simultaneous binding of a biomolecule and di-oxygen,
thereby providing a bridge between O, and biomolecule and hence speed up the oxidation

(Figure 3.39).

o o} H
[\

Oy (s .0%0

o | + zn(l) + Oz o '
o o]

o} (6]
o) v 0. H
S + 2zl + @ — 0O “znaf” O
o) o-"

Figure 3.39 Proposed mechanism for the rapid oxidative degradation of ascorbate with Zn(ll).
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3.6 Decarboxylation of other a-ketoacids by L-ascorbate degradation

To explore if other biologically important a-ketoacids could also undergo simultaneous
decarboxylation with L-ascorbate degradation, we tested pyruvic acid (Figure 3.40),
oxaloacetic acid (Figure 3.41) and 4-hydroxyphenyl pyruvic acid (HPP) (Figure 3.42). It was
observed that all these a-ketoacids undergoe simultaneous decarboxylation with L-ascorbate
degradation. Control experiments of these a-ketoacids with H,O, produced identical
decarboxylation compounds as observed with ascorbate degradation. Also, it was shown that
similar to 20G, these a-ketoacids also remain stable in buffer alone under our standard
incubation period of 10 hours. These observations further support our proposal that H,O, is
the specie produced from ascorbate oxidation/degradation and is the actual decarboxylating

agent towards 20G.
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Figure 3.40 Pyruvic acid decarboxylation by L-ascorbic acid degradation.

(a) *H NMR spectra (part shown) showing a fresh mixture of L-ascorbate/pyruvic acid/Tris-D,, (bottom) and mixture after
10 hours incubation (top). (b) Control experiment to show that pyruvic acid remains stable after incubation with Tris-D.,
for 10 hours. (c) Control experiment to show that pyruvic acid undergoes decarboxylation by reaction with H,0,. The

concentration used are 500 pM L-ascorbate, 200 pM pyruvic acid, 500 uM H,0, in 5o mM Tris-D_,, pH 7.5 in H,O.
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Figure 3.41 Oxaloacetic acid decarboxylation by L-ascorbic acid degradation.
(@) *H NMR spectra (part shown) showing a fresh mixture of L-ascorbate/oxaloacetic acid/Tris-D,, (bottom) and mixture
after 10 hours incubation (top). The asterisk represent signals of the impurities in the assay solution (b) Control
experiment to show that oxaloacetic acid remains stable after incubation with Tris-D,, for 10 hours. (c) Control experiment
to show that oxaloacetic acid undergoes decarboxylation by reaction with H,0,. The concentration used are 500 UM L-
ascorbate, 200 uM oxaloacetic acid, 500 pM H,0O, in 50 mM Tris-D,,, pH 7.5 in H,0.
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Figure 3.42 4-Hydroxyphenyl pyruvic acid (HPP) decarboxylation by L-ascorbic acid degradation.

(a) "H NMR spectra (part shown) showing a fresh mixture of L-ascorbate/4-Hydroxyphenyl pyruvic acid /Tris-D,, (bottom)
and mixture after 10 hours incubation (top). (b) Control experiment to show that 4-Hydroxyphenyl pyruvic acid remains
stable after incubation with Tris-D,, for 10 hours. (c) Control experiment to show that 4-Hydroxyphenyl pyruvic acid
undergoes decarboxylation by reaction with H,0,. The concentration used are 500 puM L-ascorbate, 200 pM 4-
hydroxyphenylpyruvic acid, 500 uM H,0, in 5o mM Tris-D,,, pH 7.5 in H,0.

In addition, it was also observed that Fe" significantly reduces the level of pyruvate
decarboxylation as observed in case of 20G (Figure 3.43). Similarly, in the presence of Zn",
the increase in the level pyruvate decarboxylation was relatively less as compared to 20G
(Figure 3.43). Similar to 20G, catalase was also found to prevent the L-ascorbate oxidative

degradation and concomitant pyruvate decarboxylation (Figure 3.43).
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Figure 3.43 Monitoring the effect of Fe", Zn" and catalase on pyruvic acid decarboxylation by L-ascorbate degradation.
Chart showing the level of acetate acid formed after 10 hours incubation of (blue): mixture of L-ascorbate/pyruvic
acid/Tris-D,, buffer. (orange): mixture of L-ascorbate/pyruvic acid/Fe"[Tris-D,, buffer: (green) mixture of L-
ascorbate/pyruvic acid/Zn"[Tris-D,, buffer. (Red): mixture of L-ascorbate/pyruvic acid/catalase/Tris-D,, buffer. The
concentration used are 500 pM L-ascorbate, 200 pM pyruvic acid, 100 uM metal in 5o mM Tris-D.,, pH 7.5 in H,O0.
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Other hydroxy acids such as citric acid (Figure 3.44), DL-isocitric acid (Figure 3.45) and
maleic acid (Figure 3.46) and 1,3 dicarbonyl compounds including benzoylacetone,
methylacetoacetate and 2,4 pentanedione were also tested, however they were found to be
stable with the degradation of L-ascorbic acid, suggesting the requirement of an a-keto acidic

functionality for decarboxylation by H,O,.
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Figure 3.44 Investigating the effect of L-ascorbate degradation on citric acid.
The assay mixture contains 500 pM L-ascorbate, 200 pM citric acid, in 5o mM Tris-D,,, pH 7.5in H,0.
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Figure 3.45 Investigating the effect of L-ascorbate degradation on bL-isocitric acid.
The assay mixture contains 500 pM L-ascorbate, 200 uM bL-isocitric acid, in 5o mM Tris-D,,, pH 7.5 in H,O.
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Figure 3.46 Investigating the effect of L-ascorbate degradation on maleic acid.
The assay mixture contains 500 pM L-ascorbate, 200 pM maleic acid, in 50 mM Tris-D,,, pH 7.5 in H,0.

3.7 206G decarboxylation in the presence of other reducing agents

Finally, other biological reducing agents/anti-oxidants were explored for their H,O,
generating ability from their oxidation by oxygen and hence causing non-enzymatic 20G
decarboxylation (Figure 3.47). The results revealed that similar to L-ascorbic acid, the level
of 20G decarboxylation is directly related on the level of oxidation of these compounds by
oxygen. The higher the level of oxidation, the higher 20G turnover and vice versa. It was
observed that under our standard experimental incubation period of 10 hours, baicalein
(Figure 3.48) and DTT (Figure 3.49) were rapidly oxidised by oxygen and hence produced
more succinate, 115 uM and 72 uM respectively. Whereas, propyl gallate (Figure 3.50), 3.,4-
dihydroxybenzoic acid or protocatechuic acid (PCA) (Figure 3.51), catechol (Figure 3.52)
and glutathione (GSH) (Figure 3.53), due to their significantly slower oxidation (by oxygen),
produced 24 uM, 5 uM, 22 uM and 6 uM succinate respectively. In the case of glutathione,
Zn" was also added, in case it will speed up its oxidation and hence increase the level of
succinate formation, however, no such catalytic role for Zn" was observed (Figure 3.54). It is
possible that Zn" may be not interacting with glutathione in the same way as with ascorbate
to promote its oxidation. In case of all these reducing agents, unlike dehydro-L-ascorbic acid,
the oxidised forms of all these reducing agents were stable under our assay incubation

conditions. In the case of Tris(2-carboxyethyl)phosphine (TCEP), we did not detect the
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formation of its oxidised form in the spectrum, and hence no 20G decarboxylation was

detected (Figure 3.55).
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Figure 3.47 Chart showing the Level of 20G decarboxylation by reducing agents other than ascorbate.

Under the same condition with ascorbic acid, 88 puM of succinate was formed. The concentrations used are 200 uM 20G
and 500 pM reducing agent in 5o mM Tris-D,,, pH 7.5 in H20. The assay mixture was incubated for 10 hours in an
eppendorf tube. The error bars represent standard deviation from three separate measurements.
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Figure 3.48 20G decarboxylation by baicalein auto-oxidation.
(a) "H NMR spectra (part shown) showing a fresh mixture of baicalein/20G/Tris-D,, (bottom) and mixture after 10 hours
incubation (top). (b) Control experiment to show that baicalein undergoes auto-oxidation in the presence of oxygen. The
asterisks are believed to represent the oxidised form of baicalein. The concentration used are 500 pM baicalein, 200 uM

20Gin 50 mM Tris-D,,, pH 7.5in H,0.
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Figure 3.49 20G decarboxylation by DTT auto-oxidation.

(@) *H NMR spectra (part shown) showing a fresh mixture of DTT/20G/Tris-D,, (bottom) and mixture after 10 hours
incubation (top). (b) Control experiment to show that DTT undergoes auto-oxidation in the presence of oxygen. The broad
resonances marked with asterisks are believed to be of the oxidised form of DTT, possibly the linear adduct polymeric
form. The concentration used are ;oo uM DTT, 200 uM 20G in 50 mM Tris-D,,, pH 7.5in H,0.
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Figure 3.50 20G decarboxylation by propyl gallate auto-oxidation.

(a) "H NMR spectra (part shown) showing a fresh mixture of propyl gallate/20G/Tris-D,, (bottom) and mixture after 10
hours incubation (top). (b) Control experiment to show that propyl gallate undergoes auto-oxidation in the presence of
oxygen. Signals marked with the asterisk are proposed to denote the oxidised form of propyl gallate. The concentration
used are 500 pM propyl gallate, 200 pM 20G in 50 mM Tris-D,,, pH 7.5in H,O.
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Figure 3.51 20G decarboxylation by protocatechuic acid (PCA) auto-oxidation.

(a) "H NMR spectra (part shown) showing a fresh mixture of protocatechuic acid /20G/Tris-D,, (bottom) and mixture after
10 hours incubation (top). (b) Control experiment to show that protocatechuic acid undergoes auto-oxidation in the
presence of oxygen. The asterisks possibly represent the signals of the oxidised form of PCA. The concentration used are

500 UM protocatechuic acid, 200 uM 20G in 5o mM Tris-D11, pH 7.5 in H20.
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Figure 3.52 20G decarboxylation by catechol auto-oxidation.
(a) "H NMR spectra (part shown) showing a fresh mixture of catechol/20G/Tris-D11 (bottom) and mixture after 10 hours

incubation (top). (b) Control experiment to show that catechol undergoes auto-oxidation in the presence of oxygen. The
asterisks possibly represent the oxidised form of catechol. The concentration used are 500 uM catechol, 200 uM 20G in 50

mM Tris-Da1, pH 7.5 in H20.
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Figure 3.53 20G decarboxylation by glutathione auto-oxidation.

(a) "H NMR spectra (part shown) showing a fresh mixture of glutathione/20G/Tris-D11 (bottom) and mixture after 10
hours incubation (top). (b) Control experiment to show that glutathione undergoes auto-oxidation in the presence of
oxygen. The concentration used are 500 pM glutathione, 200 pM 20G in 50 mM Tris-D11, pH 7.5 in H20.
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Figure 3.54 Monitoring if Zn" can speed up the auto-oxidation of glutathione.
The glutathione concentration used was 500 uM. The red asterisks possibly represent the signals of the zn" complexation
product with GSH.
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Figure 3.55 Investigating 20G decarboxylation by TCEP auto-oxidation.

(b) *H NMR spectra (part shown) showing a fresh mixture of TCEP/20G/Tris-D11 (bottom) and mixture after 10 hours
incubation (top). (b) Control experiment to show that TCEP does not undergoes auto-oxidation in the presence of oxygen.
The asterisks are the signals from impurities in the buffer solution. The concentration used are 500 pM TCEP, 200 pM 20G
in 5o mM Tris-Da1, pH 7.5in H20.

3.8 Summary

The work described in this chapter demonstrates that in the assay solution of 20G
oxygenases, in the absence of both enzyme and substrate, ascorbate is slowly degraded by the
dissolved oxygen in the mixture and produces H,O,. We speculate that in this process
ascorbate donates a single electron to the dissolved molecular oxygen in the mixture
converting it into highly reactive superoxide anion, which then yields H,O,. Although, we
have not directly detected the formation of H,O, in the mixture, however, the results obtained
strongly suggest that H,O; 1s formed from ascorbate oxidation (degradation). This H,O, then
reacts with the 20G oxygenase co-substrate 20G and results in its decarboxylation forming
succinate. This ascorbate-induced 20G turnover is thus proposed as a potential source of
artifacts in the level of uncoupled 20G turnover in the turnover assays of 20G oxygenases

both in the absence and presence of enzyme substrate.

The results also suggest that, as reducing agents, compounds containing 1,2 ene-diol
functionality such as ascorbate, baicalein etc. behaves similarly as compounds without 1,2
ene-diol functionality (DTT) i.e both types of compounds donate electron to O, to form
superoxide to yield H,O,. They were both proved to result in 20G decarboxylation into
succinate under our assay conditions. Hence, if the activation of the 20G oxygenase activity

I

by ascorbate is due to maintaining a pool of Fe" to the enzyme by converting Fe'" to Fe" in

solution (as electron donor or reductant), then, in that case other reducing agent agents such
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as DTT should also activate the enzyme to a similar level as ascorbate, but in most 20G
oxygenases this is not the case. For example, in case of PHD2, maximum enzymatic activity
is obtained only with ascorbate and not with DTT, whereas, in case of AlkB, DTT can
replace 80% of the enzyme activity with ascorbate. This suggests that these reducing agents
perhaps interact with the 20G oxygenases in a specific manner; not through a common

il

mechanism (by reducing the free Fe™ to Fe" in solution). Our results thus support the theory

that these compounds may be activating the 20G oxygenase enzymes by reducing the

to Fe' as also supported by the structural-activity relation studies of

enzyme bound Fe
various ascorbate analogues in both 20G oxygenases (PHD2) and non-20G oxygenase

enzymes (dopamine-f-monooxygenase or DEM).
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4 NMR studies on bacterial potassium ion efflux system (Kef)'

4.1 Bacterial potassium ion efflux system (Kef)

Cellular homeostasis is the key for the survival of all life forms. In many gram-negative
pathogenic bacteria, cellular homeostasis is maintained by controlling the permeability of
cytoplasmic membrane to ions and solutes, a function which is performed by transmembrane
regulatory proteins (domains) i.e cytosolic domains (RCK; regulator of conductance of K™ or
KTN; K transport and nucleotide binding domains). These proteins function as gateways or
‘loading docks' to permit or deny the transport of specific substances across the cytoplasmic
membrane, to get into the cell, or out of the cell. Potassium ions (K™ are central to a
bacterium life. In bacteria, cytoplasmic K" is required for a diverse range of processes such as
the activation of cytoplasmic enzymes, the maintenance of cell turgor, the homeostasis of
cytoplasmic pH etc. hence critical for the survival of bacterial life."* In most species of
bacteria, the concentration of cytoplasmic K" ranges from 300-500 mM, that is kept relatively
constant by a controlled active K*-uptake (Trk/Ktr; superfamiliy of membrane proteins) and
K*-efflux systems (Kef proteins).”” The regulation of this K'-transport is thus a major
determinant of the bacterial growth and survival.'? In most species of bacteria two or more

independent saturable K*-transport systems are usually present.

T The work described in this chapter was designed and conducted in collaboration with Dr. Samuel C. Grayer,
Dr. Anthony K. N. Chan and Silvia Ekkerman.

S.C.G synthesized the glutathione-S-conjugates and performed the florescence binding assay. A.K.N.C produced
the sdKef-QCTD and performed the AMP HPLC analysis. S.E performed the structural and mutation studies
and the K efflux assay.

Parts of the work from this chapter have been drafted into the following manuscripts:

1. Amjad Khan, Samuel C. Grayer, Anthony K. N. Chan, Alexander Axer, Jessica Healy, Stuart J. Conway and
Timothy D. W. Claridge., An efficient ’F NMR reporter displacement assay for ligand binding to the bacterial
K" Efflux (Kef) system. (Manuscript prepared and is currently being finalised for publication).

2. Sylvia Ekkerman, Wendy Bartlett, Tim Rasmussen, Samantha Miller, lan R. Booth, Christos Pliotas, Phedra,
Marius, and James H Naismith, Samuel C. Grayer, Anthony K. N. Chan, Jessica Healy, Amjad Khan, Wilian A.
Cortopassi, Robert S Paton, Tim D. W. Claridge and Stuart J. Conway; The role of high affinity binding of AMP

to the KTN domain from Shewanella denitrificans Kef channel. (Manuscript currently under preparation,).
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The K" efflux system (Figure 4.1) is a ligand-gated ion channel system involved the KTN
domains/proteins. The most extensively studied KTN-regulated system is KefC from

Escherichia coli, a transporter with homologues KefB and KefC in most of the Gram

. 6
negatlve pathogens.
E.coli
Detoxification
( glyoxalase |
B: _H ~ o glyoxalase Il o
H_ OH QB H,0
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Figure 4.1 Illustration of bacterial K* efflux system.

Toxic electrophilic species (X) e.g methylglyoxal occurs widely in bacterial cells (left bottom). They react with bacterial
DNA nucleophiles and causing them serious damage. In a parallel detoxification process, cellular glutathione (GSH) also
reacts with these toxic electrophiles and form less toxic adducts (GS-X). Glyoxalase enzymes carry out
the detoxification of methylglyoxal and the other reactive aldehydesthat are produced as by-products of cellular
metabolism (schemes in box). This detoxification involves the sequential action of two thiol-dependent
enzymes; glyoxalase |, which catalyses the isomerisation of the spontaneously formed hemithioacetal adduct between
GSH and 2-oxoaldehydes (such as methylglyoxal) into S-2-hydroxyacylglutathione. Glyoxalase Il hydrolyses these
thiolesters and in the case of methylglyoxal catabolism, produces p-lactate and GSH from S-p-lactoyl-glutathione. GSH
also binds to the K" efflux protein and its binding results in closing (inhibition) of the K* channels (right bottom). Upon
exposure to toxic electrophiles, the binding of GS-X to K" efflux protein results in opening of the K channels allowing K*
efflux and concomitant H* influx and thus protects bacterial via acidification of cellular matrix.

Toxic electrophilic species such as methylglyoxal exist widely inside bacterial cellular matrix
(Figure 4.1). These electrophiles cause damage to bacterial cells through their reaction with
the nucleophiles of bacterial DNA bases and functionally important side chains especially
cysteine.”® The cytoplasmic glutathione, which is abundant in cells (at concentration ~ 10-20
mM) acts as a scavenger of these harmful electrophiles (X), by reacting with them either
chemically or enzymatically (glutathione—S—transferase),9 forming glutathione-S-X conjugates

(GS-X) and thus protects bacteria against the detrimental effects of these electrophiles
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(Figure 4.1). In addition to its protective role, the cytoplasmic glutathione also binds the Kef
protein (KTN domain) and causes the closing of the K" ion channels, resulting in inactivation
of the K efflux system of the cells (Figure 4.1)."" Interestingly, however, the binding of
glutathione-S-conjugates (GS-X) such as S-lactoyal glutathione (SLG) causes the opening of
the K* ion channels® and thus helps in regulating the K* concentrations in the cells (Figure
4.1). It is believed that the additional steric bulk on X in GS-X induces conformational
changes in the Kef protein which triggers the opening of the K* channels.® These glutathione-
S-conjugates or adducts formed, subsequently undergo metabolism to less harmful species in
enzyme-mediated detoxification reactions that also regenerate the cytoplasmic GSH (Figure
4.1).M12 Despite this active detoxification system of toxic cellular species, their potentially
lethal direct reaction with DNA and other important macromolecules in the cells always
occur, causing damage to them. During electrophilic exposure, bacterial survival has been
found to increase significantly through acidification of the cellular environment, presumably
due to the decrease in nucleophile reactivity caused by protonation or partial protonation at
lower pH values.”® Therefore the opening of the K* channels results in the cellular K* efflux
and concomitant H" influx (Figure 4.1), causing acidification (lowering of the pH) of the
cytoplasm and thus protects bacteria against toxic electrophiles. Hence Kef activation is part
of a bacterial combined protection system in which toxic electrophiles are broken down into
non-toxic species and simultaneously neutralizing their effect by modulation of the cellular

pH.

4.1.1 Crystal structure of Kef proteins

More than 17 crystal structures have been reported in the literature for the KTN domains.'*'*

9 KTN domains exist in different multimeric forms. For example in Kef efflux system, these
are dimeric, while in potassium uptake channels (CgIK, Kch, MthK), these domains are
octomeric (dimers of tetramers). In Escherichia coli, the Kef system consists of KefC and
KefB. The E. coli KefC represents the most extensively and well-characterised K" efflux

8,20-23
system.”

The KefC consists of a membrane domain attached to the carboxy-terminal
KTN domain through a flexible linker. Some Kef proteins require complexation with another
ancillary protein to form stabilized conformation such as E.coli KefC (Figure 4.2, PDB ID:
3L9W) and KefB require binding with KefF and KefG, respectively for full activity,19 while
some Kef proteins such as Kef-QCTD (Q-linker C-terminal domain) from Shewanella

denitrificans (hereafter denoted as sd) have been found to be not dependent on such ancillary

proteins for stability(activity).”* KefF is a small flavoprotein, which binds directly to the
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KTN domain.'®"” The E. coli KefC C-terminal domain (CTD) is a 380 residues dimeric
protein, with each monomer complexed to the ancillary protein, the KefF (Figure 4.2). The
GSH/GS-X binding site is located at the interface of the two subunits (Figure 4.2, top). A
comparison of E. coli KefC C-terminal domain (CTD) crystal structures in complex with
inhibitory ligand GSH (PDB ID: 3L9W, Figure 4.3a) and with synthetic activating ligand N-
ethylsuccinimido-S-glutathione (ESG) (PDB ID: 3L9X, Figure 4.3b) reveals that both the
GSH and ESG (GS-X) binds in the same pocket and in the same mode.®

> KefC
(CTD)

> KefF

Figure 4.2 Crystal structure of the E.coli KefC-CTD-KefF dimer (PDB ID: 3LgW).

The two KefC-CTD monomers are blue and chartreuse. The GSH/GSX binding site is located at the interface of
dimerization of the two KefC-CTD monomers. Each monomer contains an AMP molecule, which is believed to stabilize
the dimeric form of the protein. Each KefC-CTD monomer is complexed with an ancillary protein KefF (a metalloenzyme)
(green and golden). In the active site of KefF, flavin mononucleotide (FMN) and Zn" are also shown. The complexation of
KefC-CTD with KefF is believed to enhance the stability and activity of KefC-CTD. (Reproduced from reference ®)

Several key interactions from residues of both KTN domains can explain the binding of
GSH/GS-X to the protein (Figure 4.3). Arg416 and Arg516 directly coordinate to the
carboxylate of glycine, whereas, Asn551 indirectly forms interaction with the glycine
carboxylate through a well-structured water molecule. GIn412 forms interactions with

glycine —-NH hydrogen and glutamate C-5 carbonyl oxygen. Arg498 forms interactions with
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the glutamate C-1 carboxylate. Asp499 forms interaction with the glutamate (Glu) C-2 amino

hydrogen. Val500 forms interaction with the cysteine carbonyl oxygen.

(a)
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H,0 &
.
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(b)
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R416 (A)

. .
—

s | O N551 (B)
I/,, \\// .\»\/

/
/ R516 (B)
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Structure of ESG

Figure 4.3 View from the active site of E.coli KefC-CTD crystal structures, in complex with (a) GSH (PDB ID: 3LgW) (b) ESG
(PDB ID: 3LgX).

Key interactions are shown by dotted lines. A and B represents the two subunits of the dimer. Bottom: Structure of the N-
ethylsuccinimido-S-glutathione (ESG).
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Studies have shown that mutations of Q412 cause effects varying from reduced inhibition by
GSH (Q412A) to complete insensitivity (Q412K) to both GSH and GS-X, suggesting it to a
be crucial residue for the binding of GSH/GS-X.° It has been shown that Q412K mutation is
functionally equivalent to a triple mutation affecting all three GSH glycine carboxylate group
coordinating residues, R416, R516, and N551.% Similar results have also been reported for
D499, where substitution of this residue with another hydrophilic group (D499S) does not
alter the protein activity significantly, whereas substitution with either glycine or alanine
results in a significant loss of Kef activation by ESG, suggesting it to be also a highly critical
residue for the binding of ESG.® These mutations however do not affect the inactivation by

GSH.

In the E. coli KefC-CTD crystal structure with GSH (PDB ID: 3L9W), the thiol group of
GSH stabilizes the binding of Phe441 from o-helix 2 of one KTN subunit into a hydrophobic
pocket formed by residues from a-helices 7 (M558) and 8 (T565, A569, Y572) from by the
partnering KTN subunit (Figure 4.4A). In the crystal structure with activating ligand ESG
(PDB ID: 3L9X) (Figure 4.4B), the attached group (electrophile) displaces this Phe441
(coloured red) to a different conformation (12 A away). After displacement, Phe441 appears
to form hydrophobic interactions with its own chain residues. It is believed that the
conformational changes produced in the protein as a result of movement (displacement) of
this Phe441 are likely triggering the opening of the K channels by GSX in contrast to GSH.
The binding of ESG also disrupts (breaks) the interaction between the a-helices 7 and 8 of
one sub-unit with the a-helix 2 of the other sub-unit, making it completely disorder (not
visible in the crystal structure). Mutation studies of Phe441 with either tyrosine or tryptophan
or with a smaller hydrophobic residue i.e F441D have been shown to lower the level of KefC
activation by ESG, without affecting the binding activity of ESG and GSH, suggesting that

Phe441 acts a molecular sensor for Kef activation.®

The KTN domains also contain a highly characteristic Rossmann fold that hosts a nucleotide
binding site (Figure 4.5). The binding of a nucleotide molecule has been proposed to stabilize

the folded dimeric form of the KTN domains.
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Figure 4.4 Conformational changes in E.coli KefC-CTD upon ESG binding.
Crystal structure with (A) GSH (PDB ID: 3LgW). (B) ESG (PDB ID: 3LgX). In the GSH bound structure (A), the GSH thiol
group (yellow sphere) stabilizes the binding of F441 from a-helix 2 of one KTN subunit (blue) into a hydrophobic pocket
formed by M558 (from a-helix 7), T565 and Y572 (from a-helix 8) from the partnering KTN subunit (gray surface). In the
ESG (GS-X) bound structure (B), the attached chemical group of N-ethylsuccinimido-S-glutathione displaces crucial F441
(red) to an alternative conformation 12 A away (shown by the arrow), where it forms new interactions with hydrophobic
residues within its own chain. The binding of the ESG also disrupts the interactions between a-helices 7 and 8 of one sun-
unit with a-helix 2 of the other sub-unit. (Reproduced from reference 6)
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Figure 4.5 Interactions made by AMP in the E.coli KefC-CTD crystal structure in complex with GSH (PDB ID: 3LgW).

HINGE ES517(A)

AMP is proposed to stabilize the dimeric form of KTN domains. A and B represents the two subunits of the dimer. The
AMP phosphate group (red) appears to form a complex net of interactions including that with E517, the residue located

centrally on the KTN hinge.
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4.1.2 Structural requirements of GS-X for Kef activation

The fact that Gram-negative bacteria possess very large pools of GSH (~ 10-20 mM); this can
potentially hinder the binding of the activating molecule (GS-X) to Kef protein (KTN
domains). Therefore, the activating ligand must be a strong binder of Kef to compete strongly

with such a large concentration of GSH.

The inhibitory ligand GSH has been reported to bind sdKef-QCTD with an affinity (Kp) of
900 uM, whereas the activating ligand ESG binds much strongly with reported Kp values of
12 uM (fluorescence emission assay) and 23 uM (ITC).* This significant difference in the
binding affinities of GSH and ESG to sdKef-QCTD is attributed to the presence of large rigid
hydrophobic ring of ESG. Interestingly, in vivo studies have shown that the formation of
relatively low concentrations of ESG in the cytoplasm results in strong activation of KefC
despite the presence of excess GSH.® The reported literature on the structure-activity
relationship of glutathione-S-conjugates (GS-X) suggests that the presence of a bulky
hydrophobic group in a rigid structure is the key for activation of the K' efflux system

(sdKef-QCTD) (Figure 4.6).2*%

X
i i SHH i X (Electrophile) Q Q ° Ho§
BOSWE W . )J\/\)LNLNNQLOH
NH H oo H
2 (0]

Glutathione Glutathione-S-conjugate

Kp 900 uM

4 5
Kp 12 uM, Kp 0.4 uM,
23 uM 6.7 uM
o)
o) o) W g‘(\/Y\/ M{\/\/ ?K/
o) o) OH
6 7 8 9 10 SLG 11
Kp 4.4 pM Kp 900 uM

Figure 4.6 Structures of the reported glutathione-S-conjugates (GS-X) that had been tested for their effect in activating
the sdKefC-QCTD K" efflux system.

GS-X with blue coloured electrophiles are strong activators of K* efflux system, whereas GS-X with red coloured
electrophile shows less or no activation of sdKef K" efflux system.**
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In this series, compounds containing a rigid ring with a bulky substituent (coloured blue, 2-5)
have been shown to effectively activate the K* efflux system (with similar level of activation
by all).** However, compound 1 with smaller hydrophobic substituent, compound 6, which
contains two keto groups, similar to the succinamide of compounds 2-5, but lacks the
substituted nitrogen atom, and compound 7 which possess only one keto group and also no
substituted nitrogen atom, have been shown to result in little or no activation of K" efflux.
Similarly the open structure compounds, 8-11 have also been shown to result in significantly
less activation of potassium efflux supporting the requirements of a rigid bully hydrophobic

group (X) for effective activation of potassium efflux systems.

The observation that why glutathione-S-conjugates with small electrophile do not activate K"
efflux system,6 is because they can fit within the GSH/GS-X binding pocket without
displacing the critical F441 residue. This may possibly occur either by slight repositioning of
the F441 ring, or by the chemical group of the adduct occupying an alternate pocket adjacent
to the thiol moiety of GSH. Such flexibility is not available for the more rigid ring structure

like in the activating ligand ESG.

4.2 Aims of the project

In humans, to date, there are no reported homologues of KefB or KefC. Since the rate and
extent of Kef activation during bacterial exposure to toxic electrophiles is a critical
determinant of their survival, therefore, perturbation of Kef activity is potentially a novel
target for the development of antibiotic drugs. Antibiotic resistance is an escalating problem,
with multi-drug resistant pathogens becoming commonplace. To circumvent this resistance, it

is essential that antibiotics demonstrating novel mechanisms of action are developed.

We are interested in developing non-peptidic activators of K* efflux systems. In order to
develop such novel potential antibacterial drug molecules, an understanding of the binding
interaction of GS-X with Kef KTN domains at atomic levels is highly critical. Although the
crystallographic and genetic studies of E.coli KefC have identified residues that are likely to
be involved in GSH/ESG binding, however, it is still unknown whether all the functional
groups of the GS-X that are making interactions with the protein residues (as shown in the
crystal structures, Figure 4.3) are required for binding or perhaps some groups are crucial for
binding and some are not. The identification of these essential functional groups of the GS-X
would be of significant importance in the development of non-peptidic antibacterial agents of

Kef. Hence, one of the aims of this project was to identify the functional groups or atoms of

267



the GS-X that are crucial for binding with the Kef protein, using the glutathione-S-conjugate
formed with the N-tertiary butylsuccinimide (hereafter termed as ‘BuSG for simplicity)

(Figure 4.7), which is the most strongly binding (Kp 0.4 pM) activator of sdKef-QCTD.**

N
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HOJ\:/\/U\N \)J\OH
NH, H o

3
BusG

Figure 4.7 Structure of glutathione-S-conjugate with N-tertiary butylsuccinimide (‘BuSG)

As previously, biophysical techniques such as isothermal calorimetric titration (ITC),
fluorescence-competition assays and differential scanning fluorimetric assays (thermal shift
analysis) have been employed to study small molecule binding interactions with sdKef-
QCTD plrotein,24 we therefore aimed to develop efficient solution-based NMR assays as
another technique to readily detect and quantify small molecule binding events with Kef

proteins.

To date it has also been unclear which nucleotide-based ligand binds in the Rossman fold of
Kef KTN domains, where it comes from, and what is its exact role in the biology of these
proteins. Therefore we also aimed to explore the identity of this nucleotide ligand and to

evaluate its importance in the biological function of Kef proteins.

Since the instability of E. coli KefC-KefF dimeric protein has been previously shown to
affect the assay results,”* our investigations used the stable sdKef-QCTD protein produced by
Dr Anthony K. N. Chan), which also does not require the ancillary protein (KefF) for activity
unlike E. coli KefC. As far as the biological activity of sdKef-QCTD is concerned, both the
sdKef-QCTD and E.coli KefC-KefF behaves similarly, i.e Q419K mutation has been found
to result in significant loss in GSH binding in sdKef-QCTD as observed in E. coli KefC-
CTD-KefF Q412K. In addition, similar to E. coli KefC-CTD-KefF F441, the sdKef-QCTD

F448 has also been shown to be crucially required for activation of the K* efflux.?
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4.3 Identification of the critical functional groups of glutathione-S-
N-tertiary butylsuccinimide (GS-X) required for binding with sdKef-
QCTD

We first focused on identification of the glutathione-S-N-tertiary butylsuccinimide (‘BuSG)
functional groups that form crucial interactions with sdKef-QCTD. We first synthesized these
novels dissection compounds of glutathione-S-N-tertiary butylsuccinimide (‘BuSG) (synthesis
by Dr Samuel C. Grayer) and then we applied the CMPG edited '"H NMR direct-ligand
observation technique, monitoring the broadening and/or attenuation of ligand NMR
resonances in the presence of protein (described in section 1.4.1) to study their binding

interaction with sdKef-QCTD. The results of this section are discussed below.

To test first the applicability of CPMG edited 'H NMR technique in studying small molecules
binding interaction with sdKef-QCTD, we first applied this methodology to study the binding
interaction of ‘BuSG to sdKef-QCTD. Due to its high NMR sensitivity, we decided to follow
the ligand tertiary butyl group Mes signal at 1.48 ppm for binding interaction with the
protein. We observed that in the presence of sdKefC-QCTD, the ‘BuSG signals are only
attenuated in intensity without broadening (Figure 4.8), suggesting its strong binding
interaction with sdKef-QCTD (NMR slow exchange system). By titration of sdKef-QCTD to
a fixed concentration of ‘BuSG (Figure 4.8a), and measuring the attenuation (loss) of ‘BuSG
‘Bu signal (circled red) as a function of protein concentration (Figure 4.8b), we obtained the
'‘BuSG binding dissociation constant (Kp) value of 0.54 + 0.03 uM (Figure 4.8c), which is in
good agreement to its reported binding affinity value of 0.4 + 0.2 uM determined by using a

o 24
fluorescence-based competition assay.
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Figure 4.8 Demonstrating the binding interaction of ‘BuSG with sdKef-QCTD by CPMG edited *H NMR direct ligand
observation.

(a) NMR spectra (part shown) showing sdKef-QCTD titration to fixed concentration of ‘BuSG; only the ligand Me, peak (in
red circled in the structure) at 1.48 ppm is shown. The appearance of doublet for tertiary butyl group of the ‘BuSG is
because the ligand solution is a racemic mixture. Table showing the relative loss (average response of the doublet) in the
‘BUSG Me, peak intensity as a function of protein concentration. The intensity of this signal in the absence of protein (Ig)
was set to unity. Ip represents ‘BuSG Me, peak intensity in the presence of protein and Al (%) denotes the percent change
(decrease) in the ligand signal intensity in the presence of protein. (b) Fitting of the titration data from the table according
to the quadratic equation for Kp, using Origin Pro. A Kp of 0.54 * 0.03 pM was obtained for ‘BuSG. The error bars
represents standard deviation from three separate measurements. The concentration of ‘BuSG was 10 uM. The assay
mixture was prepared in 50 mM sodium phosphate (NaH,PO4/Na,HPO4, supplemented with 150 mM NaCl) buffer, pH 7.4
in D,0.The filter time used in the CPMG "H NMR experiments was 88 ms.
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To prove that the binding interaction of ‘BuSG with sdKef-QCTD was specifically in the

GSH binding site, two types of control experiments were carried out; these are,

Firstly, a CPMG edited 'H NMR reporter displacement experiment (as described in section
1.4.2) was performed, using ‘BuSG as reporter ligand and ESG (which is known to bind in
the GSH binding site from its reported crystal structure, PDB ID: 3L9X) as competitive
ligand (Figure 4.9). It was observed that the addition of ESG to the sample of ‘BuSG plus
sdKef-QCTD in buffer solution resulted in recovery of the ‘BuSG signals in the spectrum,
because ‘BuSG is no longer bound to the protein i.e displaced by ESG binding, demonstrating
that ‘BuSG binds to sdKef-QCTD specifically in the ESG (GS-X) binding site.

N
O
S
O O H (0]
Q) +3 MM ESG OWN%NQ&OH
NH, H o
ESG

(Competitive ligand)

b) et s 420 UM sdKef-QCTD

N
o
o o (° e
HOWN N\)kOH
a) 10 UM BuSG NH, H o

. 'BuSG
1.5 1.4 ppm (Reporter ligand)

Figure 4.9 Demonstrating the site specific binding interaction of ‘BuSG with sdKef-QCTD by NMR reporter displacement
experiment in CPMG edited *H NMR.

(a) Blank ‘BuSG as reporter ligand, ‘Bu signal at 1.48 ppm is shown in the spectrum. (b) The ‘BuSG signals are attenuated in
the presence of sdKef-QCTD, demonstrating its binding interaction with the sdKef-QCTD. (c) The addition of ESG as
competitive ligand to the sample of (b) results in recovery of ‘BuSG signals, suggesting that ESG has displaced ‘BuSG from
its binding site into solution. The signals of ESG are not shown in the spectrum.

As sdKef-QCTD Q419 residue (Q412 in E. coli Kef-CTD) has been previously shown as a
critical residue for GSH binding,24 we therefore prepared Q419K mutant sdKef-QCTD and
investigated the binding interaction of ‘BuSG to this mutant protein. It was observed that in

the presence of Q419K mutant sdKef-QCTD, the ‘BuSG signals were neither attenuated nor
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broadened, suggesting that ‘BuSG does not bind to Q419K mutant sdKef-QCTD (Figure
4.10). This control experiment further confirmed that the binding of ‘BuSG with sdKef-
QCTD was specifically in the GSH binding site.

+20 puM sdKef-QCTD Q419K

(0] (6] H (0]
oo A AR
10 uM BuSG NH, H 5
T T 3
1.5 14 PpPm BuSG

Figure 4.10 Experiment to prove that 'BuSG doesn't bind mutant Q419K sdKef-QCTD.

Monitoring the binding interaction of ‘BuSG (only the gH ‘Bu signal shown in red circle in the structure at 1.48 ppm is
shown in the spectra) with mutant Q419K sdKef-QCTD by direct ligand observation in CPMG edited *H NMR experiment.
Bottom spectrum is the ‘BuSG solution in buffer in the absence of Q419K sdKef-QCTD and top spectrum after the
addition of Q419K sdKef-QCTD. In the presence of mutant Q419K sdKef-QCTD, the ‘BuSG NMR resonances are neither
broadened, nor attenuated, demonstrating that 'BuSG doesn't bind to the mutant Q419K sdKef-QCTD.

After establishing that the CPMG edited 'H NMR direct ligand-observation is a suitable
technique for studying ligand binding to sdKef-QCTD, we then begin to assess the influence
of each functional group of ‘BuSG on its binding interaction with sdKef-QCTD. The results
of this structure-activity relationship study are shown in Figure 4.11. The binding dissociation
constant (Kp) values of all these ligands were determined by the CPMG 'H NMR technique
as shown in Figure 4.8. For the ligands shown as non-binders of sdKef-QCTD, no broadening
and/or attenuation of their NMR resonances were observed in the presence of protein. The
spectra and binding curves of this structure-activity relationship study are shown in

Appendix, Section 7.1

We began the dissection of ‘BuSG (binding affinity with sdKef-QCTD 0.54 + 0.03 uM)
skeleton from the left side of the molecule, by first removing the carboxylate of glutamate
(compound A/SGI1D, Figure 4.11a; from left to right). It was observed that removing the
glutamate carboxylate group of ‘BuSG does not lead to any significant loss in the ligand
binding affinity to sdKef-QCTD i.e Kp 1 uM, implying that the ‘BuSG glutamate carboxylate
group does not seem to play a critical role in its binding interaction with sdKef-QCTD, in
agreement with the sdKef-QCTD crystal structure i.e I505 interaction not possible unlike E.
coli R498, Figure 4.11b).
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Figure 4.11 Assessing the influence of different functional groups of ‘BuSG on its binding interaction with sdKef-QCTD

(a) Structure of the tBuSG dissection compounds (GS-X).(b) Overlay of the X-ray crystal structure of E.coli KefC (PDB ID

3L9W) (green sticks, upper residue numbers) in complex with inhibitory ligand GSH (Yellow) with sdKef (pink sticks, lower
residue numbers). Interactions between the ligand (GSH) functional groups and the protein residues are highlighted by

black dashed lines.
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In the second compound (compound B/SG12E, Figure 4.11a) the amino group of glutamate
was removed and it was found that the removal of glutamate amino group also does not result
in any significant loss in the ligand binding affinity to sdKef-QCTD i.e Kp 2.6 = 0.3 uM,
suggesting that the interaction of D506 carboxylate group with the ‘BuSG glutamate amino
group do not play a critical role in the binding of ‘BuSG with sdKef-QCTD.

In the third compound (compound C/SG33D, Figure 4.11a), both the carboxylate and amino
groups together with the B-carbon of glutamate were removed and it was observed that this
truncation of glutamate also do not cause any significant loss in the ligand binding affinity
with sdKef-QCTD i.e Kp 1.8 = 0.2, implying that the presence of carboxylate and amino
group together with the B-carbon of glutamate in ‘BuSG do not appear to play a major role in

its binding interaction with sdKef-QCTD.

In the fourth compound (compound D/SG32D, Figure 4.11a) the glutamate was completely
removed and it was observed that removal of complete glutamate results in a significant loss
in the ligand binding affinity with sdKef-QCTD i.e Kp 25.0 = 8 uM. This suggests that the
interaction of Q419 with the ‘BuSG glutamate e-carbonyl oxygen plays a significant role in
the ligand binding interaction with sdKef-QCTD, in agreement with the previous mutation

studies of this residue in both sdKef-QCTD?** and E. coli KefC-KefF.®

In the fifth compound (compound E/SG60E, Figure 4.11a), the cysteine carbonyl oxygen of
C was replaced with hydrogens and it was found that removal of this oxygen results in a
complete loss of ligand binding with sdKef-QCTD, demonstrating that the presence of
cysteine carbonyl oxygen in ‘BuSG is necessarily required for its binding (interaction with

R507 is critical, Figure 4.11b) with sdKef-QCTD.

In the sixth compound (compound F/SG48E, Figure 4.11a), the -NH group of glycine of C
was replaced with an oxygen and it was observed that the removal of this -NH group results
in a significant loss in the binding affinity of C with sdKef-QCTD i.e Kp 20.0 £ 0.8 uM due
to the loss of crucial interaction with Q419 (Figure 4.11b). Hence, the presence of this -NH
group in '‘BuSG also significantly contribute to its binding interaction with sdKef-QCTD, but

not necessarily required.

In the seventh compound (compound G/SG79D, Figure 4.11a), the glycine carboxylic acid
hydrogen of C was replaced with a methyl group and it was found that this substitution

results in complete loss of binding of C with sdKef-QCTD. It is possible that the cavity
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occupied by hydrogen is small and may not accommodate a methyl group or perhaps due to
attachment of methyl group to the carboxylate oxygen, this oxygen may no longer able to
form hydrogen bonding interaction with R523 (Figure 4.11b). Thus, for the binding of
‘BuSG with sdKef-QCTD, this hydrogen also plays a critical role in binding of the GS-X
ligand to the sdKef-QCTD.

In the eighth compound (compound H/SGS83D, Figure 4.11a), the glycine carboxylate
together with its a-carbon is removed from C and it was revealed that this truncation of
glycine results in a complete loss of binding of C with sdKef-QCTD. Hence, the presence of
glycine carboxylate and its a-carbon are necessarily required for the binding interaction of

‘BuSG with sdKef-QCTD.

In the ninth compound (compound I/SG43D, Figure 4.11a), to investigate if the whole
glycine is required for the binding of C with sdKef-QCTD, we replaced the glycine with a —
OH group. However, it resulted in complete loss of binding of C with sdKef-QCTD,
suggesting that the presence of complete glycine in ‘BuSG is necessarily required for its

binding interaction with sdKef-QCTD.

The provide further support to our results that glutamate carboxylate and amino group
together with the C B-carbon has no significant role in the binding of ‘BuSG with sdKef-
QCTD, we extended the acetyl group of compound I to full glutamate group (compound
J/SG46D, Figure 4.11a). In spite of this modification, compound J still failed to bind sdKef-
QCTD.

In investigating, the requirement of configuration (stereochemistry) at the cysteine
stereocentre of C, we found that the compound possessing R configuration (K/SGIE, Figure
4.11a) fails to bind with sdKef-QCTD, suggesting that S configuration of cysteine
stereocentre ‘BuSG is essential for its binding with sdKef-QCTD.

Finally, to explore the size of the hydrophobic group attached to the maleimide nitrogen of
'‘BuSG, the size and rigidity of which in the glutathione-S-conjugates are critical for
activation of K* efflux due to the displacement of F441 (E. coli, F448 in sdKef-QCTD), we
replaced the tertiary butyl group of ‘BuSG with a fluorescein (compound L/SG85D, Figure
4.11a), one of the bulkiest hydrophobic groups. Interestingly, it was found that the compound
still binds with sdKef-QCTD with an affinity (Kp 1.40 = 0.01 uM) in close range to that of
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‘BuSG (Kp 0.54 + 0.03 uM). This suggests that the hydrophobic group of ‘BuSG is likely

exposed towards an open space on the protein.

The results of this structure-activity relationship (SAR) study conducted by CPMG edited 'H
NMR direct ligand-observation were then validated with a reported qualitative fluorescence-

competition assay24 (performed by Dr Samuel C. Grayer) described below (Figure 4.12).

In this technique the glutathione-S-conjugate with the dansyl chromophore (DNGSH, Figure
4.12a) is used as a fluorescence probe. The dansyl chromophore is known as highly sensitive
to the nature of its local hydrophobic chemical environment. The small size of the dansyl
group also makes it a good choice as a fluorescence probe as it is less likely to hinder ligand
binding. This assay has been previously used for studying the binding interactions of both of

natural and synthetic glutathione-S-conjugates to sdKef-QCTD.*

In this fluorescence competition assay (Figure 4.12) when DNGSH binds to sdKef-QCTD
(both are incubated), its fluorescence quantum yield (intensity) increases and a significant
shift in its Amax is observed in the emission spectrum (Figure 4.12b). These changes in the
fluorescence properties of DNGSH reflect changes in the hydrophobicity of the local
chemical environment experienced by the probe. Under our experimental conditions, the Amax
of unbound probe (A;) is found at 572.5 nm and that of the bound probe (Aymr) with high
sdKef-QCTD concentration could be found at ~ 530 nm. With sdKef-QCTD Q419K, no
changes in the A, of DNGSH occurred, suggesting that DNGSH binds sdKef-QCTD in the
GSH binding site. Upon displacement of DNGSH from its binding site by a competitive
ligand, a decrease in its fluorescence intensity (Figure 4.12c) and a shift in its Ayax towards
the free probe in solution (Ar) are observed. The binding of the competitive ligand is denoted
as @ DNGSHpouna:DNGSHjigang ratio i.e [Fg:Fp], (B for bound and L for ligand) with a higher

ratio represents a high affinity interaction of the competitive ligand and vice versa.
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Figure 4.12 lllustration of the fluorescence competition assay for studying ligand binding to sdKef-QCTD using DNGSH as
a fluorescence reporter ligand.

(@) Structure of DNGSH (b) Titration of sdKef-QCTD to 5 uM of DNGSH. (c) Overview of the fluorescence competition
binding assay using DNGSH (5 uM) and sdKef-QCTD (6 pM). The graph below shows DNGSH fluorescence signal intensity
before and after the addition of competitive ligand 'BUSG (2 mM).

277



This fluorescence competition assay was applied here to study the binding interaction of the
'‘BuSG dissection compounds tested in the structure-activity relationship study (Figure 4.11)

and the results are summarised below (Figure 4.13).

K (SGYE) Non-binder (NMR)
J (SG46D) Non-binder (NMR)
| (SG43D) Non-binder (NMR)
H (SG83D) Non-binder (NMR)
G (SG79D) Non-binder (NMR)
F (SG48E) Ko (NMR) 20.0 2 0.8 uM
5  E(sGe0E) Non-binder (NMR)
% D (SG32D) Ko (NMR) 25.0 % 0.8 uM
C (5G33D) Ko (NMR) 1.8+ 0.2 uM
B (SG12E) Ko (NMR) 2.6 £ 0.3 uM
A (SGO1D) Ko (NMR) 1.0+ 0.1 uM
tBuSG Ko (NMR) 0.54 £ 0.03 uM
0 0.2 0.4 0.6 0.8 1 12 14
(Fo/Fi1)

Figure 4.13 Results of the fluorescence competition binding assay for the compounds tested in SAR study.

These results demonstrate that ‘BuSG, compound A (SG91D), B (SG21E) and C (SG33D)
have high values of Fg:Fy, ratio, suggesting that they are the strong binders of sdKef-QCTD in
this series. The close Fg:Fy, ratios of these four compounds suggest that the binding affinities
of these ligands with sdKef-QCTD are very close to each other, in agreement with the results
of CPMG edited '"H NMR assay for these ligands. Relative to these four compounds,
compound D (SG32D) and F (SG48E) have lower Fg:Fy, ratios, suggesting that they are
relatively weak binders of sdKef-QCTD in this series, also in agreement with the results of
CPMG edited '"H NMR for these ligands. Similarly, the significantly lower values of Fg:Fy
ratios for compounds E (SG60E), H (SG83), I (SG43D), J (SG46D) and K (SGI9E) suggests
that these ligands are likely the non-binders or extremely poor binders of sdKefC-QCTD in

the series.

Hence, based on our SAR results, in our journey towards the development of non-peptidic
antibiotic of Kef systems, we replaced the glycine carboxylate of C (SG33D) with a non-
peptidic moiety; the tetrazole ring (compound M/SG79E, Figure 4.14). Interestingly, the

278



compound was evaluated as a good binder of sdKef-QCTD with an affinity of 7.6 = 0.5 uM
determined by CPMG edited '"H NMR assay. The binding of this compound is thus a

promising step towards development of novel non-peptidic drugs against Kef systems.
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Kp 1.8+ 0.2 uM Kp 7.6 +£0.5 uM

Figure 4.14 Structure of the non-peptidic GS-X synthesised as a results of ‘BuSG disection studies.
In the non-peptidic ligand M (SG79E) of sdKef-QCTD, the carboxylate of glycine of C was replaced with a non-peptidic
moiety; the tetrazole ring.

4.4 Development of an efficient ligand-based '’F NMR binding assay for
sdKef-QCTD

The application of the CPMG edited 'H NMR-based reporter displacement assays (discussed
in section 1.4.2) in ligand screening can be sometimes limited due to the signal overlap of the
reporter ligand with other molecules in the assay mixture. These overlap may arise from
either small molecules impurities encountered in laboratory stock solutions, buffers, from

contaminants protein purification e.g glycerol or the competitive ligands themselves.

Similarly, measuring a ligand binding dissociation constant (Kp) by NMR titration is a labour
intensive technique and may require a large amount of materials and instrument time as
compared with other biophysical techniques due to low intrinsic sensitivity of NMR. This
usually limits the application of NMR techniques to only hit identification/validation and do
not give an estimation of ligand binding affinity, which is an important parameter in ranking
potential leads in early stages of drug discovery processes. Hence, there is a need for efficient
NMR assays which can be used both for ligand screening and measuring their binding

constant in a high throughput manner.

To overcome the problem of the reporter signals overlap in 'H NMR-based reporter
displacement assays, several nuclei of the reporter ligand such as phosphorus (*'P) *, fluorine

(]9F) % and carbon (]3C) 2128 have been used. Amongst these, 3p and *'C reporter
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displacement assays have received less attention for ligand screening due to their low

intrinsic NMR sensitives.

On the other hand, YF nucleus has a comparable NMR sensitivity to that of a 'Hie 083
times that of a proton, and has a 100% natural abundance and therefore is attractive for ligand
screening. The advantages of fluorine (‘’F) NMR detection for ligand-based NMR screening
applications as well as for '°’F magnetic resonance imaging (MRI) have been convincingly
demonstrated in the past.’***?> For example in pharma industries, the application of the
FAXS (fluorine chemical shift anisotropy and exchange for screening) technique allows to
screen mixture of small molecules against a target protein in a high throughput manner. Due
to its large chemical shift anisotropy (CSA), the PF nucleus is very responsive (sensitive) to
changes of molecular weight that accompany the binding events and has a large chemical

shift range of ~ 300-400 ppm.

Typically, in F NMR reporter displacement assays, a reporter ligand containing a CF3 group
is preferred, because of the advantage of the high sensitivity of the fluorine signal due to

chemically similar three fluorine atoms.

In addition to removing the problem of signals overlap, the most striking feature of the use of
a fluorinated reporter ligand is the possibility to observe two distinct NMR signals in the
spectrum for a slow exchange ligand binding regime on NMR time scale; i.e a sharp signal
for the free population of the reporter ligand and a broad signal for the bound population of
the reporter ligand (as discussed in section 1.4.4).%° By definition, in an NMR slow
exchange system, the frequency of interconversion of the two forms of a system is lower than
the difference of their frequencies on chemical shift scale. Hence the two forms appear as
separate signals in the spectrum. The bound ligand signal is not usually possible to observe in
"H NMR spectrum as it is usually buried under the protein resonances; instead the signal of
the free reporter ligand is monitored for binding. In fast exchange reporter binding regime in
both 'H and "’F NMR spectrum, it is the average single signal of the ligand between the
bound and free form, which is being monitored for binding. The slow exchange reporter
binding by '’F NMR spectrum serves as an ideal system for reporter displacement assay for

ligand screening in many aspects discussed as below,

The binding interaction of a small ligand (L) to a protein (P) at a single site can be

represented as (described in section 1.2.2),
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The binding dissociation constant (Kp) of the ligand for this system is calculated as,

K, = FIL (1)
[PL]

Where, [L], [P] and [PL] represent the concentrations of free ligand, free protein and protein-

ligand complex at equilibrium respectively.

The values of [P] or [L] can be calculated from,
[Pr]=[P]+[PL]
Or, [P]=[P;]-[PL] (2)
Similarly,
[L;]=[L]+[PL]
Or, [L]=[Ly]-[PL] 3)

Where, [P;] represents the total concentration of protein and [L;] the total concentration of

ligand present at equilibrium.

Since in the ’F NMR slow exchange ligand binding system, the concentrations of free ligand
[L] and protein-ligand complex [PL] are directly known from the spectrum, and by obtaining
the concentration of free protein [P] from eq. 2, the binding dissociation constant (Kp) of the
ligand can then be readily calculated from eq. 1, in contrast to measuring its Kp either by
titrating protein and measuring the attenuation of the ligand peak intensity or by using other

biophysical titration methods.

When the competitive ligand displaces the reporter ligand in such binding regime, the
intensity of the signal of the bond population of the reporter ligand in the spectrum is
decreased and that of the free population of the reporter ligand is increased. Again, from this
spectrum, in the presence of competitive ligand, the apparent binding constant (Kp app) of the

reporter ligand is directly calculated using eq. 1. From the knowledge of the actual and
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apparent binding dissociation constant values of the reporter ligand, the binding constant of

the competitive ligand (Kp comp) can be calculated using eq. 4 as described by Dalvit et al’!

KD comp = ______ (4)

Where [C] represents the concentration of the competing ligand.

In general, both in slow and fast exchange reporter binding in '"H NMR and fast exchange '°F
NMR experiments, the apparent Kp of the reporter ligand is measured by titration of the

competitive ligand, while monitoring signal recovery of the reporter ligand.

Although there are some reported examples of the slow exchange reporter ligand binding
system by F NMR, however to our knowledge, in non-of these studies such system have

been used for quantitative screening of the competitive ligands.3 6-39

The methodology and the application of this technique is ligand screening studies to sdKef-
QCTD is described here as below.

Two novel glutathione-S-conjugates termed here as SG59D and SG48D (Figure 4.15), one
containing a single fluorine atom (SG49D), and the other containing three chemically similar
fluorine atoms (SG48D), were synthesized (by Dr Samuel C. Grayer) according to the

reported protocols in the literature.*

F
F
F
F
S S
0] 0] O O 0]
H H
A S, Ao I L,
NH, 0 NH, H o
SG59D SG48D

Figure 4.15 Structures of the two novel fluorinated glutathione-S-conjugates SGsgD and SG48D synthesised for use as
reporters ligand in **F NMR reporter displacement assay for ligand screening to sdKef-QCTD.
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By first investigating their stability under our assay conditions, it was observed that SG59D
decomposes overtime, whereas, SG48D remains stable. Therefore, SG48D was selected as a

reporter ligand.

We then investigated the binding interaction of SG48D with sdKef-QCTD by standard YF
NMR direct ligand observation (Figure 4.16). Interestingly, in the presence of sdKef-QCTD,
two distinct NMR resonances were observed in the spectrum, a sharp signal (F) at -59.07
ppm corresponds to the free population of SG48D and a broad signal (B) at -59.74 ppm
corresponds to its bound populations, presenting a typical NMR slow exchange ligand
binding system. This observation reflects the tight binding interaction of SG48D to sdKefC-
QCTD.

+ 35 uM sdKefC-QCTD

M/NJ \\—r—v\f-—ww 60 uM SG48D

T I T I I I T T I I I I 1
-54 55 56 57 -58 59 60 -61 -62 -63 -64 -65 ppm

Figure 4.16 NMR slow exchange binding of SG48D with sdKef-QCTD as demonstrated by direct ligand observation.

The F, (coloured red in the structure) signal of SG48D is monitored in the spectrum. F represents the free population of
SG48D and B the bound population of SG48D. (Note; the spectra are overlayed in a way so as to clearly see the signals in
both the spectra. The chemical shift of F remains the same in both the spectra). The assay solution was made in 5o mM
sodium phosphate buffer. The assay mixture contained 60 pM SG48D, 35 pM sdKef-QCTD and 20 pM 1,1,1
trifluoroacetone (internal NMR control) in 5o mM sodium phosphate buffer, pH 7.4 in D,O.

In this assay, we used the SG48D as a trifluoroacetic acid (TFA) salt. The TFA fluorine
signal remained unaffected in the presence of sdKef-QCTD (non-binder) (Figure 4.17).
Similarly, in the assay mixture, 1,1,1 trifluoroacetone was used as an internal NMR control,
and its signal also remained unaffected in the presence of sdKef-QCTD (non-binder) (Figure

4.17).
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Figure 4.17 F NMR spectra showing that the signals of the non-binders are not affected in the presence of sdKefC-QCTD.
The concentration of 1,1,1 trifluoroacetone used in the assay was 20 uM. (note: The chemical shift of both these signals
remain the same without and with protein).

To further confirm that the broad resonance in the spectrum (Figure 4.16) is due to the bound
population of SG48D, we titrated sdKef-QCTD to a fixed concentration of SG48D, and it
was observed that the intensity of the broad resonance (B) increases as the sdKef-QCTD
concentration increases, whereas the intensity of the sharp resonance (F) decreases (Figure
4.18), implying that with increase in protein concentration, the population of the bound SG48

also increases, whereas that of the free SG48D decreases.

SG48D + 35 UM Kef sdKef-QCTD

+ 25 pM sdKef-QCTD

+ 17 UM sdKef-QCTD

+ 10 uM sdKef-QCTD

60 uM SG48D

-59 -60 ppm

Figure 4.18 sdKef-QCTD titration to SG48D showing the free and bound population signals of SG48D in **F NMR slow
exchange system.

As sdKef-QCTD concentration increases, the intensity of B (bound population of SG48D) increases and the intensity of F
(free population of SG48D) decreases.
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In a second experiment for proving the broad signal (Figure 4.16) as the signal of the bound
population of SG48D, the thermal denaturation (heated at 100 °C for 5 minutes) of sdKef-
QCTD in the sample of SG48D + sdKef-QCTD in buffer solution was carried out, and it was
shown that denaturation of sdKef-QCTD lead to the disappearance of the broad signal (B)

and complete recovery of the sharp signal (F) in the spectrum (Figure 4.19).

[e] o s H (0]
HOWH N\)kOH
NH, o)

SG48D

After sdKef-QCTD denatured

+ sdKef-QCTD

SG48D

| T 1
-59 -60 ppm

Figure 4.19 Control experiment for the slow exchange binding of SG48D with sdKef-QCTD as observed by *°F NMR.
Thermal denaturation of sdKef-QCTD in the sample of SG48D + sdKef-QCTD results in the disappearance of signal B and

increase in intensity of signal F, demonstrating that single B represents the bond population of SG48D in the mixture of
SG48D + sdKef-QCTD in buffer.

The binding interaction of SG48D to sdKef-QCTD was also further validated by a reported
differential scanning fluorimetric assay (thermal shift analysis performed by Dr Samuel C.
Gralyer)24 which demonstrated that SG48D has a stabilizing effect when it binds to sdKef-
QCTD (Figure 4.20).

ATm [°C]

Figure 4.20 Differential scanning fluorimetry (DSF) analysis to determine whether SG48D has a stabilising effect on sdKef-
QCTD upon binding.

The graph shows changes in melting temperature in the presence of 1 mM ligand relative to that of sdKef-QCTD + buffer
or sdKef-QCTD + DMSO (negative controls). ‘BuSG and ESG were run as positive control. The stabilizing effect of sdKef-
QCTD in the presence of SG48D suggests that SG48D binds to sdKef-QCTD. Error bars indicate one standard deviation of
uncertainty (n = 3). Significance of changes evaluated by a Student’s t-test (where ****p < 0.0001, ***p < 0.001, **p <
0.01, *p < 0.05).
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Finally, by the fluorescence competition assay (performed by Dr Samuel C. Grayer) as
described in Figure 4.12, it was shown that SG48D binds specifically to sdKef-QCTD in the
GSH binding site (Figure 4.21).

FB/FL -1

Figure 4.21 Fluorescence competition assay to determine whether SG48D binds to sdKefC-QCTD specifically in the GSH
binding site.

The graph shows (FB/FL — 1) values of each compound (1 mM) relative to the positive controls 'BuSG and ESG and
negative control DMSO at 525.5 nm emission. The graph suggests that SG48D binds to sdKefC-QCTD with an affinity in
close range to ‘BuSG and ESG . Error bars indicate one standard deviation of uncertainty (n = 3). Significance of changes
evaluated by a Student’s t-test (where ****p < 0.0001, ***p < 0.001, **p < 0.01, *p < 0.05).

From this '’F NMR slow exchange binding of SG48D with sdKef-QCTD (Figure 4.16), the
binding dissociation constant (Kp) of SG48D was directly calculated according to eq. 1. The
conditions chosen in the assay to measure the Kp of SG48D were 60 uM SG48D and 35 uM
sdKef-QCTD (Figure 4.16).

The basic expression for calculating a ligand Kp 1is shown below (eq. 1),

k- PIL] "
[PL]

Or
K - [Kef][SG48 D]

" [Kef.SG48D]

As the values known from the spectrum (Figure 4.16) are,
[SG48D] = concentration of un-complxed SG48D at equilibrium = 27.07 uM

[Kef.SG48D] = concentration of Kef.SG48D complex at equilibrium = 32.93 uM
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[Kef] = concentration of un-complxed Kef at equilibrium = 2.074 uM (from[P]=[P,]—-[PL]

Hence, by putting the values of [Kef], [SG48D] and [Kef.SG48D] in eq. 1, the Kp of SG48D
was calculated as 1.71 pM. An average value of 1.36 + 0.47 uM was obtained from three
separate samples (Table 4.1).

Table 4.1 Calculation of the ligand binding dissociation constant by **F NMR slow exchange ligand binding

[P1] = Protein concentration used in the assay = 35 uM

[L+] = Ligand concentration used in the assay = 60 pM

Sample

[L]/uM

[PL]/uM

[P] = [P{]-[PL] /uM [P][L]
No. (from peak area of F) | (from peak area of B) >~ ﬁ /uM
1 27.07 32.93 2.07 1.71
2 26.07 33.93 1.07 0.82
3 26.89 33.11 1.89 1.54
Ave. Kp =136 £0.47 uM

In the data analysis, instead by integration, the area of peaks F and B, were measured by

Lorentzian line shape deconvolution (for theory and explanation see references 4041y

(also
called Line Fitting) method automatically through the Topspin (NMR data processing
software), as this was observed to be more tolerant of variable noise levels and baseline

distortion (Figure 4.22).

Lorentz/Gauss Deconvolution
spectrum

Experimental spectrum

| - - - |
.58 -60 -62  ppm
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Figure 4.22 Representation of the Lorentz/Gauss Deconvolution applied to measure the peak areas of F and B in the slow
exchange binding of SG48D with sdKef-QCTD as observed by **F NMR.

(@) A comparison of the experimental spectrum vs the Lorenz/Gauss Deconvolution spectrum (b) Superimposition of the
spectrain (a).

To confirm the validity of this Kp value of SG48D (1.36 + 0.47 uM), we studied its binding
interaction with sdKef-QCTD by CPMG edited 'H NMR direct ligand observation (Figure
4.23). We observed that in the presence of sdKef-QCTD, the signals of SG48D are only
attenuated without broadening (Figure 4.23a), demonstrating a strong binding interaction and
a NMR slow exchange regime. By titration of sdKef-QCTD, we measured the binding
dissociation constant value of SG48D as 1.8 + 0.3 uM (average of triplicates), which is in
good agreement to its Kp value of 1.36 + 0.47 uM determined, by its slow exchange binding
observed in '’F NMR spectrum. Hence, the NMR assays performed on both the nuclei i.e '°F
and 'H of SG48D clearly reflects the same nature of its binding (tight binding) with sdKef-
QCTD. This thus confirms that the a slow exchange ligand binding observed by F NMR

provides the extra benefit of ligand binding calculation from single shot experiment.

After establishing the binding of SG48D with sdKef-QCTD, we then assessed the binding
interaction of the ‘BuSG to sdKef-QCTD via NMR reporter displacement assay, using the
bound population (signal B) of SG48D as a reporter system (Figure 4.24). It was observed
that the addition of ‘BuSG to the assay mixture of SG48D + sdKef-QCTD results a decrease
in signal intensity of B and an increase in signal intensity of F (Figure 4.24). The decrease in
intensity of B demonstrates that the population of bound SG48D has now decreased, because
these protein molecules have now ‘BuSG bound instead of SG48D i.e SG48D is displaced by
competitive ligand ‘BuSG. The increase in intensity of F demonstrates an increase in
populations of free SG48D in solution, because of displacement from their binding pocket by

‘BuSG.
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Figure 4.23 Measurement of the binding constant of SG48D with sdKef-QCTD by CPMG edited *H NMR direct ligand
observation.

Signals of SG48D blue and red protons are followed for binding. Left to right: to a fixed concentration of SG48D, sdKef-
QCTD was titrated and the SG48D (structure shown) CH, protons (red/blue). *: impurity in buffer containing protein.
Table showing the relative loss of the SG48D CH2 signals peak intensity as a function of sdKef-QCTD concentration. Ig
represents SG48D signal intensity in the absence of protein; and is set to unit intensity. I represents its signal intensity in
the presence of protein. Fitting of the data in (table) according to the quadratic Ky equation using OriginPro g.0. The
binding dissociation constant (Kp) of SG48D was calculated as 1.8 + 0.3 uM. The error bars represents standard deviation
from 3 separate measurements.
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Figure 4.24 *°F NMR competition experiment for ligand screening to sdKef-QCTD using SG48D as a reporter.

F and B represents its free and bound (with sdKef-QCTD) populations signals. After displacement of $G48D by ‘BuSG, the
intensity of B decreases and the intensity of F increase. The displacement experiment is performed with low to high
concentration of ‘BuSG.

Thus, after displacement of reporter ligand (SG48D), by the competitive ligand ‘BuSG, in
conditions; 60 uM SG48D, 35 uM sdKefC-QCTD,

[SG48D] = concentration of free SG48D at equilibrium = 35.6 uM
[Kef.SG48D] = concentration of Kef.SG48D complex at equilibrium = 24.4 uM
[Kef] = concentration of Kef un-complexed with SG48D at equilibrium = 10.6 uM

After, putting these values in eq. 1, in the presence of competing ligand ‘BuSG, the apparent

binding dissociation constant (Kp app) 0of SG48D was calculated as 15.46 uM (Table 4.2).

As now both the actual (1.36 uM) and apparent (15.46 uM) Kp values of SG48D are known
and the concentration (C) of ‘BuSG used in the assay was 40 uM, the binding dissociation
constant of the competitive ligand (Kp comp) ‘BuSG, was then calculated as 2.1 uM (average
2.07 £ 0.24 uM from three separate samples, Table 4.2) using eq. 2, which is close to its
reported Kp values of 0.4 uM (emission spectroscopy) and 6.7 uM (isothermal calorimetric

titration)** and 0.54 + 0.03 by CPMG 'H NMR assay.
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Table 4.2 Calculation of the binding dissociation constant of competitive ligand (Kp comp) ‘BuSG with sdKef-QCTD by *F

NMR reporter (slow exchange binding) displacement assay.
[P1]=Protein concentration used in the assay = 35 uM

[L+] = Ligand concentration used in the assay = 60 pM

Sample [L]/pM [PL]/ M [P] = [Pr]-[PL] / uM x [P][L] [CIK,
. D app = KD comp = D rep
No. (from peak area of F) (from peak area of B) (protein not complexed [PL] _—
with SG48D) KD app = KD rep
/ (uM) Kp rep =1.36 uyM
[C] =40 uM
1 35.60 24.40 10.60 15.46 2.15
2 35.42 24.58 10.42 15.02 2.25
3 36.26 23.74 11.26 17.19 1.8

Ave. Kp =2.07 £0.24 / uM

The validity of this assay was further examined with other glutathione-S-conjugates as

competitive ligands of sdKef-QCTD (Figure 4.25) and the values of their binding constant

obtained with this '’F NMR reporter displacement assay were in close range to their reported

literature values (Table 4.3).* The spectra and calculation of the Kp values obtained are

shown in Appendix, Section 7.2.
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Figure 4.25 Structure of the ligands (GS-X) tested for their binding interaction with Kef by *F NMR reporter displacement

assay.
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Table 4.3 Comparisons of the Kp values of selected glutathione-S-conjugates to sdKefC-QCTD obtained by **F NMR
reporter displacement assay with the reported literature values.” The *F NMR reporter displacement spectra and raw
data for these ligands are shown in Appendix, section 7.2.

Ligand Ko by E NMR Kp by other methods
GSH 881 + 159 puM 900 + 200 pm'?
‘BUSG 2+0.2 uM 6.7 + 0.3 um"
0.4 0.2 pm™
0.54 +0.03 pm"
ESG 21+1puM 23 +4 pm™
12 + 3 umt
DNGSH 19 + 1.5 uM 19 + 6 um™
6+2pm
8+ 2 pum
SG50 23+1.5uM 4.4+0.5 M
LG 1176 + 95 uM 900 + 200 pM'?

). CPMG *H NMR, (eI, ITC,[‘]: Fluorescence emission spectra, ). Fluorescence anisotropy

4.5 Probing conformational changes in sdKef-QCTD using NMR slow

exchange binding of a fluorinated ligand

Due to its high sensitivity of '°F chemical shift to surrounding chemical environments, '°F
NMR spectroscopy is also employed for monitoring ligand binding events to proteins and the

42-46
In

conformational/structural changes that occur in proteins as a result of ligand binding.
this technique in the interested region of the protein, one or more residues are modified with a
fluorine atom using various semi-synthetic and synthetic protocols (described in section
1.3.2). But this technique has two potential complications, which sometimes restrict its

application in probing protein conformational changes due to ligand binding. (1) Expression
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of site-specifically labelled protein is sometimes labour-intensive. (2) Upon '’F-labelling,

proteins sometimes lose stability (activity).

In contrast, in the ligand-based '°F NMR slow exchange binding system, it is possible that the
signal of the bound population of the ligand can be used to assess structural changes in the
protein that may arise from the interaction of the protein with another ligand. From our
knowledge of the reported literature, there are only a handful of examples of the ligand-based
YF NMR slow exchange binding systems.”*” In these studies the signal of the bound
populations of the ligand has been used as a probe to study the competitive binding of another
ligand by reporter displacement assays. The ligand-based F NMR slow exchange binding
systems have received less attention for monitoring changes in the local environment of the

protein due to binding events.

Herein, we employed the signal of the bound population of fluorinated ligand SG48D to
probe structural changes in sdKef-QCTD believed to be occurring when it interacts with the
inhibitory and activating ligands. The binding of inhibitory ligand glutathione (GSH) to Kef
has been proposed to close the K" ion channels, whereas, the binding of glutathione-S-
conjugates (Kef activating ligands) such as ESG, is believed to open the K ion channels.®
GSH binds with sdKef-QCTD weakly with a reported affinity of 900 + 200 pM24 and 881 *
159 uM measured in this study by '°’F NMR. In monitoring the binding of GSH to sdKef-
QCTD by displacement of SG48D from its binding site, we observed that the addition of
GSH to the solution of SG48D plus sdKef-QCTD results in displacement of SG48D and
simultaneously a change in the chemical shift of the residual SG48D-sdKef-QCTD signal
(Figure 4.26a,b). Titration of GSH showed that as more GSH binds with sdKef-QCTD, the
signal intensity of free SG48D (F) increases (without any change in its chemical shift)
whereas, the intensity of signal of bound population of SG48D (B) decreases (due to
displacement) with concomitant change in its chemical shift in NMR fast exchange regime
indicating the weak binding of glutathione with sdKef-QCTD. The GSH titrations made no
influence on the chemical shift of the signal of the control molecule (1,1,1-trifluoroacetone: -
86.53 ppm) (Figure 4.26¢) in the assay mixture, implying that the changes in the chemical
shift of the residual signal of the bond populations of SG48D due to GSH titration is not an
artifact but perhaps is reflecting some structural changes in sdKef-QCTD upon its interaction

with GSH.
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Figure 4.27 represents a possible explanation of these results. In the reported crystal
structures of E. coli KefC-CTD in complex with GSH (PDB ID: 3L.9W) and ESG (PDB ID:
3L.9X), the protein is a homodimer with one molecule of GSH/ESG bound at the dimerization
interface, but as each sub-unit has an AMP molecule and complexed to the ancillary protein
Kef-F, it is also possible that there may be another GSH/ESG molecule bound at another site

in the dimer, and which was not observed/refined in the crystal structures.

(a) (c
+60 mM GSH
 +40mM GSH (b)
+35mM GSH GSH (mM)
P - .,

+30 mM GSH

+20 mM GSH
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A + 10 mM GSH T | |

60 pM SG48D + 35 uM
sdKefC-QCTD control

-
m

FEFFFFE

T T T T
-58 -59 -60 -61 ppm 86 -87 PPmM

Figure 4.26 Monitoring changes in the local chemical environment of SG48D- sdKef-QCTD complex due to GSH binding as
demonstrated by ligand-based *F NMR assay.

(@) Binding of GSH to sdKef-QCTD results in displacement of SG48D as indicated by decrease in bound population of
SG48D (signal B) and increase in signal intensity of free SG48D (signal F) in solution. The GSH binding also appears to alter
the local environment of (B) as demonstrated by changes in the chemical shift of the residual bound SG48D signal. (b)
zoom in-view of signal B in (a). (c) Signal of 1,1,1 trifluoroacetone (internal NMR standard) during GSH titration in (a).

In case if the fluorinated ligand (SG48D, shown as red rectangle) is occupying both the
binding sites of the dimer (Figure 4.27a,I), GSH (shown as blue rectangle) appears to
competing (weakly in NMR fast exchange regime) with the fluorinated reporter (SG48D) at
one site (Figure 4.27a,11). This is reflected as a decrease in the signal intensity of the bound
population of SG48D (B) in the spectrum. The binding of GSH also results in structural
changes in sdKef-QCTD, which is reflected as changes in the chemical shift of the residual
SG48D-sdKef-QCTD (B) signal (SG48D bound at the second site) in the spectrum.
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Although, we have not tested SG48D (a GS-X) to determine whether it activates the K"
efflux or not, however based on its structure, it is possible that when it binds to sdKef-QCTD,
the protein may be adapting the open conformation, resulting in the activation of K" efflux.
And the binding of GSH perhaps is changing the conformation of the protein from open form
to the closed form in order to inhibit the K efflux. These conformational changes in the
protein possibly decreases the affinity of the SG48D in the second binding site, eventually
leading to its release from its binding pocket (Figure 4.27a,III). During titration of GSH, a
point is reached whereby both the binding sites of the sdKef-QCTD are saturated with GSH
with no fluorinated ligand bound. This is reflected as a complete disappearance of the signal
of bound population of SG48D (B) and a full recovery of the signal of free population of
SG48D (F) in the spectrum.

(a)

U} () ()

(b)

(U] () (1)

Figure 4.27 Cartoon representation of the proposed conformational changes that occur in sdKef-QCTD due to glutathione
binding.

(@) I: fluorinated ligand (SG48D, coloured red) is bound to both the binding sites of the sdKef-QCTD dimer (green-grey
object). Il: GSH (coloured blue) competes (weakly) with SG48D at one binding site, resulting in its displacement. The
binding of GSH also changes the conformation of sdKef-QCTD possibly from the open form to the close form. IIl. Due to
conformational changes in sdKef-QCTD, the binding affinity of the SG48D at the second site is decreased, eventually
leading to its release from the protein into solution. (b) I: SG48D (red) is occupying only one of the two binding sites of
sdKef-QCTD. Il: GSH (blue) binds to the unoccupied site of sdKef-QCTD dimer. The binding of GSH also changes the
conformation of sdKef-QCTD. Ill: The release of the SG48D from the second binding site as a result of conformational
changes in the protein.

In case if the fluorinated ligand is occupying only one of the two binding sites of the dimer

(Figure 4.27b,I), GSH appears to bind (weakly, NMR fast exchange regime) in the
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unoccupied binding site (Figure 4.27b,I) and changes the conformation of sdKef-QCTD
possibly from open form to close form. Due to these conformational changes, the binding
interaction of fluorinated ligand at the second site of sdKef-QCTD dimer is weakened which
then results in its release from its binding pocket into solution. The release of SG48D from
the sdKef-QCTD into solution is observed as an increase in the intensity of signal F, whereas,
the conformational changes in the sdKef-QCTD are reflected as changes in the chemical
shift of the residual signal B. During GSH titration a point is reached whereby both the
binding sites of the sdKef-QCTD dimer are fully occupied by GSH (Figure 4.27b,I1I) (signal
B disappears completely disappears).

Interestingly, by titrating ‘BuSG, a strong binder (Kp 0.400 pM,24 and 0.54 = 0.03 uM
measured in this study by F NMR) and activator of sdKef-QCTD, we observed only the
displacement of the SG48D (fluorinated reporter) without any changes in the chemical shift
of residual signal of SG48D-sdKed-QCTD (signal B) (Figure 4.28) unlike GSH. This
supports the theory that with SG48D (fluorinated ligand) bound, sdKef-QCTD is likely in the

open conformation, that results in the activation of the K" efflux.
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Figure 4.28 Displacement of SG48D by ‘BuSG as shown by **F NMR.

Titration of competitive ligand ‘BuSG to the NMR slow exchange binding $G48D to sdKefC-QCTD. The binding of ‘BuSG
results in decrease of intensity of signal B and increase in intensity of signal F, with no change in the chemical shift (local
environment) of residual B. The concentration of SG48D was 60 uM and sdKefC-QCTD 35 uM. The concentration of ‘BuSG
used were 15 UM, 75 uM and 140 pM.
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In this case if the reporter (red) is occupying both the binding sites (Figure 4.29a,1) of the
sdKef-QCTD dimer, it appears that ‘BuSG (blue) is simply competing with the reporter
ligand at both the binding sites. As with both SG48D and ‘BuSG, sdKef-QCTD is in one
single conformation likely the open form, no changes in the chemical shift of residual signal
of bound population of SG48D (B) are observed (Figure 4.29a,1I). Similarly, if SG48D (red)
is occupying only one of the two binding sites (Figure 4.29b.I) of the dimer, then in that case,
the binding of ‘BuSG in the unoccupied site (Figure 4.29b.II) doesn’t affect the bound
population signal of SG48D (B), whereas its competition with the SG48D simply results in

its displacement (Figure 4.29b,11I) as demonstrated by decrease in intensity of signal B.

(a)

U (In

(b)

(1) () (1)

Figure 4.29 Cartoon representation of the binding of ‘BuSG with sdKef-QCTD by **F NMR reporter ligand displacement
assay.

(@) I: fluorinated reporter SG48D (red) occupies both the binding sites of the dimer sdKef-QCTD. Il: competitive ligand
'BuSG (blue) competes with SG48D in both the binding sites. (b) I: SG48D (red) occupies only one of the two binding sites
of the sdKef-QCTD dimer. II: binding of ‘BuSG in the unoccupied site does not affect SG48D. Iil: ‘BuSG competes with
SG48D at the second binding site.

4.6 Investigation of the identity of the nucleotide ligand in sdKef-QCTD

The central feature of the cytosolic domains RCK or KTN, involved in bacterial Kef systems

is the presence of a characteristic and highly conserved Rossmann fold in their structure.
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Throughout biological systems, the Rossmann folds are associated with the binding of
nucleotide ligand, especially NADH in dehydrogenases, where they were first reported.*’°
Amongst the total 17 crystal structures reported for KTN domains, 5 contain NADH bound,
while the remaining contain nucleotide molecules including AMP, ADP or ATP. In the
previously reported apo-crystal structure of E. coli KefC-CTD in complex with ancillary
protein Kef-F (PDB ID: 3EYW), the electron density in the nucleotide binding site was
assigned as a NAD" because of the presence of this nucleotide ligand in the crystallization
mixture.'’ The possibility of this electron density as an AMP molecule was ruled out on the
basis that its nicotinamide ring is highly mobile for making discrete electron density.
However, upon reanalysing the structure by the same group, it was proposed that the binding
of NAD" to the protein was not feasible, because the second phosphate group could not be
built into the structure without causing substantial steric clashes and energetically
unfavourable interaction in the protein. In the structure of other KTN domains with bound
NAD(H), the positioning of the y-glutamate carboxyl group of GSH and D472, which is at
the similar position to a more accommodating glycine residue, prevents the binding of

nucleotide larger than AMP'*°

as observed in the crystal structure of E. coli KefC (PDB ID:
3L9W). Therefore, the electron density was assigned as AMP molecule. But the question was
where this AMP is coming from; is it originating from the decomposition of NAD" or it is a
contaminant in the NAD" stock solution, that competes with NAD" for binding in the
nucleotide binding site. This ambiguity about the identity of this nucleotide ligand raises

important questions about its role in the biological function of Kef proteins.

In exploring the identity of this nucleotide ligand and its potential role in the biology of KTN
domains, we solved a crystal structure for the apo-sdKef-QCTD and identified electron
density in both the nucleotide binding pockets (of the dimer) (Figure 4.30). This electron
density was best fitted and refined to be an AMP molecule. We then carried out additional
studies using techniques other than X-ray crystallography to support our results that the
ligand bound in the nucleotide binding pocket is indeed an AMP molecule, and to support our
theory that AMP has a structural role in the KTN domains i.e stabilising the dimeric form of

Kef protein.
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Figure 4.30 apo-crystal structure of sdKef-QCTD.

(a) sdKef-QCTD dimer; the two monomers are shown as green and grey; each with an AMP molecule (yellow sticks) in the
nucleotide binding pocket. (b) Zoom in view of the AMP binding site in the two subunits (green and grey). The bridging
E524 connects the two subunits with each other. The AMP phosphate oxygens make interaction with R503 and R416, both
of which directly interacts with the bridging glutamates E524, thus increases the stability of the dimeric sdKef-QCTD.
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Several key interactions can explain the binding of AMP in the nucleotide binding pocket
(Figure 4.30). The adenosine part of the AMP is located in a pocket formed by residues 1478
and H437. H437 (3.9-4.0 A) appears to form n-n stacking interactions with the purine rings.
The amino group of the purine (aniline like) forms hydrogen bonding interaction with D456.
The two —OH groups of ribose of AMP are positioned close to D436, forming hydrogen
bonding interactions with this residue. Most of the AMP interactions with the protein are
from the AMP phosphate group, which builds salt bridges to R416 and R503, and hydrogen
bonds to the backbone NH of R416 and F417. A comparison of the X-ray crystal structure of
the E. coli KefC-CTD (PDB ID: 3L9W) with that of sdKef-QCTD (Figure 4.31) reveals that
the key residues involved in the binding of AMP are conserved between these two proteins.
In the E. coli KefC-CTD, an additional interaction between H434 and the AMP ribose
oxygen is visible, however, in the sdKefQCTD crystal structure; the density for this residue is

not well resolved.

(a) (b)

D436 D429 H434

et

\
N

. R409
D449 |4M o

F417 F410

Figure 4.31 Comparison of the AMP binding pocket in the crystal structure of (a) sdKef-QCTD and (b) E. coli KefC-CTD
(PDB ID: 3LgW)

4.6.1 Confirmation of nucleotide ligand as AMP by '"H NMR spectroscopy

We conducted CPMG edited '"H NMR experiments both on the native and thermally
denatured (by heating for 3 h at 80 °C) sdKef-QCTD samples. The native sdKef-QCTD
spectrum showed no resonances corresponding to either NADH, AMP and ADP, suggesting
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that any nucleotide present was either bound to the protein or there may be no nucleotide
natively bound to the protein at all (Figure 4.32a). However, in the denatured sdKef-QCTD
spectrum sharp signals were observed reporting the presence of a free ligand in solution
(Figure 4.32b). Comparison of the spectrum of the denatured sdKef-QCTD to that of the
spectrum of reference AMP (Figure 4.32c) suggests that the free ligand that was released in
solution from denaturation of sdKef-QCTD was AMP (Table 4.4). These results suggest that
AMP was natively bound to the protein.

HoN
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A
HO—P—O 1 N
| _ o)
(0] 2 5
3 4
OH OH
AMP

AMP reference spectrum

6

(c)

After denaturation
% *
(b) . \«L‘\J

sdKef-QCTD before denaturation
(a) i
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Figure 4.32 "H NMR conformation of the nucleotide ligand as AMP in the apo-crystal structure of sdKef-QCTD.

Overlay of CPMG edited 1H NMR spectra of the native and denatured sdKef-QCTD protein with reference AMP spectrum.
(@) In the spectrum of native sdKef-QCTD (331 pM), the broad resonances of the protein are removed by the CPMG filter.
Though, still some sharp peaks are seen, however these are most likely from small molecules impurities containing in the
protein solution. (b) The red stars denote the signals of the free AMP that releases into solution as a result of thermal
denaturation of sdKef-QCTD, suggesting that AMP was natively bound to sdKef-QCTD. (c) Reference spectrum of AMP.
The total echo time used in these experiments were 96 ms. The assay solutions were prepared in 5o mM sodium
phosphate buffer, pH 7.4, in D20. The spectra were recorded at 278 K.
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Table 4.4 "H chemical shift comparison of the peaks observed in the denatured protein spectrum (Figure 4.32b) compared
to the AMP reference spectrum (Figure 4.32¢).

Peak No. Detected compound 'H chemical shifts Standard AMP 'H chemical shifts

1 3.72 ppm 3.71 ppm

2 4.09 ppm 4.07 ppm

3 4.22 ppm 4.20 ppm

4 4.53 ppm 4.51 ppm

5 5.85 ppm, d 5.84 ppm, d

6 8.33 ppm, s 8.32 ppm, s

7 7.96 ppm, s 7.95 ppm, s

To further confirm that AMP is the ligand that release into solution as a result of sdKef-
QCTD denaturation, external AMP was added to the sample of thermally denatured sdKef-
QCTD (Figure 4.33b). In the spectrum, it was observed that the addition of external AMP
increases the intensity of the AMP (signals) released in solution as a result of thermal

denaturation of sdKef-QCTD (Figure 4.33c).
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AMP reference spectrum
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Spiking with external AMP
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Figure 4.33 NMR spiking technique to further confirm that the ligand released as a result of thermal denaturation of sdKef-
QCTD was AMP.

Addition of external AMP to the solution of thermally denatured sdKef-QCTD. Overlay of CPMG edited "H NMR spectra of
the (a) Native sdKef-QCTD (b) Thermally denatured sdKef-QCTD (5 uM). Signals with red asterisk represent AMP that was
natively bound to sdKef-QCTD, which upon thermal denaturation of the protein released into solution. (c) After the
addition of external AMP (15 pM) to sample of b. (d) Reference AMP spectrum. In spectrum (c), the intensity of the AMP
signals is increased upon the addition of external AMP, further confirming that the ligand release after thermal
denaturation of sdKef-QCTD is the natively bound AMP. The total echo time used in these experiments were g6 ms. The
assay solutions were prepared in 50 mM sodium phosphate buffer, pH 7.4, in D,0. The spectra were recorded at 278 K.

To confirm that AMP was not produced by the hydrolysis of NADH or ADP upon heat
treatment, we exposed NADH and ADP to the same conditions used to denature the sdKef-
QCTD (heating for 3 h at 80 °C). The results of these experiments are highlighted in Figure
4.34 & Figure 4.35, respectively. Although in both cases, new peaks were observed after heat

treatment, however, AMP did not appear to be formed.
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Figure 4.34 Experiment to prove that AMP was not formed from NADH thermal degradation.
Overlay of AMP reference *H NMR spectrum with NADH before and after being heated at 8o °C for 3 hours.
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Figure 4.35 Experiment to prove that AMP was not formed from ADP thermal degradation.
Overlay of AMP reference *H NMR spectrum with ADP before and after being heated at 8o °C for 3 hours.
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AMP was also subjected to the same heat treatment as sdKef-QCTD and was found to be
stable under these conditions (Figure 4.36). This was further confirmed by overlaying the
AMP spectra with that of an (-)Adenosine reference spectrum i.e AMP was not degrading to

(-)adenosine under denaturation conditions (Figure 4.37).

U j I ‘ AMP reference spectrum
U m AMP after heat treatment

9 8 7 6 5 4 3 2 ppm

Figure 4.36 Experiment to prove that AMP remains stable under thermal denaturation conditions used.
Overlay of AMP reference spectrum with AMP after being heated at 8o °C for 3 hours.
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Figure 4.37 Experiment to prove that AMP was not degrading to adenosine under thermal denaturation conditions used.
Overlay of AMP reference spectrum with AMP after being heated at 8o °C for 3 hours and an adenosine reference
spectrum.
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Thus our 'H NMR based studies of sdKef-QCTD clearly demonstrated that the electron
density observed in the nucleotide binding pocket of sdKef-QCTD crystal structure is
unambiguously an AMP molecule that is naturally bound to the sdKef-QCTD.

4.7 Role of AMP binding in sdKef-QCTD

Several roles have so far been proposed about the binding of nucleotides in the Kef domains,
for example it may be stabilizing the dimeric form of Kef proteins (domains),® or it may be
involved in regulating the K" flow, or its binding may be inducing the required
conformational changes in the KTN octamers, necessary for gating. In the two reported
crystal structures of E.coli KefC.° the structure in complex with inhibitory ligand glutathione
(PDB ID: 3L9W) shows an AMP molecule in the nucleotide binding site, whereas, the
structure in complex with the activating ligand ESG (PDB ID: 31L.9X), shows a sulphate ion
likely from the crystallisation mixture instead of AMP. In the former structure, it is believed
that the binding of AMP may perhaps be stabilizing the closed conformation of KefC-CTD,
whereas, in the KefC-CTD-ESG structure, ESG may have displaced AMP somehow, in order
for the cannels to open. There are however, no other experimental evidences to support this

theory.

To explore the theory that AMP binding stabilizes the dimeric form of sdKef-QCTD, we
investigated the stability of sdKef-QCTD by using differential scanning fluorimetry (DSF),

mutagenesis studies and HPLC analysis.

4.7.1 Differential Scanning Fluorimetric studies

Differential Scanning Fluorimetry (DSF) is a technique commonly used to study the stability
of a protein in its native form. It does this by measuring the heat changes associated with the
molecule’s thermal denaturation when heated at a constant rate. Macromolecules such as
proteins can form folded structures that undergo thermally-induced conformational changes.
These structural rearrangements result in the absorption of heat caused by the redistribution

of non-covalent bonds. Differential scanning fluorimeters measure this heat uptake.

In this assay (Figure 4.38) the protein is heated in the presence of a fluorescent dye (SYPRO
Orange), which binds non-specifically to hydrophobic surfaces. Water strongly quenches its
fluorescence. When the protein unfolds upon heat treatment, the dye non-specifically binds to
the exposed hydrophobic surfaces, resulting in an increase in fluorescence by excluding

water. The stability curve and its midpoint value (melting temperature, T, also known as the
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temperature of hydrophobic exposure, T,) are obtained by gradually increasing the
temperature to unfold the protein and measuring the fluorescence at each point. Curves are

measured for protein only and protein + ligand, and AT, is calculated.
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Figure 4.38 Cartoon representation of differential scanning fluorimetry (DSF) technique.

A measurement of ATy, is also often considered as a qualitative assessment of the binding
affinity of a ligand to a protein. A high ATy, indicate high affinity ligand binding and vice
versa. A AT, = 15 °C was obtained for AMP, 7 °C for ADP, while ATP and adenosine had
no effect on Ty,. Similarly, NADH showed ATy, = 3 °C, whereas NADP and NAD" had little
effect on Ty, (Figure 4.39a). These results demonstrate that AMP gives more stabilizing effect
to sdKef-QCTD compared with the other nucleotides. It was further shown that binding of
activating ligand ESG was additive with AMP. In the presence of ESG, a AT, = 18 °C was
observed for AMP (Figure 4.39b) suggesting that there are distinct nucleotide and peptide
binding sites in the protein. The fact that adenosine does not bind (stabilizes) sdKef-QCTD
suggests that the AMP binding to sdKef-QCTD is predominantly due to its phosphate group

in agreement with the crystallographic results.
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Figure 4.39 DSF experiments to determine the stabilising effect of nucleotide binding on sdKef-QCTD.

(@) It is shown that AMP is most effective at stabilizing sdKef-QCTD with AT, = 15 °C. (b) DSF experiments to determine
the effect of both AMP and ESG on the stabilization of sdKef-QCTD. Negligible stabilization is provided by GSH due to its
weak binding, whereas ESG shows AT, = 7 °C. The effect of AMP and ESG binding simultaneously is additive. (Image
provided by Dr Samuel C. Grayer)

4.7.2 Mutagenesis studies

To provide additional support to the DSF results, that AMP gives extraordinary stabilizing
effect to sdKef-QCTD, mutations studies of the key residues involved in the binding of AMP
(Figure 4.40) was performed.

D436

F417

Figure 4.40 View of the AMP binding site in the apo-crystal structure of sdKefC-QCTD.
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The first residue mutated was H437, which forms the top of the AMP binding pocket, located
approximately 3.5 A close to the purine ring of AMP. It is possible that the m-m stacking
between two aromatic rings could be involved in the binding of AMP to sdKef-QCTD
(Figure 4.40), however, we found that H437A and H437N mutations have only very little
effect on the expression of both mutated sdKef-QCTD protein, suggesting that both these
mutants sdKef-QCTD proteins are likely possessing the bound AMP molecule necessary for
protein stabilization (dimerization). Both H437A and H437N sdKef-QCTD were also proved
active in the K" efflux assay (performed by Silvia Ekkerman). H437N sdKef-QCTD showed
activity similar to wild type sdKef-QCTD, whereas H437A sdKef-QCTD displayed 50% of
wild type activity. These results demonstrate that the AMP purine ring does not appear to

play a critical role in its binding with sdKef-QCTD protein.

The influence of D436 on the binding of AMP was then assessed. D436 forms hydrogen
bonding interactions with the two hydroxyl groups on the ribose ring of AMP (Figure 4.40).
It was found that D436E mutant sdKef-QCTD, which was expected to form similar
interactions with AMP as D436 sdKef-QCTD, also resulted in a wild type expression levels,
suggesting that mutant D436E sdKef-QCTD perhaps also have bound AMP molecule
required for protein stabilizing. In contrast, D436A and D436N resulted in significantly
reduced level of protein expression, possibly due to the lack of bound AMP molecule. In the
K" efflux assay, the activity of D436E was also not substantially different from the wild type,
whereas for both mutant D436A and D436N sdKef-QCTD, a significant reduction in their
activity of K efflux activation was observed consistent with the reduced level expression of
these two mutants sdKef-QCTD. These results suggest that D436 plays a crucial role in the
binding of AMP, hence in the stability (expression) of sdKef-QCTD.

After H437 and D436, the effect of R416 on AMP binding was then investigated. According
to the X-ray crystal structure of sdKef-QCTD (Figure 4.40), R416 appears to form
interactions with the AMP phosphate group. The interactions between an arginine and a
phosphate group are typically very strong and contribute significantly in ligand binding.
R416A and R416M mutant sdKef-QCTD were both expressed in very low levels compare to
the wild type sdKef-QCTD, likely due to the absence of bound AMP molecule. In the K*
efflux assay, R416A retained some activity, R416M resulted in significant reduced activity,
while R416E was completely inactive. With respect to R416A, AMP may still be

accommodated, whereas steric occlusion to the binding site would be expected from R416M.
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R416E, would likely to be more disruptive to the binding of AMP due to the repulsion
between the y-carboxylate of glutamate and the phosphate group of AMP.

Furthermore, the CPMG edited '"H NMR analysis demonstrated that thermal denaturation of
R416E sdKef-QCTD does not result in release of the AMP molecule in solution (Figure
4.41), suggesting that there was no AMP natively bound to this mutant sdKef-QCTD.

AMP reference spectrum

(c) J J

After denaturation

(b) ~——m

R416E sdKef-QCTD before denaturation
(a)

|
8.0 7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 ppm

Figure 4.41 "H NMR experiment to prove that mutant R416E sdKef-QCTD does not contain naturally bound AMP
molecule.

(a) Experiment to prove that R416 (Figure 4.40) is the most crucial residue for the binding of AMP to sdKef-QCTD. (a)
CPMG "H NMR of R416E mutant sdKef-QCTD (5 uM) before thermal denaturation (b) After thermal denaturation, no AMP
signals are seen in this spectrum (c) AMP reference spectrum. The total echo time used in these experiments were g6 ms.
The assay solutions were prepared in 150 mM sodium phosphate buffer, pH 7.4, in D,0. The spectra were recorded at 278
K.

4.7.3 HPLC analysis

To provide additional experimental support to the finding that the variation in sdKef-QCTD
expression (stability) and function (Kef activation) is correlated to the degree of AMP in
these proteins, we performed HPLC analysis (by Dr Anthony K. N. Chan) on the solutions of
the thermally denatured formed of the mutant D436E, D436A (Figure 4.42) and R416E
(Figure 4.43) sdKef-QCTD to assess the amount of AMP that was co-purified with these
proteins. It was observed that mutant D436E sdKef-QCTD contained the same levels of AMP
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as the wild type, whereas, D436A contained only 20% of AMP to the wild type. In case of
R416E, the level of AMP detected was significantly less. These results are in good
agreements with the mutations studies as described in section 4.7.2 and with the NMR
analysis (R416E) that the presence of bound AMP helps in the sdKef-QCTD stabilization

(expression).

—D436A

—D436E

Absorbance

530 510 590 510 530 530 ) 50 m ] 730

Wavelength (nm)

Figure 4.42 HPLC analysis for the presence of naturally bound AMP in the mutant D436A and D436E sdKef-QCTD.

AMP percentage of retention was calculated by comparing the absorption at 280 nm (A280) of the denatured proteins and
AMP standards. D436E mutant sdKef-QCTD was found to contain high level of natively bound AMP (black peak), whereas,
D436A mutant sdKef-QCTD was found to contain significantly low level of native bound AMP molecule (blue peak) (only
20% to that of D436E).
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Figure 4.43 HPLC analysis of AMP released from thermally-denatured wild-type sdKef-CTD and sdKef-CTD (R416E).

(A) HPLC profile of 5o pM pure adenosine monophosphate (AMP). (B) HPLC profile of 5o pM of denatured wild-type
sdKef-CTD. (C) Spiking experiment containing equal concentration (25 UM each) of pure AMP and denatured wild-type
sdKef-CTD. (D) Quantification of HPLC peak areas from A to C. Data shown are mean = SD values from three different
experiments (n = 3). (E) HPLC profile of 8.6 uM of pure AMP. (F) HPLC profile of 8.6 uM of denatured mutant sdKef-CTD
(R416E). (G) Spiking experiment containing equal concentration (4.3 M each) of pure AMP and denatured mutant sdKef-
CTD (R416E). (H) Quantification of HPLC peak areas from E to G. Data shown are mean + SD values from three different
experiments (n = 3).

4.8 Summary

The work described in this chapter studied the binding interaction of Kef activating ligand

glutathione-S-N-tertiary butylsuccinimide (‘BuSG) with sdKef-QCTD by CPMG edited 'H
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NMR direct ligand-observation binding technique. Using this technique, we measured the
binding dissociation constant value of ‘BuSG as 0.54 uM, which is good agreement to its
reported literature value of 0.4 uM. With the aim of developing a potential novel non-
peptidic antibiotic of Kef, which is a antibiotic target, we investigated the influence of each
functional group of ‘BuSG on its binding interaction with sdKef-QCTD. We have shown that
the glutamate part of ‘BuSG except its -carbonyl group (more strictly carbonyl oxygen) is
not essential for its binding interaction with sdKef-QCTD, whereas, the rest of its
functionalities i.e cysteine and glycine moieties are however, crucial for its binding
interaction with sdKef-QCTD. In exploring the size of the substituent group that is attached
to the maleimide nitrogen of ‘BuSG, and which is crucial for activation of the K" efflux by
displacing the F441 (E.coli KefC), we showed that a ligand with a bulky hydrophobic group
of fluorescein also binds sdKef-QCTD with an affinity (1.4 uM) close to ‘BuSG (Kp 0.4 uM).
Based on this structure-activity relationship study, we incorporated a non-peptidic tetrazole
functionality in the ‘BuSG and interestingly the ligand was found as a good binder of sdKef-
QCTD with an affinity of 7 uM. Towards our ultimate goal, selected compounds tested in

this study have also shown interesting antibacterial activities.

In this study, we also applied ligand-observed '’F NMR spectroscopy to study small molecule
binding interaction with sdKef-QCTD. We have shown that a slow exchanging ligand
binding system on the NMR time scale is a potentially useful technique that can be used to
probe the competitive binding of another ligand of interest through the NMR reporter
displacement assay. More importantly, this technique allows calculating a ligand binding
dissociation constant from a single shot experiment instead of a titration. The validity of this
assay to sdKef-QCTD system was exemplified with selected natural and synthetic Kef
ligands and the values of their binding dissociation constants obtained with this technique
were in good correlation to their reported literature values measured by other biophysical

techniques.

Finally, we also demonstrated that the electron density that was found in the nucleotide
binding pocket in crystal structure of apo-sdKef-QCTD is unambiguously an AMP molecule
that is natively bound to the protein; it is neither produced from the breakdown of NAD" nor
it comes from the crystallisation mixture as a contaminant in the NAD" stock solution. We
propose that his AMP molecule must be binding with sdKef-QCTD with significantly high
affinity in order to be retained by the protein during purification process. In addition, by

using thermal shift studies, we showed that AMP stabilises the sdKef-QCTD (dimeric form)
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to a much greater extent than other nucleotides particularly NADH. Similarly, we also
showed that the mutation of the key residues involved in the AMP binding caused loss of this
ligand from the protein (sdKef-QCTD) with simultaneous loss in the protein stability

(expression).
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5 Thesis Summary and Future Work

In summary, the work described in this thesis is focused on three projects;

1) y-Butyrobetaine hydroxylase (GBBH or commonly referred as BBOX; from BBOX gene
in human), is a 2-oxoglutarate (20G) and Fe" dependent oxygenase, currently a drug target
for the treatment of myocardial infarction. It was demonstrated that 'H NMR-based direct
ligand observation is a simple and efficient NMR technique for studying small molecules
binding interaction with BBOX. In this assay the paramagnetic relaxation enhancement
(PRE) effect of Mn" (an unreactive substitute for catalytic FeH) was used to enhance the
NMR sensitivity of ligand binding to BBOX with significantly low amount of protein. Based
on this approach, a 'H NMR-based competition assay was developed using both natural
substrate y-butyrobetaine (GBB) and co-substrate 20G simultaneously as reporter ligands.
This technique readily assesses from a single NMR spectrum whether a competitive inhibitor
of interest competes with GBB or 20G or both. The applicability of this technique was
exemplified with a structure-activity relationship study using isoquinoline-based ligands and
a variety of other ligands containing the quinoline, pyrimidine and pyridine-based ligands.
This assay is potentially useful in the development of selective inhibitors of BBOX over other

20G oxygenases of biological interests.

In this assay in order to overcome the potential problem of signals overlap ( 'H NMR), a "°F
NMR-based assay is proposed for future work, by employing a fluorinated GBB analogue
such as GBBF or GBBNF and a fluorinated 20G analogue as dual-reporter in the assay.

It was also shown that the positive charge on the nitrogen atom in the trimethylammonium
group of GBB plays a critical role in psBBOX substrate recognition. GBB analogues which
lack this positive charge are not accepted as substrates by psBBOX. It is still unknown
whether all the aromatic cage residues (Tyrl177, Tyr-194, Trp-181, Tyr-205 and Tyr-366) of
BBOX (where GBB trimethylammonium group binds) are critical for this cation-n interaction
or may be its one or two of these residues that are critically involved in cation-m interaction as
observed in the case of acetylcholine (neurotransmitter) i.e cation-m interaction between the
positively charged nitrogen of acetylcholine and a single tryptophan residue. Hence for future
work, a mutation study of these aromatic cage residues and its influence upon GBB binding is
proposed. The GBB carboxylate -OH group forms interactions with Asp204 and Asn292
(human BBOX); studies by Rydzik er al. suggest that GBB analogue lacking the carboxylate
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-OH group (GBB-CHj3) is not accepted as substrate by both human and psBBOX; therefore
for a future work we propose a mutation study to establish whether both these residues are

critical for GBB binding or only one of them is crucial.

We also observed that a GBB mimic substrate of psBBOX including the commercially
available clinical drug mildronate cannot fully displace GBB from its binding pocket. We
propose that upon GBB/20G/metal co-factor binding, substantial conformational changes
occur in BBOX that possibly locks the GBB in one monomer and which cannot be
outcompeted by another substrate mimic ligand, giving rise to the possibility that at a time
only one monomer may involve in catalysis. For future work, we therefore propose protein-
observed '’F NMR studies (fluorine labelling of aromatic cage residues) to investigate that

why GBB cannot be fully displaced from its binding pocket by another competitive substrate.

2) The activity of many 20G oxygenases is enhanced by the presence of ascorbate in the
assay mixture; the exact mode of action of which still remains unknown. We have shown that
in the assay solution, without a 20G oxygenase, ascorbate slowly undergoes oxidative
degradation and cause concomitant 20G decarboxylation into succinate. We speculate that
the enhanced uncoupled 20G turnover by a 20G oxygenase in the presence of ascorbate may
have potential artifacts of ascorbate-induced 20G turnover instead formed by catalysis. We
carried out a systematic study to investigate the influence of different experimental conditions
including the ascorbate concentration, pH, buffer, effect of metals etc. on this ascorbate
induced 20G decarboxylation process. Our observations that other compounds such as
dithiothreitol (DTT) are as good reducing agents as ascorbate in this process, suggest that
these different compounds (ascorbate, DTT etc.) possibly interact and stimulate a 20G
oxygenase in a compound specific manner and not through a common mechanism i.e by
reducing Fe'" to catalytic Fe" in solution to activate the enzyme. For future work, we
therefore propose the investigation of the binding interaction of ascorbate and some of its
analogues such as D-isoascorbate, isopropylidine-ascorbate (IPPA), 6-deoxyascorbic acid, 6-
aminodeoxyascorbic acid, 6-O-phenylascorbic acid, 6-S-phenylascorbic acid, 6-S-phenyl-2-
aminoascorbic acid and imino-D-glucoascorbic acid to a variety of 20G oxygenases and
investigation of their simulation by these compounds. This study will help in understanding
of how a particular 20G oxygenase is stimulated by a specific reducing agent. For mapping
of the ascorbate binding site, the technique of 'H-""N chemical shift perturbation is also

proposed. Alternatively, the binding of ascorbate can also studied by sensitive techniques
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such as ligand titration to fluorine-labelled protein. The binding mode of ascorbate to 20G

oxygenases can also be investigated via X-ray crystallographic studies.

3) Bacterial potassium ion efflux (Kef) is a ligand-gated K™ channel system that protects
bacterial against toxic electrophilic species. Bacterial Kef system is a novel target for the
development of antibiotic agents that display novel mode of action. The strongest binder and
activator of Kef reported so far is synthetic GS-X (glutathione-S-conjugate; X = electrophile)
formed with the N-tertiary butylsuccinimide electrophile (Kp 0.4 uM). We identified the
functional groups of this GS-X that form critical interactions with sdKef-QCTD (sd:
Shewanella denitrificans, QCTD: Q-linker C-terminal domain) using a structure-activity
relationship (SAR) study. Based on this study a truncated (at glutamate) novel non-peptidic
GS-X was synthesized in which the ligand glycine was replaced with a tetrazole
functionality. It was then shown that this novel GS-X binds sdKef-QCTD with an affinity in
close range to the N-tertiary butylsuccinimide-based GS-X. Work is currently in progress in

order to prove that this non-peptidic GS-X is a cell permeable antibiotic agent.

An efficient ligand-based '’F NMR reporter displacement assay was developed that can be
used for ligand screening as well as measuring their binding constant values from a single
NMR spectrum. In this assay we observed the signals of both free and bound (to sdKef-
QCTD) populations of a fluorinated ligand; a slow exchange system on NMR time scale. The
applicability of this system in competitive ligand screening was assessed using a range of
reported GS-X and the results obtained were in reasonable correlations to their reported data
obtained with other biophysical techniques. The slow exchange binding of this fluorinated
ligand was then used to probe conformational changes that occur in Kef as a result of GSH
(K" channels get closed) and GS-X (K" channels get opened) binding. With GSH and GS-X
(N-tertiary butylsuccinimide) binding, different effects on the local chemical environments of
the bound population of the fluorinated ligand were observed. These possibly reflect the
closing of the K channels upon GSH binding and the opening of the K* channels upon GS-X
binding. In order to confirm these theories, for a future work, the critical F448 (F441 in
E.coli) can be labelled with a fluorine and the titration of GSH and GS-X can be employed to

probe these two different forms of Kef proteins.

We also proved that the electron density in the Rossmann fold of the apo sdKef-QCTD is
unambiguously an AMP molecule that is naturally bound to the protein and likely has a role

in the stabilisation of the dimeric form of the Kef protein responsible for gating.
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6 Experimental

6.1 Materials and chemicals

All the materials and chemicals used in the NMR experiments were from Sigma Aldrich or
Alfa Aesar or Fluka, except those listed in Table 6.1, unless otherwise mentioned. These were

used as provided by the supplier.

Table 6.1 suppliers of chemicals for NMR experiments

Chemicals Suppliers

Tris-Dy, Cortectnet
D,O Apollo Scientific
DMSO-dg Merk Chemicals

6.2 Buffer for NMR experiments

Unless otherwise mentioned all the NMR experiments were run in buffer. In the psBBOX
work (chapter 2), 50 mM Tris-Dy;, pH 7.5 in D,O was used. In the ascorbate work (chapter
3), 50 mM Tris-Dyy, pH 7.5 in MilliQ H,O was used. 10% D,0O was added to these samples
for the spectrometer deuterium lock signal. Milli-Q H,O was obtained from an Elix Reverse
Osmosis system coupled with a Milli-Q Synthesis system and a 0.22 um filter (Millipore).
The Kef work (chapter 4) was performed with 50 mM sodium phosphate
(NaH,PO4/Na,HPO4, supplemented with 150 mM NaCl) buffer, pH 7.4 in D,0. For H,O-
based buffer, the pH was adjusted using HCI and NaOH, whereas, for the D,O-based buffer,
DCI and NaOD were used. All the buffers were filter sterilised through 0.22 pm filters

(Millipore) and were stored in 50 mL falcon tubes (Sarstedt) at 4 °C.

6.3 General sample preparation

All samples were prepared in a 1.5 mL Eppendorf microtubes and were transferred to the
NMR tubes via either a micropipette (to conventional 5 mm diameter NMR tubes; Norell) or
gel-loading tips (Fisher Scientific) (to 3 mm diameter Bruker MATCH NMR tubes). A
sample volume of 160 pL and 500 pL was used for 3 mm and 5 mm NMR tubes,
respectively. Unless otherwise mentioned, all stock solutions were prepared to the
appropriate concentrations in the relevant NMR buffer or DMSO-Dg. Sodium, potassium,

magnesium, calcium, zinc, copper, nickel, manganese and cobalt stock solutions were made
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from their corresponding chloride salts (NaCl, KCl, MgCl,, CaCl,, ZnCl,, CuCl,, NiCl,,
MnCl,, CoCl,) in the relevant NMR buffer. The iron(II) stock solution (250 mM) was freshly
prepared for each set of experiments using (NH4),Fe(SO4),:-6H,0 in 20 mM HCI in H,O,
which was then diluted down to the appropriate concentration by the relevant NMR buffer
just before adding to the reaction mixture. L-Ascorbate solutions were freshly prepared each
day using sodium ascorbate salt in the buffer. All the assay mixtures studied for L-ascorbate
degradation were incubated in a 1.5 mL transparent plastic eppendorf at room temperature on
bench. The stock solutions of ascorbate and other reducing agents used in the ascorbate
degradation assays were made in 25 mM concentration in H,O-based Tris-D;; buffer.
Similarly, the stock solutions of 20G and other a-ketoacids used in these studies were made
in 16 mM concentrations. All these mixtures were made with a total sample volume of 160
uL. 20G stock solutions were prepared using 20G monosodium salt in H,O-based NMR
buffer. GBB stock solutions were prepared using GBB chloride salt in the relevant buffer.
psBBOX was produced by Dr Jurgen Brem according to the protocol reported by Rydzik et
al'. sdKef-QCTD was produced by Dr Anthony K. N. Chan according to the procedure
reported by Healy ef al.”> The psBBOX used was incubated in 50 mM Tris buffer pH 7.5 in
H,0 supplemented with 200 mM NaCl, whereas, sdKef-QCTD used was incubated in with
50 mM sodium phosphate (NaH,PO4/Na,HPO4, supplemented with 150 mM NaCl) buffer,
pH 7.4 in D,0. The concentrations of purified proteins were determined by measuring the
A280 using an ND-1000 spectrophotometer (NanoDrop Technologies). The Protein A280
and Other protein (E & MW) options were used. Protein buffer solution was used as blank.
Protein molecular weights (MW) and extinction coefficients (E) were calculated using the
ProtParam tool. Typically, 2 pL of the analyte was used per measurement. All measurements
were performed at least three times. The catalase used was an aqueous suspension (10,000-
40,000 units/mg protein) from bovine liver. In the anaerobic ascorbate degradation assay, all
the stock solutions and buffer were first degassed and were then transferred into anaerobic
chamber in sealed bottles. The assay was performed in the anaerobic chamber. After
incubation in the anaerobic chamber the spectra were recorded within 5 minutes. Catalase
was used as 3 uL from a 45mg/ml aqueous suspension (45x%3/1000 = 135ug of protein; batch
activity: 12852 units/mg, 12852x135/1000 = 1735units). The isoquinoline-based ligands
were provided by Dr Anna M. Rydzik (synthesised according to the published protocols).**
The GS-X compounds (glutathione-S-conjugates) were synthesised by Sam Grayer as per the
published methodology.2 Jos J. A. Kamps synthesised the GBB phospha, arsa and carba

analogues.5 Silvia Ekkerman performed the K" efflux assay.
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6.4 Sample acquisition and processing

All NMR experiments were conducted at 298 K (unless otherwise mentioned) using either a
Bruker Avance III 700 MHz spectrometer equipped with a 5 mm inverse TCI cryoprobe or a
Bruker Avance II 500 MHz spectrometer equipped with a 5 mm inverse 'H/'’F(**C) TXI
probe or a Bruker Avance III 600 MHz spectrometer equipped with a 5 mm BB-""F/'H
Prodigy N, cryoprobe. Unless otherwise stated, all the spectra were recorded at 298K. The
spectra were processed by TopSpin 3.1 software. Spectra were processed typically with a line
broadening of 0.3-1 Hz. The 'H pulse tip-angle calibration was carried using the single
notation method for the samples before running the actual experiments. The PR pulse was
calibrated using 1,1,1-trifluoroacetone in the relevant NMR buffer. Unless otherwise stated,
the area of the peaks was measured by integration. Each experiment was run with three
separately prepared samples. Water suppression was achieved by excitation sculpting method

(for samples in HyO-based buffer) and presaturation.

6.5 Protein-titration experiments for ligand K, measurements by CPMG

edited '"H NMR

All the CPMG edited 'H NMR protein titration experiments for ligand Kp measurement were
performed in 3 mm diameter Bruker MATCH NMR tubes on a Bruker Avance III 700 MHz
spectrometer equipped with a 5 mm inverse TCI cryoprobe. In this assay separate samples
were prepared for each protein concentration (containing a fixed ligand concentration). The
CPMG experiments were recorded using the PROJECT — CPMG pulse sequence (90°, — [t —
180°, — T — 90°, — T — 180°, —1], — acq).’ The total echo time (21) used were in the range of
32-88 ms. NMR parameters such as number of transients and acquisition time were judged on
a per sample basis. The concentrations of the ligands used were typically 10-25 uM. The loss
in the ligand signal intensity in the presence of protein (as a probe of binding interaction) was
measured relative to the intensity (set to unit intensity) of the same signal in the ligand
solution in the absence of protein. The Kp values were obtained from fitting the titration data
in OriginPro 9.0 (Origin lab, Northampton, MA, USA) using the following quadratic

equation,
y = A*(1/2*C)*(B+x+C)-sqrt((B+x+C)"2)-(4*x*C)))

Where y represents the loss in the ligand signal intensity (NMR response of ligand binding),

A represents maximum NMR response of binding (when a ligand signal completely
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attenuates in the presence of protein; saturation point), C represents fixed component (ligand)

concentration and B represents the ligand Kp.

6.6 CPMG edited "H NMR dual-reporter displacement assay

The CPMG edited '"H NMR dual-reporter ligand displacement assay as described in section
2.5 were performed in 3 mm diameter Bruker MATCH NMR tubes on a Bruker Avance III
700 MHz spectrometer equipped with a 5 mm inverse TCI cryoprobe. The experimental
conditions used were, 25 uM GBB, 300 uM 20G, 150 uM MnH, 80 mM KCI, 50 uM 1,1,1
trifluoroacetone (internal NMR standard), 15 pM psBBOX and 25 uM competitive ligand.
The NMR parameters used were, acquisition time 1.46 s, relaxation delays 2 s, number of
transients 32 and total echo time 32 ms. The competitive ligand was added to the assay
mixture after the addition of protein. Each experiment was recorded with three separate

samples.

6.7 Intrinsic fluorescence quenching binding assay for K measurement

The binding dissociation constant values (Kp) of the isoquinoline-based ligands with
psBBOX described in section 2.5.1 were determined (performed by Robert K. Lesniak) from
the quenching of psBBOX intrinsic tryptophan fluorescence measured at 294 K on a
Pherastar FS plate reader (BMG labtech) with 96-well plates (Greiner, black, bottom: flat,
clear). The experimental conditions used in these experiments were; excitation 280 nm,
emission 350 nm, 5 uM psBBOX, 50 uM Mn" and varying concentrations of the isoquinoline
ligands to a final well volume of 50 pL in 50 mM Tris buffer pH 7.5, supplemented with 200
mM NaCl. Fluorescence readings were obtained in triplicate with errors represented as
standard deviations. The binding dissociation constant (Kp) values were obtained by fitting
the raw data (plotting inhibitor concentration versus AFos/Fumx, where AFas represents the
decrease in the observed fluorescence signal and Fu.xthe observed fluorescence signal without
the isoquinoline ligand present) using Prism according the quadratic equation for Kp

measurement.

6.8 'HNMR assay for BBOX inhibitor I1Cs) measurements

The BBOX turnover assay was carried out in a 1.5 mL eppendorf tube. The reaction was
initiated with the addition of enzyme to the assay mixture and quenched at 60™ second with

the addition of 10 uL of 1M HCI. The concentrations of GBB turnover into L-carnitine were
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measured by integration of their respective Mes signal from their trimethylammonium group
in a standard '"H NMR spectrum. The % enzyme activity was calculated as ([CAR]ps1 /
[CAR]p) x 100 , where P = Protein (BBOX), I = Inhibitor. Inhibitors ICsy values were
obtained from growth/sigmoidal dose response curves fitting (log of inhibitor concentration
vs % enzyme activity) using OriginPro 9.0 (Origin lab, Northampton, MA, USA) according

to the following equation.

A2 - Al

y=Al+ 1+ 10L0Gx0-0p

Where; y = response (% activity), logx0O = the centre of the curve, p = hill slope, A2 =

maximum activity, A/ = minimum activity

The experimental conditions used were; 200 uM GBB, 600 uM 20G, 100 pM Fe" which
was prepared as a 250 mM stock solution in 20 mM HCI in H,O (which was further diluted to
a 2.5 mM solution in MilliQ purified water), 500 uM L-ascorbate, 80 mM KClI and 0.140 uM
psBBOX in 50 mM Tris-Dy;, pH 7.5 in D,0. Each experiment was performed with three

separately prepared samples.

6.9 Fluoride ion release assay for BBOX inhibitors ICs;, measurements

Fluoride ion release assay was applied to measure the ICsy values of the isoquinoline-based
ligands (performed by Robert K. Lesniak) described in section 2.6. The fluorescence signal
was detected using a Pherastar FS plate reader (BMG labtech) fitted with a FITC FP 485/30
(485 nm, bandwidth 30 nm) and FITC FP 520/40 emission (520 nm, bandwidth 40 nm)
filters, using 384-well plates (black, clear, flat bottom, Grenier BioOne). The TBS-protected
fluorescein probe and 3-(S)-fluoro-GBB (GBBF) were synthesised according to the reporter
method.” The assay conditions used were; 50 pM GBBF, 500 pM 20G, 250 uM sodium
ascorbate, varying concentrations of isoquinoline-ligands, 50 uM Fe!l (from Fe(NH4)2(SO4),
salt. The Fe(NH4)2(SO4), solution was prepared as a 100 mM stock solution in 20 mM HCI
(in H,O), which was further diluted to a 250 uM solution in MilliQ purified water before
being added at the start of the measurements. The psBBOX catalysed reaction was initiated
by adding the protein (1 pM) at the end to the assay mixture in each well containing all
inhibitors and cofactors. Assays were performed to a final well volume of 10 uL in 50 mM
Tris buffer supplemented with 200 mM NaCl, pH 7.5 at 294 K. The reaction was quenched
by the addition of 40 puL of TBS-protected fluorescein probe (final concentration 5 pM) after
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10 mins. The plates were then sealed and incubated at room temperature for 1 hour. This was
followed by the addition of 10 uL of HEPES buffer, pH 7.0 and the fluorescence signal read
up for 5 minutes. The fluorescence data were recorded as quadruplicates and errors are shown
as standard deviations. The fluorescence signals were normalized by subtracting the
fluorescence values recorded from control wells, which contained all the assay components
except psBBOX or without an inhibitor. The ICs, values of the inhibitors were obtained by
fitting the raw data using the Prism four parameter logistic dose-response model (sigmoidal,

variable slope).

6.10 Steady state fluorescence measurements (Fluorescence Competition

Assay)

All measurements were conducted on a Perkin Elmer LS-50B Spectrometer (performed by Dr
Samuel C. Grayer). The samples were prepared in 150 pL volume containing sdKef-QCTD (6
uM) and DNGSH (5 uM) in 50 mM phosphate buffer, pH 7.4 supplemented with 150 mM
NaCl. To each sample, the competing ligand of interest (1 mM) was added. Samples were
excited with light of 340 nm and the emission spectra measured from 375-670 nm (the step
was 1 nm, the dwell time 0.3 s, 3 repeats, the excitation slit was 1 nm, the emission slit 2 nm
and the temperature was held at 20 °C). A reduction in the fluorescence intensity of the
reporter ligand DNGSH after the addition of the competing ligand was interpreted as an
indication of binding interaction of the competitive ligand with sdKef-QCTD. The binding of
the competitive ligands are expressed as ratios of the fluorescence intensities of the DNGSH
before and after the addition of the tested competitive ligands at 525.5 nm

(DNGSHboundZDNGSHligand or (FB/FL — 1).

6.11 Differential scanning fluorimetric (DSF) assay

The DSF experiments (performed by Dr Samuel C. Grayer) were performed on a Stratagene
Mx3005P qPCR (Expt filter set, ex. 492 nm, em. 568 nm). The initial temperature value was
set to 25 °C (held for 5 minutes), increasing in increments of 1 °C for 55 cycles (held for 1
minute 30 seconds per cycle). Ligands stock solutions were prepared in 100 mM
concentration in 50 mM sodium phosphate buffer, supplemented with 150 mM NacCl, pH 7.4.
The 100 mM stock solutions were then diluted to 10 mM in the same buffer. A protein master
mixture was prepared containing sdKef-QCTD (13.3 uM) and Sypro Orange dye (2.2X%,
Invitrogen) in 50 mM sodium phosphate buffer supplemented with 150 mM NaCl, pH 7.4.
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Ninety-six well plates (Axygen) were prepared using the protein master mixture (22.5 uL per
well; 12 uM final concentration of protein and 2x final concentration of dye) and the
appropriate ligand (2.5 pL per well; 1 mM final concentration). The plate was centrifuged at
1000 revolution per minute (rpm) for 3 minutes before being run. Controls experiments were
performed with dye alone, ligand + dye, and the sdKef-QCTD alone. The Ty (melting
temperature) was identified by fitting the data to the Boltzmann equation (Prism 5).8 The
change in unfolding temperature (ATy) of sdKef-QCTD was calculated as the shift in Ty
relative to the Ty of the sdKef-QCTD + 2.5 uL buffer, in the absence of any ligand. A

student T-test was performed to ensure that the changes were statistically significant.
6.12 Binding of Mn" to psBBOX by bulk water T; measurements

The assay was performed according to the technique reported by Leung et al.’ The bulk water
T was measured by saturation recovery method (90°, — G— 90°, — Go— 90°; — G3 — T —acq).
NMR parameters used were: number of transients 1, relaxation delay 22 s. The receiver gain
(RG) value was set minimum of 1 in order to prevent radiation damping.lo’11 Samples were
made in 50 mM Tris-Dy;, pH 7.5, 20% H,0: 80% D,0O. The assay mixture contained 50 uM
Mn", 1.2 mM 20G, 100 mM KCl and varying concentration of psBBOX (psBBOX titration).
The experiments were recorded on a Bruker Avance III 600 MHz spectrometer equipped with
a 5 mm BB-"F/'H Prodigy N, cryoprobe in 3 mm diameter Bruker MATCH NMR tubes
with a total sample volume of 160 pL. Bulk water T1 values were obtained using the Bruker
T/T, Relaxation option and peak area was used for curve fitting. The curves were fitted

according to uxnmrtl function as below:
I, =1, (1-Ae’™)

Where I represents the signal intensity at time 1, and I(g) is the fully relaxed signal intensity,
A 1s the correction factor to compensate for imperfection saturation and t is the time delay.
Each measurement was made with three freshly prepared separate samples. The Mn" K,
value was obtained by fitting the raw data (psBBOX concentration against bulk water T)
using OriginPro 9.0 (Origin lab, Northampton, MA, USA) according to the quadratic Kp

equation.
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6.13 '"H NMR experiments in ascorbate degradation studies

All the ascorbate degradation analysis were carried out by recording standard 'H NMR
experiments at 298K on a Bruker Avance III 700 MHz spectrometer equipped with a 5 mm
inverse TCI cryoprobe in 3 mm diameter Bruker MATCH NMR tubes using a total sample
volume of 160 puL. At the end of incubation period 10% of D,0O was added to each sample for
spectrometer deuterium locking. All the spectra were recorded within five minutes after the

incubation times.

6.14 ’F NMR experiments

All the "’F NMR experiments described in section 4.4 and section 4.5 were conducted on a
Bruker Avance III 600 MHz spectrometer equipped with a 5 mm BB-'’F/'H Prodigy N,
cryoprobe in 5 mm diameter NMR tubes with a total sample volume of 500 puL. In all these
experiments 1,1,1-trifluoroacetone (-86.53 ppm) was used as an internal NMR standard. The
spectra were processed with a line broadening of 20 Hz and the areas of the peaks were

d'*>" automatically using the Bruker

measured by Lorentz Gauss deconvolution metho
Topspin3‘2. All the samples were prepared in 50 mM sodium phosphate (NaH,PO4/Na,HPO4,
supplemented with 150 mM NaCl) buffer, pH 7.4 in D,0. Typical NMR parameters used
were; spectral width 60 ppm, acquisition time 1.92 s, relaxation delays 2 s and number of

transients 1312.
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7 Appendix

7.1 Binding constant measurements by "H NMR (CPMG edited) direct

ligand observation
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Figure 7.1 Measurement of the binding constant (Kp) of SGgaD with sdKef-QCTD by CPMG edited *H NMR direct ligand
observation.

The ligand solution used was a racemic mixture. The asterisks represent the signal of ‘BuOH added to the assay mixture as
an internal NMR control. The K, obtained was 1 + 0.1 pM. The error bars represent standard deviation from three separate
measurements.
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Figure 7.2 Measurement of the binding constant (KD) of SG12E with sdKef-QCTD by CPMG edited *H NMR direct ligand
observation.

The Kp, obtained was 2.6 + 0.3 pM. The error bars represent standard deviation from three separate measurements. The
ligand solution used was a racemic mixture.
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Figure 7.3 Measurement of the binding constant (Kp) of SG33D with sdKef-QCTD by CPMG edited *H NMR direct ligand
observation.

The Kp, obtained was 1.8 + 0.2 uM. The error bars represent standard deviation from three separate measurements. The
ligand solution was used a racemic mixture.
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Figure 7.4 Measurement of the binding constant (Kp) of SG32D with sdKef-QCTD by CPMG edited *H NMR direct ligand
observation.

The K, obtained was 25 + 0.8 pM. The error bars represent standard deviation from three separate measurements. The
ligand solution was used as a racemic mixture.
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Figure 7.5 Measurement of the binding constant (Kp) of SG48E with sdKef-QCTD by CPMG edited *H NMR direct ligand
observation.

The K, obtained was 20 + 0.8 uM. The error bars represent standard deviation from three separate measurements. The
ligand solution was used as a racemic mixture.
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Figure 7.6 Studying the binding interaction of SG79D with sdKef-QCTD by *H NMR direct ligand observation.

(a) Overlay of "H NMR spectra of a solution of SG7gD without (bottom) and with sdKef-QCTD. Signals of small molecules
impurities are also seen in the spectra. After the addition of sdKef-QCTD, the signal (‘Bu) of SG79D does not broaden or
attenuate suggesting that it does not binding with the sdKef-QCTD. (b) Corresponding CPMG edited "H NMR spectra. The
ligand solution used was a racemic mixture.
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Figure 7.7 Measurement of the binding constant (Kp) of SG85D with sdKef-QCTD by CPMG edited *H NMR direct ligand
observation.

The ligand 4H (shown as asterisks) signal is followed for binding interaction The K, obtained was 1.4 pM. The error bars
represent standard deviation from three separate measurements. The ligand solution used was a racemic mixture with the
average response measured.

339



e N +90 uM Kef
N e +55 uM Kef

e AN~ +20 M Kef

+ 10 uM Kef

‘\”‘MWNN +5uM Kef
@ JW +2.5 uM Kef
o]
BN

(s
I 10 uM SG79E
S (w VW
)L\l\/ TNV/LN«
H o} T T T
SG79E 1.50 1.45 1.40 ppm

(b)

-50 4

% change (loss) in SG79E signal intensity

-100

0 20 40 60 80 100
sdKef-QCTD / uM

Figure 7.8 Measurement of the binding constant (Kp) of SG79E with sdKef-QCTD by CPMG edited *H NMR direct ligand
observation.

The Kp obtained was 7.6 + 0.5 uM. The error bars represent standard deviation from three separate measurements. The
ligand solution used was a racemic mixture with the average response measured.
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7.2

Kef ligand screening by ’F NMR reporter ligand displacement assay
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Figure 7.9 Measurement of the binding constant (Kp) of glutathione (GSH) by **F NMR reporter displacement assay.

Ave. Kp =881 £ 159 /uM
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Figure 7.120 Measurement of the binding constant (K;) of ESG by **F NMR reporter displacement assay.
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Ave. Kp=19+15/uM

Figure 7.11 Measurement of the binding constant (Kp) of DNGSH by **F NMR reporter displacement assay.
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Figure 7.12 Measurement of the binding constant (K;) of SG5o by **F NMR reporter displacement assay.
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Figure 7.13 Measurement of the binding constant (Kp) of SLG by **F NMR reporter displacement assay.
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Development and application of ligand-based
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M. A. McDonough, C. J. Schofield* and T. D. W. Claridge*

y-Butyrobetaine hydroxylase (BBOX) is a 2-oxoglutarate (20G) dependent oxygenase that catalyses the
stereoselective C-3 hydroxylation of y-butyrobetaine (GBB) to give L-carnitine. L-Carnitine is involved in
fatty acid metabolism in all animals and in some prokaryotes, and BBOX is a current drug target for the
treatment of myocardial infarction. We describe the development and application of *H NMR GBB/20G re-
porter based assays employing paramagnetic relaxation enhancement to monitor inhibitor binding to the
BBOX active site. In a single experiment, the method assesses inhibitors for competitive binding with 20G
or GBB, or both. The method was exemplified with a set of isoquinoline-based inhibitors; the results reveal
structure-activity relationships that were not predicted from crystallographic studies, with some inhibitors
competing 20G only and some competing both 20G and GBB. The method will also be applicable to
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Introduction

Ferrous ion (Fe") and 2-oxoglutarate (20G) dependent
oxygenases play multiple biologically important roles in
humans and other animals, including in lipid metabolism."?
20G oxygenases play a central role in the metabolism of the
chlorophyll metabolite phytanic acid® and in the biosynthesis
of 1-carnitine," which is required for fatty acid transport into
mitochondria.> Two steps in r-carnitine biosynthesis are
catalysed by 20G oxygenases, i.e. the C-3 hydroxylation of tri-
methyllysine (TML) and of y-butyrobetaine (GBB), which are
catalysed by trimethyllysine hydroxylase (TMLH) and
y-butyrobetaine hydroxylase (BBOX), respectively (Scheme 1).?
BBOX (and, maybe, TMLH) are inhibited by mildronate (THP
or Met88),* which is given to patients after myocardial infarc-
tion to suppress fatty acid metabolism.> As shown by NMR
and MS studies, mildronate is a competitive BBOX substrate,
undergoing oxidation and subsequent degradation including
via a Stevens type rearrangement;® it may also inhibit uptake
of dietary r-carnitine. There is, therefore, interest in the
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work on the inhibition of other 20G oxygenases.

development of other types of BBOX inhibitors, for example
compounds acting as reversibly binding inhibitors that are
competitive with 20G and/or GBB, but which are not
substrates.

We are interested in developing solution-based NMR
methods to complement the extensive crystallographic stud-
ies on 20G oxygenases, in order to help enable the develop-
ment of clinically useful inhibitors.> Work using NMR
spectroscopy on the 20G dependent hypoxia inducible factor
(HIF) prolyl hydroxylase PHD2, has shown that crystallo-
graphically observed inhibitor binding modes do not always
reflect those occurring in solutions’” and that inhibitors
which might be expected to compete with substrates do not
always do so.”

Direct ligand observation, monitoring the attenuation or
broadening of ligand NMR resonances in the presence of a
target protein, can be an efficient method for analysing the

o o 2 ol
H O)j\/\/ N H O)l\/k/ N
GBB L-Carnitine
o] o] o
HOWOH +0; HONOH + Co;
o) o
20G Succinate

Scheme 1 BBOX catalyses the stereoselective C-3 hydroxylation of
GBB to give L-carnitine. The co-substrates are 20G and oxygen and
the co-products are succinate and CO,.
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binding of ligands to a protein and may employ conventional
"H NMR'*""? and/or transverse relaxation-edited '"H NMR.">'*
Site specific ligand binding may also be assessed through li-
gand competition, i.e. by monitoring the sharpening and re-
covery of the NMR resonances of displaced ligands, often re-
ferred to as spy or reporter molecules.'”

We describe the development of an NMR assay for recom-
binant bacterial BBOX from Pseudomonas sp. AK1 (psBBOX)"®
that simultaneously uses both 20G and GBB as reporter mol-
ecules. We validate the method using a set of isoquinoline-
based derivatives, which are established inhibitors of 20G
oxygenases, including human BBOX (hBBOX).>'” The results
reveal that even within the same series of 20G oxygenase in-
hibitors, unexpected structure-activity relationships can
emerge. The results should help in efforts to develop new
BBOX inhibitors and to promote the use of NMR spectro-
scopy in 20G oxygenase medicinal chemistry. In developing
the assay we employed psBBOX rather than hBBOX, since it
can be readily prepared on a large scale and is thought to be
structurally closely related to hBBOX."®

Several crystal structures have been reported for
hBBOX,"® although none for psBBOX. hBBOX dimerises in
an unusual manner using its N-terminal zinc binding do-
main to interact with the oxygenase domain of the other
monomer in the dimer.'>?° The general active site architec-
ture of BBOX is very similar to those of other 20G oxygenases
with the active site Fe"" (to which the oxalyl group of 20G
binds in a bidentate manner) being ligated by three protein
residues.” GBB binds via interactions involving both its
trimethylammonium®' and carboxylate groups (Fig. 1). The
trimethylammonium group is located in an aromatic cage
formed by the side chains of Tyr-177, Tyr-194, Trp-181, Tyr-

Arg360
Arg362

Val183
Val190

Leu362
Phe364

Tyrl94
Tyr201

Tyrl77

Phe184 Trp181

Phe188

Asn191 %

3 Arg349
Ser198

Arg352

Tyr366
Tyr368 @

Tyr205
Leu212

’ Leu199
T Leu206

Asp204
Asp211

Thr295

Leu299 His347

His350
His202
His209

Asn292
Ala296

Fig. 1 View from a hBBOX crystal structure (green sticks, upper
residues numbers, PDB ID: 302G)?° and psBBOX model (pink sticks,
lower residue numbers) showing binding of GBB and N-oxalylglycine
(NOG), an unreactive 20G analogue. Zn" replaces native Fe'".
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205 and Tyr-366, while the carboxylate group is positioned to
interact with the side chains of Asn-292, Asn-191 and the
backbone amide of Tyr-205 (Fig. 1).

Results and discussion

Initially, we optimised the assay conditions to enable detec-
tion of binding of both GBB and 20G (as reporter molecules)
to psBBOX in a single Carr-Purcell-Meiboom-Gill (CPMG)-
edited "H NMR ligand-observe experiment monitoring line
shape changes in the presence of psBBOX'>'* (Fig. 2). The
CPMG-edited "H NMR experiments were used in order to im-
prove NMR sensitivity to ligand binding by enhancing signal
attenuation of broadened resonances. To prevent psBBOX-
catalysed GBB hydroxylation and uncoupled 20G decarboxyl-
ation into succinate, we replaced the Fe" with the ‘non-
catalytic’ metals Zn" or Mn". We observed that in the pres-
ence of psBBOX and Zn", the GBB and 20G signals were
broadened and attenuated, demonstrating their fast-
exchange binding interaction with psBBOX (Fig. 2a). How-
ever, despite adding high psBBOX concentrations, only rela-
tively moderate broadening was observed. We envisaged that
greater sensitivity to ligand binding might be achieved by
employing paramagnetic relaxation enhancement (PRE).*>?*
For this purpose either a paramagnetic metal co-factor such
as Co" (ref. 24) or Mn" (ref. 25, 26) or a protein covalently
tagged with a spin label®” can be used. When a ligand binds
to a protein containing a paramagnetic centre (within ~15
A), its nuclear spin relaxation rates are enhanced and its
NMR signals are significantly broadened. Accordingly, when
paramagnetic Mn", rather than diamagnetic Zn", was added
to the BBOX assay, significant increases in the line widths of
both GBB and 20G were observed in the presence of substan-
tially lower amounts of psBBOX as compared to the Zn" assay
(Fig. 2b). Control experiments (without psBBOX) revealed that
at the concentrations employed, free Mn" in solution did not
affect the GBB line shape; it did, however, broaden the reso-
nances of 20G since this directly ligates Mn". Despite this
broadening, the resonance intensities ("H NMR peak areas)
remained similar to those prior to the addition of the metal
(Fig. S1t). In a separate control experiment, when the GBB/
20G/Mn"/psBBOX sample was heated (373 K, 5 min) to
cause BBOX denaturation, recovery of the reporter signals
was observed (Fig. S27T), implying that the enhanced broad-
ening of the reporter signals upon the addition of psBBOX
was due to binding to the protein. The binding affinities of
GBB for both Zn" and Mn" forms of BBOX in the presence
of 20G were similar with Ky, values of 5 + 1 (Fig. S3t) and 4
+ 1 uM (Fig. S47), respectively, as determined by titrating
apo-psBBOX into a solution with constant GBB and metal
concentrations. The Mn" system was therefore chosen for
further screening of inhibitors by the NMR dual-reporter
displacement assay. In this, competition from a ligand for
the GBB and/or 20G binding sites could be established
through the observed recovery of the reporter ligand

This journal is © The Royal Society of Chemistry 2016
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Fig. 2 Monitoring the binding of GBB and 20G with psBBOX as determined by NMR direct ligand-observation. The GBB (Me3 singlet at 3.05 ppm)
and 20G (CH, triplet at 2.91 ppm) signals from CPMG edited *H NMR experiments are shown. (a) GBB and 20G binding to BBOX-Zn'" (b) GBB and
20G binding to BBOX-Mn'". The assay mixture contains 25 uM GBB, 300 uM 20G, 150 uM M", 80 mM KCl, in 50 mM Tris-Dy; buffer, pH 7.5, in

D,O. The asterisk indicates an impurity.

resonances upon addition of the inhibitor to the GBB/20G/
Mn"/psBBOX sample.

A set of 15 isoquinoline-based compounds'’ were scre-
ened for their binding to psBBOX using simultaneously both
GBB and 20G as reporter molecules (Fig. 3). All these ligands
shared the same isoquinoline core skeleton, but differed in
their amino-acid derived side chains (Fig. 4). Exemplary re-
sults from the assay are presented in Fig. 3 for two of these
isoquinoline-based ligands, one possessing the Gly (1) and
the other the 1-Trp (11) derived side chains. The spectra of
GBB and 20G with Mn" were first recorded without and with
psBBOX (Fig. 3a and b), then the isoquinoline-ligand was
added to the latter sample. With 1, only the signals of 20G
were observed to recover (Fig. 3c), implying that 1 competes
efficiently with 20G, but not GBB. In contrast, with 11, we
observed recovery of both 20G and GBB signals (Fig. 3d), im-
plying competition with both 20G and GBB. The combined
results of this assay for all the isoquinoline-ligands tested (at
25 uM) are summarised in Fig. 4.

The results imply that the isoquinoline-ligands containing
the Gly (1) or Ala (both b, 2 and 1, 3) derived side chains com-
pete with 20G, but not GBB. The full displacement of 20G by
these ligands suggests that they are likely strong binders of
psBBOX. The results also imply that binding of these com-
pounds enhanced GBB binding relative to that in the pres-
ence of 20G. On increasing the size of the steric bulk of the
side chain, i.e. for those derived from Val (4, 5) and Leu (6,
7), the ligands appeared to bind less favourably as demon-
strated by lower levels, or even a lack, of 20G displacement
compared to 1, 2 and 3. The apparent displacement of both
20G and GBB by 5 and 7, albeit at low levels, suggests that
they attenuate GBB binding. Notably, binding was observed
only for the i-forms (5, 7), but not for the o-forms (4, 6), of
the Val and Leu derived compounds. This preference for
binding by the r-enantiomer was preserved through most of

This journal is © The Royal Society of Chemistry 2016

the results where substantial reporter displacement was ob-
served. These results encouraged us to analyse compounds
with more hydrophobic or polar side chains (7-15). Ligands
with the p- and t-Asp and Glu derived side chains (12-15)
were mostly weak 20G competitors relative to the inhibitors
with hydrophobic side chains (5, 7, 9 and 11). 12 and 15 com-
peted weakly with both 20G and GBB, whereas, 13 competed
with only 20G, suggesting differences in binding modes,
though care should be taken in interpreting results with
weakly binding ligands. The results with the more bulky Phe
(8, 9) and Trp (10, 11) derived side chain ligands were strik-
ing. The r-enantiomers 9 and 11 displaced both 20G and
GBB clearly contrasting with the ligands with smaller side
chains (1-3).

The NMR binding results were then compared with those
for the same compounds obtained using an intrinsic
fluorescence-based binding assay.'”*® The results of fluores-
cence based assay (Table 1) demonstrate that ligands with
Gly 1, p-Ala 2, 1-Ala 3, 1-Phe 9 and t-Trp 11 are the strongest
binders, i.e. they agree with the "H NMR assay results. They
also support the proposal that in general the r-enantiomers
bind more tightly than the p-enantiomers. The combined
NMR and fluorescence assay results reveal that the level of
20G displacement correlates with the binding affinity, nota-
bly 1, 2, 3, 9 and 11 all fully displace 20G (within our limits
of detection) and have approximately similar binding affini-
ties (Kp = 22, 20, 15, 26 and 29 uM, respectively). Similarly, li-
gands 5, 7 and 15, all compete relatively moderately with
20G compared to ligands 1, 2, 3, 9 and 11, and have similar
binding affinities (Kp = 55, 55 and 64 uM respectively), which
are weaker than 1, 2, 3, 9 and 11. Compounds 12 and 13,
which appear to displace 20G to a similar extent, also have
similar affinities (Kp = 101 and 91 puM respectively).

We then carried out catalytic turnover assays employing
"H NMR?® (Fig. 5) and fluoride ion release®® assays to study

Med. Chem. Commun.
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Fig. 3 Studying the binding of isoquinoline ligands 1 and 11 with psBBOX using the NMR dual-reporter displacement assay. 20G and GBB are used

as reporter ligands in CPMG edited *H NMR experiments. (a) Reporter li

gands GBB and 20G with Mn'" in solution in the absence of psBBOX. (b) Af-

ter the addition of psBBOX. (c) Addition of 1 to sample of b. (d) Addition of 11 to sample of b. Symbols (®, a) indicate reporter signal recovery due

to displacement. The final assay mixture contained 25 M GBB, 300 uM
ligand in 50 mM Tris-Dy, buffer, pH 7.5, in D;O.

BBOX inhibition by these isoquinoline-based compounds
(Table 1). For the NMR assay, reactions (60 s) were quenched
by the addition of 1 M HCI (Fig. S57); the concentrations of
GBB and 1-carnitine were measured by integration of their
Me; resonances (Fig. 5, S51). The fluoride ion release assay®’
employs BBOX catalysed hydroxylation of (3S)-3-fluoro-4-
(trimethylammonio)butanoate (GBBF) to give an unstable
product which fragments to give a fluoride ion that can sub-
sequently deprotect a tert-butyldimethylsilyl-protected fluores-
cein to provide measurable fluorescence. Differences in the
absolute ICs, values of "H NMR and fluoride release assays,
particularly for weak inhibitors, are likely due to the different
experimental conditions used. The fluoride release assay was
initially developed for use on hBBOX inhibition;** however,
when applied to psBBOX we found the assay required higher
concentrations of psBBOX to observe detectable fluorescence
when compared to the hBBOX protocol (1 uM vs. 0.2 pM,

Med. Chem. Commun.

20G, 150 uM Mn", 15 uM BBOX, 80 mM KCl and 25 pM isoquinoline-based

respectively). This concentration difference is notable when
considering the amount of enzyme used for the NMR assay
(0.14 puM). In addition, the NMR assay uses the natural sub-
strate GBB, whereas the fluoride assay necessarily uses GBBF
whose affinity for psBBOX is notably different (Ky = 2.4 mM
and 0.623 mM respectively).'® Nonetheless the results from
both assays (Table 1) suggest that isoquinoline-based ligands
1, 2, 3, 9 and 11 are the strongest inhibitors in the series,
consistent with their ability to compete with 20G. Similarly,
ligands 5, 7 and 15 are medium potency inhibitors, whereas,
ligands 4, 6, 8, 10, 12, 13, and 14 are weak inhibitors (Fig. 4,
Table 1).

Although we have not yet been able to obtain a BBOX crys-
tal structure with an isoquinoline-based inhibitor, manual
docking and energy minimisation studies using a model of
psBBOX based on a crystal structure of human BBOX (PDB
ID: 302G)*° suggest a possible structural explanation for the

This journal is © The Royal Society of Chemistry 2016
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Fig. 4 The chart compares the signal intensity of GBB (green) and 20G (orange) in the absence of psBBOX (1st left set of columns; intensity set to
unit intensity) with their intensity after the addition of psBBOX (2nd left set of columns) and with their intensity after the addition of isoquinoline-
based inhibitors 1-15 (side-chain amino acid X varying). The threshold line represents the relative intensity of the reporters in the presence of
psBBOX. After the addition of isoquinoline-ligand, the level above this line represents reporter displacement; the level below represents enhance-
ment of reporter binding. Asterisks highlight isoquinoline-ligands whose addition results in a negligible difference on GBB/20G under these condi-
tions. The final assay mixture contained 25 uM GBB, 300 uM 20G, 150 uM Mn", 15 uM BBOX, 80 mM KCl and 25 uM isoquinoline-based ligand in
50 mM Tris-D44 buffer, pH 7.5, in D,O. The error bars represent standard deviations from three separate measurements.

observed trends (Fig. 6). Studies by Rydzik et al."” on hBBOX
using the fluoride ion release-based assay have shown that

Table 1 The binding dissociation constant (Kp) and inhibition constant
(ICs0) values of the isoquinoline-based ligands tested in the study. Fluo-
rescence Kp and *H NMR ICsq values are average of triplicates measure-
ments. F release ICso values show standard errors for quadruplicate
measurements

Amino  Kp (uM) by ICso (uM) by ICs0 (M) by
Compound  acid fluorescence ~ 'H NMR F release
no. (X) assay assay assay
1 Gly 22+4 0.21 £ 0.01 1.2+£0.1
2 p-Ala 20+ 4 0.20 + 0.02 0.9 £ 0.03
3 r-Ala 15+3 0.22 + 0.01 0.7 £ 0.02
4 p-Val 144+ 6 191+ 6 >1000
5 1-Val 55+3 23+2 130 + 14
6 p-Leu 103 + 4 94 +8 >1000
7 L-Leu 55+3 26+2 125+ 6
8 p-Phe 82+3 38+ 0.6 101+ 6
9 L-Phe 264 1+0.03 13 £0.7
10 p-Trp 168 + 37 18+ 1 >1000
11 L-Trp 29+5 09=+1 26 2
12 D-Asp 101 +£1 38+1 160 * 61
13 L-ASp 91+2 76 £ 2 245 * 62
14 p-Glu 89+6 86+5 >1000
15 1-Glu 64 +2 22+2 147 + 21

This journal is © The Royal Society of Chemistry 2016

for hBBOX, as for psBBOX, the r-configured ligands 3 and 11
are better inhibitors than the corresponding p-forms (2 and
10) (IC50 6 uM vs. 73 uM, and 11 pM vs. 33 puM, respectively).
The docking results suggest that 1 binds psBBOX possibly by
chelating the active site metal via its pyridinium nitrogen
and amide carbonyl oxygen, as observed for other 20G
oxygenases, i.e. PHD2 (PDB ID: 2G1M)* and the fat mass
and obesity protein FTO (PDB ID: 4 IE6),*' although more
than one chelation mode has been observed for related com-
pounds with PHD2.” Removal of the isoquinoline inhibitor
pyridinium nitrogen or the hydroxyl group leads to a signifi-
cant loss in potency against hBBOX."” In our proposed bind-
ing mode for 1, the phenyl ring of the isoquinoline projects
towards the GBB binding pocket, causing movement of
Phe184, but likely does not disrupt the pocket to the extent
that GBB binding is ablated, i.e. it agrees with the NMR ob-
servations for 1-3 showing that 20G but not GBB displace-
ment occurs.

The observation that some ligands with larger hydropho-
bic side chains (5, 7, 9, 11) compete with both 20G and GBB,
is interesting. Manual docking of 11 to the psBBOX model
followed by energy minimisation suggests that the bicyclic ring
system of these inhibitors is tilted with respect to that of the

Med. Chem. Commun.


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
http://dx.doi.org/10.1039/c6md00004e

Open Access Article. Published on 17 February 2016. Downloaded on 09/05/2016 21:20:42.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

View Article Online

Research Article MedChemComm
@) H_ ke
HO AN
GBB
3.6 UM 2
I 12 uM 2 (b)
0.4 uM 2 ]
A . = 100 IC50 0.20 pM
L 0133yM2
| \ 0.044 uM 2 > ol
o] OH | E
oA L 0.014 UM 2 3
L-CAR
L J oo N
-1.86 -0.93 0.00

AR RARAARRARY RARRRRRARE RARARRRRES RARRARAREN RERRRRS
32 31 3.0 29 28 ppm Logi2)

Fig. 5 Measurements of the ICsq value of the isoquinoline-ligand 2 by *H NMR. (a) Bottom to top; psBBOX catalysed GBB turnover into L-carnitine
(L.-CAR) in the presence of increasing amounts of 2. (b) Dose response curve of (a). Error bars represent standard deviations from three separate
measurements. The assay mixture contained 200 uM GBB, 600 uM 20G, 100 uM Fe", 500 pM L-ascorbate, 80 mM KCl and 0.140 uM BBOX in 50

mM Tris-Dy4, pH 7.5 in D,0.

docked/minimised compound 1 while maintaining its metal
coordination; this binding mode results in the chlorine and
phenyl ring of the inhibitor protruding deeper into the GBB
binding site. As a result the ‘aromatic cage’ residue Phe184

His 209

Leu 206

His 350

Val 190

Fig. 6 Docking simulation showing possible conformational changes
as a result of binding inhibitors 1 (green sticks, Cl in yellow) or 11 (pink
sticks, Cl in yellow) to a model of the psBBOX active site based on a
hBBOX X-ray crystal structure (PDB ID: 30 2G).%°

Med. Chem. Commun.

can move approximately 2.5 A closer to the aromatic inhibitor
thus changing the shape of the aromatic cage and also steri-
cally blocking binding of the GBB trimethylamino group,”
consistent with the NMR results, i.e. this inhibitor competes
with 20G and GBB. Although, alternative binding/chelation
modes cannot be ruled out, the modelling studies imply that
the larger side chains bind in a largely hydrophobic pocket
adjacent to the 20G pocket (defined by the side chains of
Val-190, Ala-200, Leu-206, Ser-236, Leu-224, Leu-335, Trp-341,
Phe-343, Arg-352 and Phe-364); they also imply that binding
in this pocket prefers the 1-, rather than the b-, stereo-
chemistry as observed (Table 1, Fig. 6) due to a potential
clash between the carboxylate of 10 (p-stereochemistry) and
Leu-206. It is notable that a loop (residues 190-205) involved
in GBB binding also forms part of the hydrophobic pocket
and biophysical studies have revealed the occurrence of con-
formational changes in BBOX catalysis."” The binding of in-
hibitor 11 may thus elicit changes in the behaviour of this
loop and so hinder GBB binding.

Conclusions

We have developed an efficient ligand-based "H NMR com-
petitive binding assay for determining inhibitor binding to
psBBOX that is operationally simple and requires amounts of
materials comparable to other biophysical techniques. The
method readily reveals whether an inhibitor disrupts the

This journal is © The Royal Society of Chemistry 2016
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binding of the co-substrate 20G, the substrate GBB, or both.
We envisage the assay will aid in the development of new
BBOX inhibitors, including those selective for BBOX over
other 20G oxygenases. More generally, the results show how
a readily applied NMR-based method can reveal mechanistic
and structural insights not readily determined either by crys-
tallography or by classical kinetic analyses.

Experimental
Materials

Chemicals were purchased from Sigma Aldrich, Alfa Aesar
and Cortecnet unless otherwise stated. Details of the synthe-
sis of the isoquinoline derivatives have been previously
reported.”*?

Production and purification of psBBOX AK1

Recombinant psBBOX AK1 was produced and purified
according to the protocol of Rydzik et al.'®

NMR Experiments

All NMR experiments were performed at a temperature of
298 K using a Bruker Avance III 700 MHz spectrometer
equipped with a TCI inverse cryoprobe or a Bruker Avance
III 600 MHz spectrometer equipped with a 5 mm BB-F/'H
Prodigy N, cryoprobe. The PROJECT - CPMG pulse se-
quence (90°, — [t — 180°, - 7 — 90°, - 7 — 180°, - 7], — acq)*’
was used to attenuate broad resonances, using a total echo
time of 32 ms. All spectra were processed with a Lorentzian
line broadening of 0.3 Hz and were referenced to an inter-
nal standard (1,1,1 trifluoroacetone at 1.49 ppm). BBOX ti-
tration data for measuring the K of GBB were fitted using
OriginPro 9.0 (Origin lab, Northampton, MA, USA). Bruker
MATCH (3 mm diameter) and 5 mm NMR tubes with a total
sample volume of 160 pL and 500 pL, respectively, were
used. The solutions were buffered in 50 mM Tris-D,,-DClI,
PH 7.5, in D,0. For each sample the pulse tip-angle calibra-
tion was carried out using the single-pulse nutation
method.** Each experiment was recorded with three sepa-
rately prepared samples.

NMR IC;, measurements

The GBB turnover to r-carnitine was initiated by the addition
of psBBOX to the assay mixture in a 1.5 mL plastic Eppendorf
tube at ambient temperature (294 K), and was quenched after
60 s by addition of 10 pl 1 M HClL. The assay mixture
contained 200 uM GBB, 600 UM 20G, 100 uM Fe" (from
Fe(NH,),(SO,), salt, which was prepared as a 250 mM stock
solution in 20 mM HCI which was further diluted to a 2.5
mM solution in MilliQ purified water), 500 uM r-ascorbate,
and 80 mM KCI in 50 mM Tris-D,4, pH 7.5 in D,0, leading to
a final psBBOX concentration of 0.14 uM. The psBBOX activ-
ity (%) at a given inhibitor concentration was measured as
([CAR]p./[CAR]p) x 100, where P = protein, I = inhibitor.

This journal is © The Royal Society of Chemistry 2016
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Response curves were fitted using OriginPro 9.0 (Origin lab,
Northampton, MA, USA).

Binding assay (Kp) - intrinsic fluorescence quenching'”>*

Ky, values were determined from the quenching of intrinsic tryp-
tophan fluorescence measured at 294 K using a Pherastar FS
plate reader (BMG labtech) with 96-well plates (Greiner, black,
bottom: flat, clear). The following conditions were used: excitation
280 nm, emission 350 nm, 5 UM psBBOX, 50 uM Mn" and vary-
ing concentrations of inhibitors to a final well volume of 50 pL in
50 mM Tris buffer pH 7.5, supplemented with 200 mM NacCl.
Fluorescence readings were obtained in triplicate with errors rep-
resented as standard deviations. Kp values were obtained from
the raw data by plotting inhibitor concentration against AF,p/
Fnax (AFops is the decrease in observed fluorescence and Fy.y is
the observed fluorescence signal without any inhibitor present).

Fluoride release assay (ICs)

IC5, measurements were obtained using a fluoride release as-
say, as previously applied to hBBOX.?® The fluorescence sig-
nal was detected using a Pherastar FS plate reader (BMG
labtech) fitted with a FITC FP 485/30 (485 nm, bandwidth 30
nm) and FITC FP 520/40 emission (520 nm, bandwidth 40
nm) filters, using 384-well plates (black, clear, flat bottom,
Grenier BioOne). GBBF and the TBS-protected fluorescein
probe were synthesised according to the published proto-
col.>® The following conditions were used: 50 uM GBBF, 500
UM 20G, 250 uM ascorbate, varying concentrations of inhibi-
tors, 50 pM Fe" (from Fe(NH,),(SO,), salt, which was pre-
pared as a 100 mM stock solution in 20 mM HCI which was
further diluted to a 250 uM solution in MilliQ purified water
before being added at the start of the measurements). Initia-
tion of the assay was carried out by addition of psBBOX to
each well containing all inhibitors and cofactors, to a concen-
tration of 1 uM. Reactions were carried out in a final well vol-
ume of 10 pL in 50 mM Tris buffer pH 7.5 at 294 K,
supplemented with 200 mM NacCl. After 10 minutes, the reac-
tion was quenched by addition of 40 pL of TBS-protected
fluorescein probe (final concentration 5 uM). The plates were
then sealed and incubated for 1 hour at room temperature.
Following this, 10 pL of HEPES buffer pH 7.0 was added and
the fluorescence signal read up to 5 minutes after the addi-
tion of HEPES. Fluorescence data were recorded as quadru-
plicates and errors represented as standard deviations. Fluo-
rescence signals were normalized by subtracting fluorescence
values obtained from control wells which contained all re-
agents, but without enzyme or without inhibitor. ICs,s were
obtained from the raw data using the Prism four parameter
logistic dose-response model (sigmoidal, variable slope).
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/Abstract: v-Butyrobetaine hydroxylase (BBOX) is a non-
heme Fe'- and 2-oxoglutarate-dependent oxygenase that
catalyzes the stereoselective hydroxylation of an unactivated
C—H bond of y-butyrobetaine (yBB) in the final step of carni-
tine biosynthesis. BBOX contains an aromatic cage for the
recognition of the positively charged trimethylammonium
group of the yBB substrate. Enzyme binding and kinetic
analyses on substrate analogues with P and As substituting

-

for N in the trimethylammonium group show that the ana-
logues are good BBOX substrates, which follow the efficien-
cy trend N*>P*>As*. The results reveal that an un-
charged carbon analogue of yBB is not a BBOX substrate,
thus highlighting the importance of the energetically favor-
able cation-m interactions in productive substrate recogni-
tion.

/

Introduction

2-Oxoglutarate (20G) and Fe'-dependent oxygenases play im-
portant roles in human physiology, including in hypoxia sens-
ing, DNA repair, chromatin modification and fatty acid metabo-
lism."? y-Butyrobetaine hydroxylase (BBOX), a 20G oxygenase,

i/\/ |  hBBOX/psBBOX O OH | °
N N
a) HO T ; ~ HO >
vBB, 1 20G, O, succinate, CO, L-CAR

Trp181

Phe188 Tyr194
b) ;‘{1;117;4 Iyr201 yann83

Val190

Leu362
[ phesga
Tyr
Tyr205 y \

A
Leu212 regoy

Arg362

Thr295

Leu299 /\
AanQZK

Ala296 *

His202 *
His209

Figure 1. BBOX-catalyzed hydroxylation: a) hBBOX-/psBBOX-catalyzed hy-
droxylation of yBB 1; b) view of the hBBOX active site (yellow sticks, upper
residue numbers, PDB ID: 302G) and the psBBOX model (blue sticks, lower
residue numbers) with yBB (white sticks), N-oxalylglycine (NOG, a 20G ana-
logue, cyan sticks) and Zn" substituting for Fe" (grey sphere).l"
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catalyzes the stereoselective hydroxylation of y-butyrobetaine
(yBB, 1) to form vL-carnitine (L-CAR) in eukaryotes and some
prokaryotes (Figure 1a)."™® L-Carnitine is required for the trans-
port of fatty acids into the mitochondrial matrix, where they
are converted into acetyl-CoA.”’ Structural analyses on human
BBOX (hBBOX) reveal that the active site Fe" is chelated by
a 2His-1Asp triad and that the 20G cosubstrate binds in a simi-
lar mode to other 20G oxygenases (Figure 1b).®* The BBOX
active site contains an apparent “aromatic cage,” which binds
the yBB substrate’s trimethylammonium group, and two aspar-
agine residues that hydrogen bond with the yBB carboxylate
(Figure 1b).2° The chiral environment of the enzyme’s active
site enables hBBOX to catalyze the oxidative desymmetrization
of achiral N,N-dialkyl piperidine-4-carboxylates."” hBBOX also
catalyzes an unusual Stevens-type rearrangement of Mildro-
nate (also known as Meldonium), a YBB competitive inhibitor
that is clinically used in the treatment of myocardial infarction
in order to inhibit fatty acid metabolism."'? Recent studies re-
vealed that subtle differences in the active sites of human and
Pseudomonas sp. AK1 BBOX (hereafter psBBOX) can result in al-
tered substrate-analogue selectivities."

Functionally and structurally diverse proteins contain aro-
matic cages (or aromatic boxes) as recognition modules for
substrate binding. Aromatic cages typically comprise the side-
chains of 2-4 aromatic residues (Trp, Tyr, Phe), and are ob-
served on both exposed and buried sites."*'® Work by Dough-
erty and coworkers has demonstrated that aromatic cages can
recognize positively charged quaternary ammonium species
via favorable cation-m interactions.!'’~'?

Cation-mt interactions are involved in associations of Cys-
loop receptors and G-protein-coupled receptors with neuro-
transmitters, including acetylcholine, serotonin, dopamine, epi-
nephrine, and histamine.”™ Studies on chromatin interactions
involved in the regulation of gene expression reveal that
“reader domain” proteins that recognize trimethyllysine-con-
taining histone tails interact through cation-m interactions.!*2"
Thus, along with hydrophobic effects, hydrogen bonding, ion
pairing, and van der Waals interactions, cation-m interactions
are crucial noncovalent forces in protein—protein and protein—
ligand associations.”*?

The BBOX aromatic cage contains the electron-rich aromatic
residues Phe184, Phe188 and Tyr201; Tyr368 is also located in
close proximity, with its side-chain OH group likely positioned
to form an H-bond with Asp211 (Figure 1b)."®¥ The location of
the yBB trimethylammonium group inside the aromatic cage

© 2016 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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suggests that the association between yBB and BBOX could be
substantially mediated by energetically favorable cation-s in-
teractions. In support of this proposition, previous work with
recombinant psBBOX employing a radioactive-based assay
with the C-analogue 4 of yBB (1), provided evidence that it is
a poor substrate.”” Herein, we report on the use of NMR and
MS assays to investigate YBB analogues with P, As, and C sub-
stituting for N (2-4, respectively; Scheme 1) as psBBOX sub-

i) BnOH, DMAP, CH,Cl,
ii) PMej3, 110 °C toluene
i) Hp, Pd/C, MeOH

27% over 3 steps

Br
HO

i) BhOH, DMAP, CH,Cl,
ii) AsMe3, 115 °C MeCN
iii) Hp, Pd/C, MeOH

- .

O
JK/\/'L(D Br@
HO ™
2
O

Br

HO 35% over 3 steps

| e
MAS@ o
HO | ~
3

R

tBuMgCl, THF

B —

55%

M Br
HO

Scheme 1. Syntheses of yBB analogues 2-4. DMAP = 4-dimethylaminopyri-
dine.

strates; the results clearly support the proposal that cation-x
interactions are crucial in the recognition of yBB by psBBOX.
We envisaged that replacement of the trimethylammonium
group of YBB by three closely analogous functionalities, that is,
positively charged trimethylphosphonium and trimethylarsoni-
um “Group V analogues” 2 and 3, and the neutral tert-butyl an-
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alogue 4, would provide insights into the role of cation-m in-
teractions in BBOX catalysis (Scheme 1). Like yBB (1), the phos-
phorus (2) and arsenic (3) derivatives possess a “fixed” positive
charge with respect to their trimethyl group, but are slightly
larger than 1, whereas the carbon analogue (4) has nearly the
same size and shape, but lacks a positive charge. We hypothe-
sized that direct comparison of binding and psBBOX-catalyzed
hydroxylation of the positively charged yBB 1 and neutral 4
would inform on the interactions between the NMe;™ group
and the aromatic cage of psBBOX. Thus, if 4 is a much poorer
psBBOX ligand and substrate than 1, the requirement of
cation- interactions in psBBOX catalysis would be implied. In
contrast, if 4 is a better ligand and substrate for psBBOX, that
would suggest that hydrophobic interactions dominate the
psBBOX—yBB association.

Results and Discussion

The phosphorus (2) and arsenic (3) analogues of yBB (1) were
synthesized in concise three-step sequences from 4-bromobu-
tyric acid (Scheme 1 and Figure S1 in the Supporting Informa-
tion). 5,5-Dimethylhexanoic acid (4) was synthesized from 4-
bromobutanoic acid and a twofold excess of tert-butylmagne-
sium chloride (Scheme 1 and Figure S1).

We then used LC-MS analyses to test for psBBOX-catalyzed
hydroxylation of the three yBB analogues. In the presence of
psBBOX (1 um), 1 was efficiently hydroxylated (complete con-
version in 5 min; Figure 2a and Figure S2 in the Supporting In-
formation). Phosphorus analogue 2 was also a good substrate,
with about 70% conversion (Figure 2b); arsenic analogue 3
was less well hydroxylated (approximately 45 %), but clear evi-

@) 100 146.00 (b) 100 163.12
0 0
100 162.04 100 179.04
163.12
0 A Ao A4 0 A 4 A
140 150 160 170 160 170 180 190
m/z m/z
100 206.88 100 144.04
© (d)
0 A 0 hod )\ “ .L 1 Ll
100 206.92 223.00 100 144.00
(1] N J A A . 0 Al A s, A L
200 210 220 230 140 150 160 170
m/z m/z

Figure 2. Mass spectrometry data for psBBOX-catalyzed hydroxylations: a) natural substrate y-BB 1; b) phosphorus analogue 2; c) arsenic analogue 3; d) neu-
tral carbon analogue 4. Top panel=starting substrate; bottom panel=psBBOX-catalyzed reaction [a-c) 1 um psBBOX, 5 min; d) 10 um psBBOX, 3 h].
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dence for hydroxylation was obtained (Figure 2c). Importantly,
the neutral analogue 4 was not hydroxylated by psBBOX
within our limits of detection; use of an increased amount of
psBBOX (10 pum) and prolonged incubation (3 h) did not result
in the observation of hydroxylated product by LC-MS (Fig-
ure 2d). In the absence of psBBOX, no hydroxylation of 2 or 3
took place (see the Supporting Information, Figure S3). Time-
course NMR studies were consistent with the order of efficien-
cy as observed by LC-MS (1>2>3) and revealed that in each
case psBBOX-catalyzed hydroxylation of 1-3 is tightly coupled
to oxidation of 20G to succinate (Figure 3a—c). Consistent with
the LC-MS results, the NMR assays revealed that 4 was not hy-
droxylated, even in the presence of 10 um psBBOX (Figure 3d).
Controls with 2 and 3 showed a lack of hydroxylation without
psBBOX (see the Supporting Information, Figures S4 and S5).
Overall, these results reveal the importance of a positively
charged XMe; substrate group for psBBOX catalysis.

COSY- and HSQC-based 2D NMR spectroscopy of the prod-
ucts implied that psBBOX-catalyzed hydroxylation of 2 and 3
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occurs at C3 (see the Supporting Information, Figures S6-5S11).
These assignments were confirmed by stereoselective synthesis
of the (3R)- and (35)-hydroxylated phosphorus and arsenic de-
rivatives 5-8 (Scheme 2 and Figure S12 in the Supporting In-
formation). The intensity of '"H NMR peaks that correspond to
the hydroxylated products increased upon the addition of au-
thentic (3R)-hydroxylated phosphorus- (5) and arsenic-contain-
ing (6) products into the respective reaction mixtures, confirm-
ing that psBBOX-catalyzed hydroxylation of the analogues
occurs at C3 (see the Supporting Information, Figures S13 and
S14). Together, these results imply that the psBBOX-catalyzed
hydroxylation of 2 and 3 results in the C3-hydroxylated prod-
ucts 5 and 6, likely with (3R) stereochemistry (Scheme 3).
LC-MS analyses testing (3R)- and (3S)-hydroxylated phospho-
rus derivatives 5 and 7 as substrates showed that the latter is
a poor psBBOX substrate, giving a small amount of the 3-keto
product in the presence of 20 um psBBOX (as assigned on the
basis of a —2 Da mass shift), whereas the (3R)-5 enantiomer
appears not to be converted within limits of detection for this

i Succinate 1 fel
(@) 20G Suzcggate (b) et \\HO)K)S\/F\\
BUCS JJL it \| || 65 min jTAM 65 min
L-CAR ! L35 min I 35 min
_ L.,,,JM_VWN# JJJLJ_Q min | 1l Jl 10 min
A'_J 4 min _,M"Il' 1 Iu\, 4 min
\_LJ| o JJ2min o 2 min
e e Jy20sec I, 20 sec
Jo ol )i blank
"3 30 N\28 28 27 26 25 24 28 ‘ppm "24 23 22 21 20 19 18 17\16 ppm
A
0 oy, o Sl HO 2 fe
HO)I\)\/ASi HO)I\/\/AS\ (d)
6 |0 3
|} 65 min o
umglﬁ 135 min WSS
U 1_10 min 4
U4 min \
)2 min 65 min “ . ‘ ‘
| J_20sec “”" o o -
W _blank blank |, -

25 24 23 22 21 20 19 18 17  ppm

Figure 3. 'H NMR monitoring of the hydroxylations by psBBOX in the presence of 20G as a cosubstrate and Fe' as a cofactor: a) 1; b) 2; ) 3; d) 4

25 24 23 22 21 20 19 18 17 16 15 1.4 13 12 1.1 10 09 0.8 07 ppm

(blank =re-

action mixture in the absence of psBBOX). The substrate/product ratio is measured for each spectrum as a function of reaction time.
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ii) TBSCI, Nal, LI|) h(l)a/l(?H,
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Scheme 2. Stereoselective syntheses of (3R)- and (3S)-hydroxylated phosphorus- and arsenic-containing derivatives 5-8.
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Scheme 3. psBBOX-catalyzed stereoselective hydroxylation of positively

charged phosphorus (2) and arsenic (3) analogues of BB, and their (3R)-
and (3S)-hydroxylated derivatives. Black dashed arrows and grey dashed
arrows indicate poor and very poor conversions, respectively.

assay (see the Supporting Information, Figure S15). We did not
detect ketone formation with the hydroxylated arsenic deriva-
tives (3R)-6 or (35)-8 by LC-MS (see the Supporting Informa-
tion, Figure S16). However, NMR assays indicated that all four
hydroxylated derivatives 5-8 are very poor psBBOX substrates
with low levels of conversion being observed in the presence
of 10 um psBBOX, likely to the C3 ketone, which we could not
fully characterize due to the low levels of conversion
(Scheme 3 and Figures S17-S21 in the Supporting Information).
The observation of a product with the same chemical shift for
the PMe; ™ group from incubation of 5 and 7 supports the pro-
posed formation of the 3-ketone (as with hydroxylation of the
enantiomeric arsenic derivatives 6 and 8; Figure S17-S21). As
for the carnitine enantiomers,"® the (3S) enantiomers 7 and 8
were substantially better substrates than the (3R) enantiomers
5 and 6, which afforded barely detectable products (36 % vs.
7% for phosphorus derivatives 7 and 5; 22% vs. 3% for arsenic
derivatives 8 and 6). These results are consistent with previous
results of hBBOX- and psBBOX-catalyzed hydroxylation of b-
and L-carnitine.

Under (near) anaerobic conditions (Ar atmosphere), only
traces (<5%) of hydroxylated products were observed for 2
and 3 (see the Supporting Information, Figure S22). Reactions
of 2 and 3 in H,"®0 (90% '®0, Tris buffer, pH 7.5) afforded hy-
droxylated products with the same molecular mass as products
from standard reaction in Tris buffer/H,'°O (see the Supporting
Information, Figure S23). These results are consistent with the
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oxygen atom in the hydroxylated products from 2 and 3 deriv-
ing (at least predominantly) from atmospheric oxygen and not
from water, as also found in oxygen-labeling studies on most
other 20G oxygenases.””

To quantify the relative efficiencies of the substrate ana-
logues 2 and 3, we carried out kinetic analyses using LC-MS.
The results revealed that the natural NMe;"-containing sub-
strate 1 is a superior substrate to the PMe;"- and AsMe, " -con-
taining analogues 2 and 3, by approximately 2- and 3-fold, re-
spectively, as measured by k./K., values (Table 1 and Fig-

Table 1. Kinetic parameters for conversion of yBB 1 and the phosphorus
(2) and arsenic (3) analogues into the corresponding hydroxylated prod-
ucts by psBBOX.®!

1 2 3
Vi [uMs 7] 2.8140.31 1.65+0.16 1.0440.13
Kegt [57'1 7.02+0.77 4134040 2614031
K., [mm] 1.0040.21 1.2040.20 1374028

[a] 400 nm psBBOX was used with varying concentrations of substrates
from 50 um to 1.5 mm.

ure S24 in the Supporting Information). The differences in k.
and K, values are relatively small for 1, 2, and 3, implying the
importance of a positively charged XMe; group. There is
a trend in decreasing k., from 1 to 3, suggesting that the
longer C—P and C—As bond lengths (1.9 A and 2.0 A, respec-
tively) relative to the C—N bond length (1.5 A) may cause sub-
strates 2 and 3 to adopt a non-optimal binding mode with re-
spect to the Fe"=0 intermediate, as observed with substrate
analogue studies on other 20G oxygenases." The K, values
for all three positively charged substrates were within error
(1.00-1.37 mwm).

Although the kinetic studies and time-course analyses imply
that binding in the aromatic cage is important, the small differ-
ences in the k., and K, values and the complexity of 20G oxy-
genase catalysis motivated us to carry out NMR titration stud-
ies to obtain Kj, values for the binding of 1-3 to the psBBOX-
Zn"20G complex (using Zn" as an unreactive Fe' substitute);
the Kp values for analogues 1, 2, and 3 were 5 um, 7 um, and
17 um, respectively (see the Supporting Information, Fig-
ures S25-527). The NMR experiments also implied that 4 does
not bind in the active site of psBBOX within detection limits
(see the Supporting Information, Figure S28). Similar trends
have been observed in inhibition studies on the serine pro-
tease factor Xa, which contains an aromatic cage in its “S4”
substrate residue binding pocket. That is, a ligand possessing
a quaternary ammonium moiety inhibits factor Xa to a similar
extent as one with an analogous phosphonium group, where-
as the neutral carba analogue is substantially (60-fold) less
potent.m'zﬁ]

To investigate the binding modes of 2 and 3 to psBBOX, we
used an X-ray crystal structure of hBBOX in complex with Zn",
NOG, and yBB [Protein Data Bank (PDB) ID: 302G] to make
a homology model of psBBOX. All three positively charged
substrates (1, 2, 3) are predicted to bind in a similar manner in
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Figure 4. Modeled structure of psBBOX (blue) complexed with Zn" (red), N-
oxalylglycine (cyan), and substrates 1 (white), 2 (yellow), and 3 (magenta).

the psBBOX active site, consistent with the observation of C3
hydroxylation, and with the XMe; " group positioned in the ar-
omatic cage (Figure 4). Due to strong negative inductive effect
of a large XMe;* group, the C4 position (adjacent to the
XMe,;* group) is activated, but also the most sterically hin-
dered. The C2 position, although the most activated, is posi-
tioned away from the Fe"=O intermediate. Thus, of all three
potential sites, psBBOX-catalyzed hydroxylation occurs at the
C3 site of 1-3.

We calculated the CHELPG atomic charges (see Experimental
Section) of the X atom of the XMe; group and the attached
three carbon and nine hydrogen atoms for the docked confor-
mations for 1-3 and the minimized energy conformation for 4
(see the Supporting Information, Table S1). The average partial
charges of the nine hydrogen atoms of XMe;* show a very
slight incremental trend of +0.1506 (for 3), +0.1596 (for 2),
and +0.1652 (for 1). The calculated partial charge of hydrogen
atoms in the neutral tert-butyl group of 4 is 4+ 0.0884. These re-
sults are in agreement with trends in binding affinities as ob-
served by NMR spectroscopy, that is, the more positively
charged H atoms of the XMe; " substrates result in stronger
cation— interactions with the psBBOX aromatic cage.

Conclusions

In conclusion, our substrate analogue studies employing both
turnover and binding assays with purified recombinant
enzyme clearly support the proposal that recognition and
BBOX-catalyzed hydroxylation of yBB involve energetically fa-
vorable cation-m interactions between the positively charged
trimethylammonium group of yBB and the aromatic cage of
psBBOX. The observation that the neutral carbon analogue of
vBB does not bind to psBBOX and does not undergo psBBOX-
catalyzed hydroxylation in our assays further supports this
view. Furthermore, the results reveal that the positively
charged trimethylphosphonium and trimethylarsonium ana-
logues of yBB are good substrate mimics and have a potential
to act as small-molecule probes for functional studies of carni-
tine biosynthesis. Thus, for example, the enzymatic conversion
of the phosphorus analogue could be probed by *'P NMR
spectroscopy, and the 3?P-labeled substrate might have a po-
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tential for utilization in radioactive tracing inside cells. Phos-
phorus and arsenic analogues of naturally occurring molecules
that contain the quaternary ammonium groups might become
useful probes for other genuinely important biomolecular pro-
cesses that are driven by strong cation-m interactions. Given
the central role of carnitine in eukaryotic fatty acid metabo-
lism, our results also highlight biomedicinally important
cation-7 interactions.

Experimental Section
BBOX production and purification

Recombinant psBBOX was produced according to a previously de-
scribed procedure. In brief, cells were cultured in 2TY media sup-
plemented with 50 pgmL ' ampicillin until mid-log phase growth
was achieved (OD600 0.7). Production of the recombinant proteins
was then induced by addition of 0.2 mm IPTG and the cells were
cultured for further 16 h at 15°C. Cells were harvested by centrifu-
gation (8 min, 8 g), then resuspended in lysis buffer (50 mm Tris
pH 7.5/500 mm NaCl) supplemented with 0.2% Tween 20, DNAse,
Lysosyme, and EDTA-free protease-inhibitors.

The cell lysates were loaded onto a 5 mL HisTrap HP column (GE
Healthcare Life Sciences, Little Chalfont, UK), with 50 mm Tris
pH 7.5/500 mm NaCl, containing 20 mm imidazole, then eluted
with an imidazole gradient (up to 500 mm imidazole). Fractions
containing the purified psBBOX protein were concentrated by cen-
trifugal ultrafiltration (50 kDa cutoff membrane). The protein solu-
tion was then injected onto a Superdex $S200 column (300 mL) and
eluted with 20 mm Tris pH 7.5/200 mm NaCl supplemented with
10 mm EDTA. Fractions containing purified psBBOX were concen-
trated by centrifugal ultrafiltration (50 kDa cutoff filter) and buffer
exchanged by using a PD-10 column to a Chelex 100-treated
metal-free buffer (50 mm Tris pH 7.5/200 mm NaCl). The purity of
the resulting fractions was ascertained to be >90% by SDS-PAGE
analysis. Concentrations of the purified proteins were determined
by using a ND-1000 NanoDrop spectrophotometer.

Enzyme kinetics experiments

Kinetics experiments were conducted at 296 K in Tris buffer
(20 mm) and NaCl (200 mm) at pH 7.5. To a premixed solution of
psBBOX (400 nm), FeSO, (50 um), 20G (1.5 mm), and ascorbate
(5 mm) was added the substrate in a range of different concentra-
tions. After 1 min, an aliquot (20 pL) of the reaction mixture was
quenched with MeCN (80 pL). Subsequently the sample was ana-
lyzed by LC-MS. Each experiment was performed in duplicate.

NMR experiments

All NMR experiments were performed on a Bruker Avancelll
700 MHz spectrometer equipped with a TCl inverse cryoprobe and
on a Bruker Avancell 500 MHz spectrometer equipped with
a 5mm "C('H) dual cryoprobe at 298 K and data analyzed using
Bruker Topspin 3.2. All spectra were processed with a Lorentzian
line broadening of 0.3 Hz. The solutions were buffered in 50 mm
Tris-D,,-HCI pH 7.5, in 90:10 H,0/D,0. Bruker MATCH 3 mm diame-
ter and 5 mm NMR tubes, with total sample volumes of 160 uL
and 500 L, respectively, were used. For the psBBOX-catalyzed sub-
strate-turnover experiments, the assay mixture was incubated in an
Eppendorf tube and whenever necessary the reaction was
quenched (stopped) with the addition of 1m HCl (5 uL) and the
spectrum was recorded for analysis. To measure the ligand binding
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constant by psBBOX titration, separate samples were prepared.
The PROJECT-CPMG pulse sequence (90°~[z-180°,-7-90° -7~
180°,~7] n-acquisition), as described by Aguilar et al.,”” was used
to remove the broad resonances of the protein. The relaxation
edited (CPMG) 'H NMR experiments were recorded with a total
filter time of 32 ms. Protein titration data were fitted using Origin-
Pro 9.0 (Origin lab, Northampton, MA, USA) to calculate the ligand
binding constant (Kp). Water suppression was achieved by presatu-
ration.

Computational methods

For psBBOX protein-ligand docking simulation, the X-ray crystal
structure of hBBOX in complex with NOG and yBB was employed
(PDB entry: 302G) to make a homology structure of psBBOX using
Modeller 9v4.%® Careful attention was paid to the assignment of
protonation states for Asp, Glu, His, and Lys residues. We calculat-
ed partial charge distribution by using quantum mechanical calcu-
lation at PBE1PBE/LanL2DZ level of theory.” Their partial charge is
assigned with charges from electrostatic potentials using a grid-
based method (CHELPG).®” After reassigning CHELPG partial charg-
es to X-yBB using the above quantum mechanical calculation,
docking simulations of the X-yBB substrate with psBBOX were car-
ried using the empirical AutoDock®" scoring function improved by
implementation of a new solvation model. The modified scoring
function has the following form [Eq. (1)]:

. A, B G D
86 = W T3 (3-2) + Whns - S0 (5 %)
ij Ui

=1 j>1 ij =1 j>1 ij

+Welec Z Z 8‘(7;(;2" + WtorNtor + AGsol
=1 j>1 uy)my

atoms i P i7 2
S5 (oSt ) et
i ) J

(M

where W,gw Whbongr Weeo Wion and W, are the weighting factors
for the van der Waals, hydrogen-bond and electrostatic interac-
tions, the torsional term, and the desolvation energy of the inhibi-
tors, respectively. r; represents the interatomic distance and A, B;,
C; and D; are related to the depths of the potential energy well
and the equilibrium separations between the two atoms. The hy-
drogen bond term has an additional weighting factor, E(t), repre-
senting the angle-dependent directionality. A cubic equation ap-
proach was applied to obtain the dielectric constant required to
compute the interatomic electrostatic interactions between
psBBOX and X-yBB. In the entropic term, N, is the number of sp’
bonds in the ligand. In the desolvation term, S, P, and V; are the
solvation parameter, self-solvation parameter, and fragmental
volume of atom i, respectively, whereas Occ™ is the maximum
atomic occupancy.®>*?
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