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Abstract

The work herein details efforts towards developing a system to better understand
the mechanistic details of various oxidative reactions catalysed by cytochrome P450
enzymes (P450s). The bacterial P450 enzyme CYP199A4, from Rhodopseudomonas
palustris HaA2, is highly selective for substrates with a para-substituted benzoic acid
framework, such as 4-methoxybenzoic acid. The substrates are oxidised regioselec-
tively at the para-substituent. For example, 4-methoxybenzoic acid is demethylated to
4-hydroxybenzoic acid. CYP199A4 has previously been shown to support other P450
mono-oxygenase reactions such as desaturation, heteroatom oxidation and dealkyla-
tion. The ready access to simple substrates compatible with CYP199A4, and the
ease of purifying this enzyme in high yield, make it suitable for mechanistic study of
P450-catalysed oxidations.

The effect of substituents at the benzene ring ortho and meta positions on the
substrate’s binding and enzyme activity have been investigated. These revealed that
CYP199A4-catalysed demethylation outside of the para moiety was feasible with cer-
tain meta-substituted substrates but occurred with low activity. For example, it was
found that CYP199A4 could catalyse the ring-opening of a 3,4-methylenedioxy bridge,
but not the ring-opening of an ethylenedioxy substituent, which was hydroxylated to
a cyclic hemiacetal.

Substrates containing nitrogen and sulfur moieties at the para-position were in-
vestigated to determine the catalytic parameters of N- and S-dealkylation versus het-
eroatom oxidation. CYP199A4 catalysed the sulfoxidation but not the S-dealkylation
of sulfur substrates. Nitrogen substrates were N-dealkylated, and no N-oxidation was
observed. CYP199A4 was able to generate an unexpected amide metabolite with ethy-
lamino substituted benzoic acids. Halogen oxidation, which has also been previously
observed in certain P450 systems, was studied. CYP199A4 did not show activity with
4-halobenzoic acids (F, Cl, Br, I) though these substrates did bind to the enzyme. Fur-
thermore, alkyl substituents which contained halogens were investigated, and oxidative
dehalogenation products were observed.

CYP199A4 has been shown to catalyse hydroxylation of the benzylic a-carbon and
desaturation of the «,(-carbons of 4-ethyl- and 4-isopropyl-benzoic acids. The parti-
tion between hydroxylation and desaturation was investigated by employing substrates
with longer and/or more substituted alkyl groups. The substrates tested were all hy-
droxylated at the benzylic a-carbon when a C—H bond was available. Otherwise,
the S-carbon was hydroxylated. Additionally, «,3-desaturation was observed with the
linear alkylbenzoic acid substrates. CYP199A4 was able to catalyse the oxidation of cy-
cloalkane functional groups. Hydroxylation products were observed with 4-cyclopropyl-
and 4-cyclohexyl-benzoic acids although there was very little desaturation.

It is hypothesised that desaturation by CYP enzymes proceeds from either a radi-
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cal or cation species. Meta-substituted 4-isopropylbenzoic acids with various electron
donating and withdrawing functional groups were employed to probe this mechanistic
pathway by determination of the partition of hydroxylation and desaturation prod-
ucts. However, the results suggested that the steric properties of the meta groups were
affecting substrate binding and complicating the analysis.

CYP199A4 possesses the highly conserved acid-alcohol pair (Asp251, Thr252),
which facilitates dioxygen protonation and cleavage to generate the active oxidant,
compound I (Cpd I). Oxygen activation by P450 enzymes is predominantly under-
stood from work on P450.,, and it is hypothesised that these results transfer directly
to the majority of other P450s. Theoretical and experimental results differ in their in-
terpretation of the nature of the active oxidant (either the spin states of Cpd I, or one
of its precursors). Mutants of CYP199A4 (D251N, T252A) were used to investigate the
oxidation of substrates which undergo different P450 reactions. With both mutants
and with each substrate tested, the same reactions were observed as with the wild-
type. The T252A mutant showed a decrease in activity and an increase in hydrogen
peroxide formation with the majority of substrates, however the reduction in activity
was not as drastic compared to P450.,,. The exception was 4-isopropylbenzoic acid,
which was more active with the T252A mutant. The activity of the D251N mutant of
CYP199A4 decreased dramatically as expected for this mutation, which is hypothesised
to reduce the rate of proton delivery. Crystal structures of the CYP199A4 mutants
revealed that protons are delivered to the active site via a water channel which extends
directly from the surface of the enzyme to the D251 residue. The structural changes
induced by the T252A mutation, especially in the I-helix, were less significant than in
T252A-P450..,. However, there was an additional water molecule found in the active
site oxygen binding groove. These structural changes and the location of the water
molecule may contribute to the lower than expected hydrogen peroxide uncoupling
observed with this mutant.

A range of other para-functionalised benzoic acids was screened in order to expand
the possible substrate range of CYP199A4. These included larger phenyl and hetero-
cyclic functionalities. With the phenyl-containing substrates, a-benzylic hydroxylation
was favoured where possible, and no aromatic oxidation was observed due to the high
energy requirements of this transformation. Several of the heterocyclic substrates ex-
hibited type II binding to CYP199A4. 4-(Furan-2-yl)benzoic acid underwent a set of
hydroxylation and double bond reduction reactions in vivo with CYP199A4. These
reactions probably required reduction of the aromatic system by an endogenous E. coli
enzyme prior to P450 catalysed oxidation.

Overall, the utility of CYP199A4 for investigating diverse P450 oxidation mech-
anisms was demonstrated. Both the range of substrates as well as the diversity of

activities that can be catalysed by this enzyme have been expanded.
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Chapter 1 Introduction

1.1 Cytochrome P450

Cytochrome P450s (CYPs or P450s) are a superfamily of heme cofactor-containing
mono-oxygenases, which can be found across all domains of life with remarkably con-
served overall fold and function.! In their ferric resting state, P450s absorb visible
light at 419 nm which accounts for their distinctive red colouring. The name "P450"
derives from the unique Soret absorbance band in the reduced CO-bound form (Figure
1, Species I11a).? These systems were first identified in 1958 when Garfinkel and Klin-
genberg independently identified a unique CO-bound pigment at 450 nm in rat and pig
liver microsomes.3* Key work by Omura and Sato confirmed the hemoprotein nature
of the pigment.?

The number of P450 isoforms in any given organism varies widely. For example, the
human genome contains genes accounting for 57 unique P450 systems.® Rice contains
458 individual P450s,% the bacterium Mycobacterium tuberculosis contains 20 such
genes,” while Escherichia coli contains no P450 systems.® Additional examples include
46 P450s found in Apis mellifera (honey bee),”® 172 in Nelumbo nucifera (sacred
lotus),' 98 sequences in Laccaria bicolor (a carnivorous mushroom),'? 2 genes in the
giant virus Acanthamoeba polyphaga mimivirus'® and one from the acidothermophilic
archaea Sulfolobus acidocaldarius (formerly Sulfolobus solfataricus).'*1

At the time of writing, there are currently more than 41,000 named and cate-
gorised P450s, 1216 although genomic mining has revealed more than 300,000 total P450
sequences across all kingdoms of life, the majority of which remain uncategorised. Sys-
tematic naming of members of the P450 superfamily is based on sequence similarity
and in some instances function.”® The prefix CYP is followed by an alphanumerical
string which denotes the family and subfamily of the enzyme. For example, the hu-
man CYP2E1 belongs to family 2 and subfamily E. CYP199A4 from the bacterium
Rhodopseudomonas palustris HaA2 is a member of family number 199 and the sub-
family A. CYP family members are defined as those with a similarity in amino acid
sequence of > 40 %, while subfamilies have members with similarity > 55 %. Although
sequence conservation between P450 proteins of different families may be less than 20
%, the overall structural fold is highly conserved between most P450 enzymes. How-
ever, the active site environment for substrate recognition differs significantly between
P450s, which makes cytochrome P450 one of the most versatile biological catalyst
superfamilies.

Certain bacterial P450s, such as P450..m from Pseudomonas putida,® have been
extensively researched since their discovery because of the ease with which they can be

expressed and purified in E. coli. P450s derived from plant or animal cells are anchored
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in the cell membrane, and are often more difficult to express and purify. Furthermore,
these P450s are prone to denaturing, which can make experiments employing these

systems difficult to perform.

The primary function of P450s are as mono-oxygenases, which catalyse the cleavage
of the O—O bond of molecular O, and insertion of an oxygen atom into a substrate
C—H bond. This process occurs alongside formation of a H,O molecule. Commonly;,
NADH or NADPH (subsequently NAD(P)H) is employed by the enzyme as the source

of two electrons, and these are transferred one at a time by electron transfer partner

proteins (Equation 1).%20

R—H + NAD(P)H 4 O, + H" — R—OH + NAD(P)* + H,0O (1)

P450s catalyse a wide range of important transformations, including the synthesis of

various metabolites and xenobiotic breakdown in the liver. Examples of these processes

22,23

in mammalian systems include steroid biosynthesis,?! drug metabolism and vitamin

24-26

D regulation, making them of interest to fields such as biochemistry and medicinal

chemistry. These outcomes are achieved by reactions such as dealkylation of methoxy

2728 oxidation of sulfur atoms,?® desaturation of alkyl chains

31,32

and methylamino groups,

29,30

to yield alkenes, and further oxidation of alkenes and alkynes.

More recently, P450s have become valuable for use in oxidative synthetic chemistry,
because they can stereoselectively act on a specific C—H bond to efficiently produce
compounds which are difficult to access via synthetic methods. P450s are attractive
candidates for performing these reactions because of their high energy efficiency and
low environmental impact, particularly the absence of waste products. The potential
synthetic utility of cytochrome P450s in enzymatic oxidation and the numerous reac-
tions they can catalyse has led to a significant body of research into the mechanisms

of substrate binding and oxidation. %33

The primary oxidant employed by P450s in substrate oxidation is compound I (Cpd
I), which is a highly reactive Fe(IV)-oxo species capable of abstracting a hydrogen from
a substrate C—H bond (Figure 1, Species VI).3* The short lifetime of Cpd I made its
characterisation difficult, although recently it has been investigated under cryogenic

conditions which confirmed its nature as the key intermediate.>

Cpd 1 is generated during the P450 catalytic cycle as follows: The distal H,O ligand
dissociates upon binding of the substrate (Figure 1, Species I and II), shifting the P450
absorbance maximum from 419 to 390nm. The ferric state heme is then reduced to
ferrous Fe(II) by transfer of the first electron by a partner protein. Molecular oxygen
then binds to the unoccupied distal site (Species IV). Subsequent transfer of a second
electron and a proton results in a hydroperoxy species, Cpd 0 (Species V). A second
proton transfer initiates O—O bond cleavage by release of H,O, to form the highly
reactive oxidant, Cpd I (Species VI).
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Upon formation, Cpd I reacts rapidly with the substrate to release the hydroxylated
product via a radical rebound mechanism (Figure 2), resulting in the oxidised substrate
(Figure 1, Species VII).3%3¢ The substrate C—H bond is homolytically broken by Cpd
I, resulting in a substrate radical (Figure 2). The radical then recombines with the
heme-bound hydroxy group to form the product (R—OH). This product leaves the
P450 active site and H,O binding regenerates the 6-coordinate ferric heme (Species I).
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Figure 1. The catalytic cycle of P450 enzymes. Resting state (I) binds substrate (R—H),
where controlled reduction by 2 HT and 2 e~ generates the reactive iron(IV)-oxo intermediate
(Cpd I). Radical rebound generates hydroxylated product (R—OH). The fate of the two
oxygen atoms of molecular O, is shown in red.
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Figure 2: Oxidation of substrate (R—H) by Cpd I via radical rebound. 3¢
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1.2 P450 electron transfer systems

The majority of P450s are not able to source electrons directly from NAD(P)H, and
hence require electron transfer systems for oxidative activity. Electron transfer sys-
tems consist of one or more partner proteins, the nature and number of which varies
significantly between organisms.?® Two broad classes, classes I and II, are found in the
majority of studied P450 systems (Figure 3, top).

Class I includes most bacterial P450 systems and the mitochondrial P450s from
eukaryotes. These employ a cytochrome P450 in conjuction with two redox partners.
The first is a flavin adenine dinucleotide (FAD) domain reductase (a ferredoxin or
adrenodoxin reductase), which transfers the NAD(P)H-derived reducing equivalents to
an iron-sulfur cluster-containing protein (a ferredoxin or adrenodoxin). This ferredoxin
then directly reduces the cytochrome P450. Bacterial class I systems are cytosolic; in
eukaryotic class I systems only the ferredoxin protein is soluble and the reductase and
P450 are both membrane-associated. Despite these two class I systems functioning
in a similar manner, most ferredoxins are not capable of efficiently reducing P450s

derived from a different system. For example, a bacterial ferredoxin may not function

effectively with a eukaryotic P450, or vice versa (although exceptions are known).?°
NAD" NADP*
; 2e le le 2e le le
NADH NADPH
Membrane
Class I
NAD(P)" Co,
Il (=
o
2e Te lo 2Ze le le
NAD(P)H Pyruvate
Membrane
Class 11 Class IV

Figure 3. Electron transfer systems of cytochrome P450s. Shown are classes I, II and IV.
Top left shows the bacterial class I system; top right, the eukaryotic membrane-associated
class I system. Bottom left, class II, a diflavin-driven membrane-bound system. Shown in the
bottom right is an example of a more unusual system, derived from S. acidocaldarius, which is
driven by an oxoacid ferredoxin oxidoreductase domain (OFOR), employing pyruvate rather
than NAD(P)H. This system has been designated as class IV.20:37
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Class II P450 systems are found in various eukaryotes such as mammals, fungi and
plants, and thus are associated with diverse metabolic pathways. Class II systems
consist of a P450 and an NADPH powered diflavin reductase (containing the FAD and
FMN domains) which is responsible for tranferring all required reducing equivalents to
the P450 enzyme (Figure 3, bottom left). Being eukaryotic in origin, class II systems are
membrane-bound and thus typically have lower water solubility and stability compared
to class I systems.

In the remaining classes II1I-X, the electron transfer systems are typically derived
from bacterial, fungal or plant origins, and contain less common electron transfer sys-
tems with unique structural features or novel mechanisms of action.?’ For example,
the class IV system which supports CYP119A1 from the acidothermophilic archaeon
Sulfolobus acidocaldarius (Figure 3, bottom right) does not contain an NAD(P)H-
dependant flavoprotein, and instead employs pyruvic acid along with a ferredoxin and
an FMN domain protein to supply CYP119A1 with electrons. 143738

1.3 Oxygen activation by P450 enzymes

The use of atmospheric dioxygen by P450s allows for events where reductive equiva-
lents of NAD(P)H are not successfully channelled towards substrate oxidation. These
points of stoichiometric inefficiency, known as uncoupling pathways, can result in the
release of superoxide immediately after molecular oxygen binding (Figure 1, Species
IV), generation of hydrogen peroxide (H,0,) from Cpd 0, or water from the reduction
of Cpd I prior to radical rebound (Figure 1).

The controlled delivery of both protons to the active site is thus crucial to facilitate
the successful activation of molecular oxygen. Protonation of Cpd 0 can occur at either
the distal oxygen, resulting in homolytic O—O bond cleavage, or at the proximal oxy-
gen, which results in the generation of hydrogen peroxide. These protonation events
are facilitated by a highly conserved acid-alcohol pair of amino acid residues found
in the I-helix, commonly aspartic acid/glutamic acid (Asp/Glu) and threonine/serine
(Thr/Ser). Although these residues are highly conserved across P450 systems, varia-
tions are known to exist.? For example, P450., (CYP176A1) contains asparagine in
place of the conserved alcohol threonine (Asp241 - Asn242).4°

Much of the current understanding of the roles of these residues in the protonation
steps is derived from P450,,,. This enzyme rapidly hydroxylates camphor to 5-ezxo-
hydroxycamphor (product formation > 1000 min~'), with nearly all of the reductive
equivalents channelled into substrate oxidation.*'™*3 Roles for both key residues have
been proposed based on extensive studies. The Asp251 residue is believed to be involved

44,45

in proton transfer to the Fe(III)-peroxy complex (Figure 1, Species V), whereas

Thr252 is thought to stabilise Cpd 0 in order to facilitate O—O bond cleavage. 4142
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The T252A mutant of P450..,, in which Thr252 is substituted for an alanine
residue, displayed 95 % H,O, uncoupling and 1 % wild-type product formation, al-
though the NADH oxidation rate (a measure of the turnover of the catalytic cycle)
remained comparable to the wild-type.*'*? This appeared to implicate the OH group
of Thr252 as a direct proton source for the protonation of the hydroperoxy intermedi-
ate. This hypothesis was later questioned by the high activity of a Thr252-MeO-Thr
mutant,*® which possesses an oxygen atom that could act as a hydrogen bond acceptor
but not as a donor. Additional studies with the Thr252-Asn and -Ser mutants showed
retention of camphor hydroxylation activity, albeit with varied turnover rates.?*° The
crystal structures of camphor-bound P450..,, variants provided an explanation for their
high degree of uncoupling. In the wild-type enzyme, the Thr252 alcohol group hydro-
gen bonds to a water molecule and to the carbonyl group of a glycine, Gly248 (Figure
4a). In the T252A mutant structure, there is no G248-A252 hydrogen bond, allow-
ing an additional water to enter the active site and bind near camphor (Figure 4b).

This suggested that hydrogen peroxide uncoupling may be caused by a mis-protonation

(a) Wild-type (PDB: 5CP4)

R186

(c) D251N (PDB: 6CP4) (d) Oxygen-bound wild-type (PDB: 2A1M)

Figure 4. Active site and oxygen binding groove of the crystal structures of P450.,,, vari-
ants. 44447 Shown are (a) the wild-type, (b) T252A mutant, (c) D25IN mutant and (d)
Oy-bound wild-type. Camphor is green, the heme group is grey, the 251 and 252 residues are
yellow, and water molecules are red spheres. Shown in cyan are the residues comprising the
O, binding loop and the salt bridge network of P450cam.
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event due to the presence of this additional water molecule in the active site (W220)
rather than the threonine side chain.

The T252A variant showed similar structural changes to those observed in the O,-
bound wild-type P450.am structure (Figure 4d). Upon O, binding to the heme iron, a
conformational change is induced in the D251 and T252 residues.*® The I-helix groove
widened due to a disrupted H-bond between G248 and T252, which allowed water to
enter the active site. The D251 residue’s backbone carbonyl group undergoes a 90°
rotation so that it can adopt an a-helix H-bonding pattern. In the wild-type O,-
bound structure, an extra water molecule was observed to directly interact with the
distal oxygen. There is also an extra water molecule held near the groove that forms
a solvent network to the nearby E366. It has been suggested that this network is
important to proton delivery.3? Based on these studies, the proposed role for T252 in
oxygen activation by P450.,, is to stabilise the hydroperoxy intermediate (Cpd 0) by
functioning as a hydrogen bond acceptor to the heme-bound O,. 454748

Mutagenesis studies of the highly conserved Asp251 indicated that this residue was
also important to P450..,’s activity. For P450.a,, the D251IN mutation displayed
turnover activity which was reduced by two orders of magnitude, but with high cou-
pling, which suggested that the rate of protonation of the peroxy species to form Cpd 0
(and eventually Cpd I) was being dramatically decreased (Figure 1).49 5! In the wild-
type crystal structure of P450.,,, the Asp251 residue forms a salt bridge to nearby
Lys178 and Argl86 (Figure 4a). However, in the structure of D251N-P450c,.,, these
salt bridges are broken as a result of a 90° rotation in the Asn251 residue (Figure 4c).
Notably, the Gly248-Thr252 H-bond is not broken in the D251N structure, nor is it
upon binding of O, to the D25IN mutant.*%5 Thus, the role proposed for D251 in
P450.., is part of a proton delivery system to dioxygen.?* The D25IN mutant ex-
hibits a solvent kinetic isotope effect ~ 6 times that observed for the wild-type, which
indicates that the mechanism of proton delivery is altered for this mutant. Addition-
ally, density functional theory (DFT) studies demonstrated the favourable energetics
of proton transfer by the D251 residue. 5

Although the acid-alcohol pair is most commonly Asp-Thr, functional variations are
also known. The P450., D241N mutant displayed a significant reduction in NADH
oxidation rate, which was similar to D251N-P450.,,,, in addition to low coupling effi-

ciency. %
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1.4 Reactions catalysed by P450 enzymes

1.4.1 C—H hydroxylation

Oxidation of a C—H bond is chemically difficult due to the high energy requirements
of breaking this bond.?® However, this is the most common reaction catalysed by the
P450 enzyme superfamily. Hydroxylation is thought to occur by a radical rebound
process (Figure 2),3%%* and the majority of research supports the involvement of a
carbon radical-containing species in the radical rebound mechanism.* High kinetic
isotope effects were observed in hydrocarbon hydroxylations, and were interpretated
as the O—H—C transition state possessing a linear geometry.3%5>°% This was used as
evidence in support of a hydrogen abstraction mechanism. Independently, a mechanism
involving a radical formation step was supported by the observation of stereochemical
scrambling in certain hydroxylations.3® This finding indicated the presence of a species,
presumed to be a radical intermediate, which permitted the inversion of carbon stereo-
chemistry before the hydroxyl rebound step.36°7%® The involvement of a radical species
would suggest that loss of stereochemistry would be observed during substrate hydrox-
ylation. However, most P450 hydroxylations proceed with retention of stereochemistry,

implying that the radical very rapidly recombines in the same orientation.36:3%:54

CH, cHy CH, Radical clock substrates, containing strained
H abstraction k, . .
— — i cyclopropyl ring systems, have been extensively

ey employed to determine the rate of radical rebound
. B in C—H hydroxylations (Figure 5). These sub-
t t

strates can undergo one of two competing reac-

OH (2 tions upon radical formation. If rebound occurs
! at the initial site of H-abstraction, hydroxylation

product results (Figure 5, rate=Fk;). Alternatively,
the radical can undergo a rearrangement (k) fol-
Figure 5. Function of radical clocks. lowed by trapping of the radical, thus yielding a
Radical trapping (ki) and rearrange- different hydroxylated product. This allows cal-
ment, (k;) result in different products. cylation of the rate of radical trapping using the
ratio of the products. Radical lifetimes were measured for norcarane and bicy-
clo[2.1.0]pentane when oxidised by P450s CYP2B1, CYP2E1, P450.., and P450gys.
These results supported the proposal of a radical intermediate in the hydroxylation
pathway (~ 50 ps).5% %2 However, more recent studies have suggested that the nor-
carane radical lifetime may have been significantly overestimated due the prevalence
of minor products. This allowed the radical lifetime to be recalculated as 0.5-25 ps,
suggesting the determination of the radical lifetime and its subsequent interpretation
to be nontrivial.®® Furthermore, several "ultrafast' clocks displayed extremely short

radical lifetimes, which seemed to indicate the radical to be a transition state rather
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than a reaction intermediate. %467

Although Cpd I is widely acknowledged as the key oxidising species, many ex-
periments have also been interpreted as evidence that multiple oxidants, namely the
nucleophilic ferric peroxy anion and the electrophilic ferric-hydroperoxy Cpd 0 (Figure
1, Species V and VI), are able to catalyse certain mono-oxygenase activities that do not
involve C—H bond abstraction.®® ™ Due to their different relative reactivities, these

species may have preferences for certain reactions over others. "™

70,71,76

For example, Cpd
0 is proposed to facilitate alkene epoxidation whereas the ferric peroxy species
has been implicated in aldehyde oxidation. %

Theoretical studies, however, have provided a rationale for the short lifetime of the
radical clocks discussed. The electronic configuration of Cpd I can be either a doublet

t,782 accounted for by two unpaired electrons on the iron centre in 3d 7*

or quarte
orbitals, and one in the porphyrin as, 7* orbital (Figure 6, inset). In the high-spin
quartet state (*Ay,), these three spins are parallel, while the electron in the porphyrin
orbital is inverted in the low-spin doublet state (2As,). When a radical intermediate is
considered, these two states display different energy barriers towards the C—H hydrox-

ylation pathway (Figure 6).81%385 Both the doublet and quartet states have similar

TS,

e e - a2
I z
NS -] ds H a,
4Cpd 1 (3Cpd 1)

Figure 6. Overall reaction mechanism for alkyl hydroxylation of substrate (R—H) by com-
pound I (Fe!V=0) using the two-state reactivity model.®! The relative energy of the doublet
(2Cpd 1, black) and quartet (*Cpd I, blue) pathways are shown in the main figure. TSy
represents the transition state to hydrogen abstraction, I represents the hydrogen abstraction
intermediate, TS;ep the cation intermediate during radical rebound and P is hydroxylated
product. The inset shows the electronic configuration of Cpd I in both states.
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energy barriers to hydrogen abstraction; however the quartet state displays a high en-
ergy barrier for radical rebound, whereas the doublet state shows a negligible barrier for
this step. These studies accounted for the short radical lifetimes observed experimen-
tally. Likewise, DF'T studies disagree with the proposed involvement of Cpd 0, as the
redox potential of Cpd 0 is insufficient to facilitate C—H bond abstraction. "®%688 This
theoretical observation was also supported by experimental studies, which employed
synthetic Cpd 0 mimics for substrate hydroxylation and epoxidation.

Recent theoretical studies towards identification of the P450 active oxidant(s) im-
plicates the close-lying spin states of Cpd I as the most likely candidates.®” This theory
is named the "two-state' reactivity model, and hypothesises that the intermediate in-
volved (either a radical or a cation species) is controlled by the dominant spin state
of Cpd I. DFT calculations show a significant energy barrier to radical rebound when
Cpd I is a high-spin quartet, whereas this barrier is small for the low-spin doublet

81,90-92

species. In the contrasting "two-oxidant" model, the most abundant species (e.g.

Cpd I or Cpd 0) dictates the resulting product distribution.

1.4.2 Dealkylation of oxygen, nitrogen, and sulfur substrates

P450 enzymes are widely known to catalyse the dealkylation of substrates containing
oxygen or other heteroatoms. Oxygen dealkylation appears to proceed similarly to
C—H hydroxylation, by initial hydrogen abstraction (HAT) at the carbon adjacent
to the oxygen (Figures 2 and 7a). The second step is the loss of an aldehyde by
decomposition of the unstable hemiacetal.®3%9394

Heteroatom dealkylation reactions can potentially proceed via a single electron
transfer (SET) as an alternative first step to the HAT process. In this mechanism,
the heteroatoms of lower electronegativity (N and S) allow transfer of an electron to
Cpd I yielding a substrate radical cation (Figure 7b).3? Subsequently, a proton can
be abstracted and rearrangement of the electrons results in a carboradical intermedi-
ate, which can be stabilised across the heteroatom and adjacent carbons. Rebound
of the hydroxyl from compound II (Cpd II), followed by decomposition of the hemi-
aminal /hemithioacetal, results in the dealkylated product. There is ongoing debate
concerning the relative roles of the SET and HAT mechanisms in nitrogen and sulfur
dealkylation reactions.

Experimental evidence for the single electron transfer mechanism (SET) includes
low kinetic hydrogen isotope effects (KIE ~ 2) for N-demethylation of para-substituted
N,N-dimethylanilines (Figure 7b).3%:95:9798 These low KIE values are believed to arise
from the ease of proton abstraction from the substrate radical.® Further evidence
in support of the SET mechanism includes the strong correlation between rates of
N-demethylation of N,N-dimethylanilines with their respective Hammett substituent

39,81

parameters and redox potential values. The negative o values indicated that N-



1.4 Reactions catalysed by P450 enzymes 11

R—X—CH; R—X—CH, R—X—CH,0H
OH radical
” " H abstraction rebound decomposition
— !V — —_— — o'V — _— — ! — 7
Cpd | Cpd Il
P P CH,0
(a)
ICH2
H
abstraction —Felv—
Cpd Il
/CH3 .+,CH3 /CHon
X N\ X N\ X N\
CH; CHj3 CH3
single e
| | transfer | | decomposition H
—Felv— —  » oV — || — ﬁ» X N\
CHj
Cpd | CH,0

(b)

Figure 7. Mechanisms for P450-catalysed dealkylation. Shown are a) Hydrogen abstraction
(HAT) pathway for dealkylation of O or N containing substrates, and b) Single electron
tranfer (SET) mechanism towards demethylation of para-N,N-dimethylalinine substrates. %%

demethylations accelerate in the presence of electron donating substituents, which is
consistent with the formation of a nitrogen radical cation via a SET mechanism. 38!
Evidence for the HAT mechanism (Figure 7a) has been provided in the form of
large intramolecular isotope effects observed for amide N-dealkylations (KIE ~ 13).
Additionally, DFT studies are generally in favour of the HAT mechanism for ni-
trogen and oxygen dealkylation.®85997190 DFT calculations on para-substituted N,N-
dimethylanilines showed that the radical cation arising from the first single electron
transfer on the SET pathway was significantly higher in energy than its radical coun-
terpart on the HAT pathway (Figure 7).1%10! The same study also found that dealky-
lation products can arise (via the HAT pathway) from either of the two spin-states
of Cpd I, depending on the nature of the substrate’s substituent: the doublet state is
preferred when the para-substituent of the N,N-dimethylaniline is H or CL.8! The gap
between doublet and quartet states was also found to decrease with increasing electron
withdrawing power of the substituent (X = H < Cl < CN < NO,, Figure 7b), such

that the two spin-states become very close in energy. 190101
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1.4.3 Desaturation/dehydrogenation

The majority of P450-catalysed reactions result in an oxygen atom in the product.
However, desaturation of alkyl chains to form alkenes is an exception which is an im-
portant reaction in many metabolic pathways. Key examples include the formation of
the hepatotoxic valproic acid desaturation product, A*-valproic acid (Figure 8, top) 102
and metabolism of the capsaicin family of compounds (Figure 8, bottom).% In each
of these cases, the expected hydroxylation products also form. Crucially, the ratio
of hydroxylation to desaturation differs dramatically between substrate/enzyme pairs.
For example, a 2:1 ratio of hydroxylation:desaturation is observed with valproic acid

and CYP4B1, but increases to 37:1 for CYP2B1. 104105

COOH COOH OH COOH COOH

PPN ?ITE? HO~ A, A //\T/L\/A\

Valproic Acid
//\ijftl\ COOH COOH
A*-Valproic Acid
0 CYP2C9 0
CYP2E1
H H
HO HO
Capsaicin

Figure 8. Examples of P450-catalysed desaturations. Shown are the hydroxylation and
desaturation metabolites of valproic acid (top), including the liver-toxic terminal olefin A*-
valproic acid; and one of the common desaturation metabolites of capsaicin (bottom).

These observations inspired the hypothesis that hydroxylation and desaturation
pathways are in direct competition following the initial hydrogen abstraction step by
Cpd I. The proposed mechanism for alkene formation branches from this point (Figure
9, left pathway). Radical rebound leads to the expected hydroxylated product; alter-
natively, the radical species could undergo a second hydrogen abstraction step to form
the desaturated product. Conversely, a single electron loss yielding a cation followed
by loss of a proton leads to formation of the alkene. These competing steps must
proceed at a comparable rate to radical rebound for desaturation to be observed.?*
The initial hydrogen abstraction that results in dehydrogenation can occur at different
carbons, depending on the substrate’s position relative to Cpd I in the P450 active site

39,94

(Figure 9, right pathway). The partition between hydroxylation and desaturation

also depends on the relative stabilities of the radical or cation species formed. %
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Figure 9. Mechanism of P450-catalysed desaturation. Initial H abstraction occurs at either
the a or B carbon. The second step is either a second H abstraction to produce the alkene,
or electron transfer to form a cation. Proton loss from the cation generates the alkene.

The two-state reactivity model has also presented a theoretical explanation for the
formation of desaturation product that is consistent with that of hydroxylation. In the
cases of both the desaturation and hydroxylation products, the doublet state Cpd I
provides a lower energy barrier to initial hydrogen abstraction than the quartet state,
and subsequently no energy barrier for a second hydrogen atom loss from the radical
intermediate. A significant energy barrier exists with the quartet state, indicating

that the desaturation should be expected to proceed via the doublet state of Cpd
].81,85,106-108

1.4.4 Carbon-carbon bond cleavage

P450s involved in biosynthesis pathways have been shown to catalyse cleavage of
carbon-carbon bonds. There are three known types of C-C bond cleavage reactions,
including those which involve a carbonyl adjacent to a carbon, a carbonyl adjacent to a
hydroxyl, or two adjacent hydroxyls (Figure 10).3? In each case the P450 generates one
of these moieties by successive oxidation events, and these species are able to undergo
C-C bond-breaking reactions. Key examples include cleavage a to a carbonyl in lanos-
terol, 1% wherein the methyl group is oxidised twice in succession, first to an alcohol
then an aldehyde (Figure 10, top). The final step is believed to be nucleophilic addition
of the peroxy species (pre-Cpd 0) to the aldehyde group, followed by a fragmentation

event which also generates a carboxylic acid. '
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CYP51
—>  — ﬁ»
CHs, CH,OH CHO
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CYP11A1

.
—_—
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CYP17A
—

H
Pregnenolone

Figure 10. Examples of P450-catalysed carbon-carbon bond cleavage reactions. Shown (top
to bottom) are details from the metabolisms of lanosterol, cholesterol and pregnenolone. In
each case, a carboxylic acid compound is generated as a result of the cleavage step.

Generation of a diol, as seen in the metabolism of cholesterol by CYP11A1 (Figure
10, middle), can also initiate C-C bond breaking. 112 This is believed to occur via
an alkoxy radical formed by Cpd I, which then fragments to form a molecule of 4-
methylpentanal and a radical precursor to pregnenolone. The ketone product can then
form via electron transfer from the radical to the enzyme. However, studies of different
CYP11A1 substrates suggested the possibility that a Cpd I-hydroperoxy intermediate
is involved in this transformation.?® Similarly to CYP11A1, the synthesis of pimelic
acid (a precursor to biotin) by prokaryotic P450p;,1 (CYP107H1) from Bacillus subtilis
proceeds via a diol intermediate. Initial hydroxylation at the carbon « to the hydroxyl
group, and subsequent C-C bond cleavage between the diol, generates two aldehydes
which undergo further oxidation.!!3:114

Cleavage between a carbonyl and hydroxyl has been observed for the CYP17A-
pregnenolone system. ! Initial hydroxylation at the carbon adjacent to the carbonyl
yields an intermediate which can undergo nucleophilic attack by the ferric peroxy
species (Figure 1, Species V), producing a radical that rearranges to eliminate acetic
acid and a diol (Figure 10, bottom). This diol then undergoes dehydration to form a

ketone.
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1.4.5 Halogen oxidation

The oxidation of halogens (R—X) is a much rarer P450 activity due to the very high
electronegativity of halogen atoms. Dodecanoic acid undergoes hydroxylation at the
w-carbon when oxidised by CYP4A1 and CYP52A21. When a hydrogen at the w-
carbon is substituted with a halogen, the activity dramatically changes, resulting in a
partition between C—H hydroxylation and halogen oxidation (Figure 11a, top). Hy-
droxylation adjacent to the halogen proceeds with corresponding elimination of HX (X
= Cl or Br) to yield an aldehyde. %17 Alternatively, a halonium R—X*—O" species
can be formed from oxidation of the halogen, followed by hydrolysis to yield an w-
hydroxylation product and HOX (Figure 11a, bottom). Dehalogenation has also been
observed with chloramphenicol, where the terminal CHCI, group undergoes hydroxy-
lation followed by elimination of HCI to produce a ketone. 18119

Some substrates that undergo halogen oxidation require circumstances where al-
ternate oxidation sites are sterically or electronically disfavoured. For example, the
[-oxidation of aryl iodides by rat liver P450 most likely proceeds only because there

are no other oxidisable positions on this substrate (Figure 11b).!?°

HX
XY(C10H21)COOH ﬁ H\n/(C10H21)COOH
OH )

CYP4A1
CYP52A21

\ H,0

.
X =Cl, Br *o,x\/(CmHm)COOH LT HO._(C4oH21)COOH

X._~(C4oH21)COOH

HOX
(a)
H | H i H 1 on ——
FsC CFs s:;(‘;ver FsC CFs FsC CF3
FaC CFs FaC CFs FsC CFs

(b)

Figure 11. Examples of P450-catalysed halogen oxidations. Shown in (a) are the oxidation
of 12-halododecanoic acids by CYPs 4A1 and 51A21, yielding dehalogenation products by
two differing pathways. Shown in (b) is the I-oxidation of an aryl iodide compound.
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1.5 CYP199A4, a cytochrome P450 from Rhodopseudomonas
palustris HaA2

Rhodopseudomonas palustris is a gram-negative purple non-
sulfur phototrophic bacterium, which has been found to inhabit
diverse environments, such as pond water and earthworm drop-
pings.?? These bacteria display extraordinary metabolic diver-
sity, and dynamically adapt their metabolism to their local en-

vironment. This allows them to function using any of the four

Figure 12. R. palus- modes of metabolism: photoautotropic or photosynthetic (en-
tris HaA2 cells under ergy from light and carbon from CO,), chemoheterotropic (car-
SEM. 12! bon and energy from organic compounds) and chemoautotropic
(energy from inorganic compounds and carbon from CO,).'?? Hence, these organisms
can grow with or without light or oxygen, can fix nitrogen, produce hydrogen gas, and
biodegrade a wide range of substrates. 2330122127

The genome of different strains of Rhodopseudomonas changes based on the bac-
teria’s microenvironment; consequently, R. palustris strains contain varied numbers of
P450 genes with diverse metabolic functions. Genomic analyses indicate that P450s
from this bacterium belong to several CYP families, which suggests that R. palustris
P450s can metabolise a range of substrates.?® The CGA009 strain of R. palustris was
the first to have its genome fully sequenced, and was found to possess seven P450 genes,
including CYP199A2, CYP195A2 and CYP203A1.1%22 CYP199A2 can be reconstituted
with a class I electron transfer system which allows it to metabolise para-substituted
benzoic acids.

Strain HaA2 of R. palustris was isolated from freshwater pond sediment obtained
near Haren, The Netherlands (Figure 12). This strain functions via light driven aerobic
respiration rather than anaerobically and heterotrophically.!?$12 One P450 from the
HaA2 strain, CYP199A4, is a close relative of CYP199A2. However, CYP199A4 and
its electron transfer partners are easier to produce in E. coli compared to CYP199A2.27

CYP199A4 can catalyse a wide variety of mono-oxygenase reactions with differ-
ent para-substituted benzoic acid substrates. Mono-oxygenase function can be ob-
served when CYP199A4 is reconstituted with its class I electron transfer system:
a ferredoxin containing a [2Fe-25] cluster (HaPux) and a ferredoxin reductase (Ha-
PuR), alongside NADH as an electron source.?” CYP199A4 tightly binds substrates
with a para-substituted benzoic acid framework, such as 4-methoxybenzoic acid and
4-ethylbenzoic acid (Figure 13). This enzyme regioselectively oxidises these substrates
at the para-substituent; for example 4-methoxybenzoic acid is demethylated to 4-
hydroxybenzoic acid (Figure 13). Oxidation of 4-ethylbenzoic acid yields two prod-
ucts: 4-(1-hydroxyethyl)benzoic acid and 4-vinylbenzoic acid, in respective yields of 51
% and 38 % respectively (Figure 13).2" Furthermore, CYP199A4 has been shown to



1.5 CYP199A4, a cytochrome P450 from Rhodopseudomonas palustris HaA2 17

support catalytic activity of heteroatom-containing substrates such as 4-methylamino-
and 4-methylthio-benzoic acids, with N-demethylation being the observed outcome
for 4-methylaminobenzoic acid and sulfoxidation the only product resulting from 4-

methylthiobenzoic acid.?8:130

Oy_OH Oy_OH Oy_OH Oy_OH Oy_OH
— — +
O OH x Ho

4-methoxy 4-hydroxy 4-ethyl 4-vinyl 4-(1-hydroxy
benzoic acid benzoic acid benzoic acid benzoic acid ethyl) benzoic
(38 %) acid (51 %)

Figure 13. Previously determined CYP199A4 oxidation products of para-substituted ben-
zoic acid substrates. 27

The substrate preferences of CYP199A2 and CYP199A4 have been rationalised
using macromolecular X-ray crystallography. The crystal structures of 4-methoxy-
and 4-ethyl-benzoic acid-bound CYP199A4 (PDBs: 4DO1 and 4EGM)3%!3! indicate
that the carboxylate group of the substrate interacts with the active site residues
Arg92, Ser95, Arg243 and Arg244 (Figure 14). The planar benzene ring interacts with
the hydrophobic residues V181, F182, F185, V295 and F298. Subsequently, the para
substituent is held over the heme accounting for the regioselectivity of the enzyme for
this position. These interactions are important for tight binding of the substrate and

explain the highly selective nature of this enzyme for para-substituted benzoic acids.

V181 R243
R92
s Y
V4

Figure 14. The active site of 4-methoxybenzoic acid-bound CYP199A4 (PDB: 4DO1). 13!
4-Methoxybenzoic acid is shown in yellow, active site amino acids are green and the heme is
shown in grey. The para-position methyl group is close to the Fe centre of the protein (3.9 A),
and has induced dissociation of the distal HyO ligand.
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Replacement of the carboxylate moiety of para-substituted benzoic acid sub-
strates with other functional groups demonstrated its importance to binding and
enzyme activity. Compared to 4-methoxybenzoic acid, 4-methoxybenzaldehyde and
4-methoxybenzamide displayed reduced binding affinity and turnover efficiency for
CYP199A4, although a small amount of demethylation product was still formed.?
Methyl 4-methoxybenzoate and 4-methoxybenzyl alcohol did not bind to the en-
zyme.3? Similar effects were observed when the aromatic benzene ring was modified
to a cyclohexane ring, with significantly reduced enzyme activity and binding affin-
ity.3Y More recently, an S244D mutant of CYP199A4 has allowed the efficient and
selective oxidative demethylation of para-substituted benzene derivatives such as 4-
methoxyphenol and 4-methoxynitrobenzene. 133

Mammalian P450s (particularly human P450s) oxidise a wide variety of functional
groups in drug metabolism pathways. By understanding the mechanisms of these oxi-
dations, future drug design could be improved by enabling better prediction algorithms
for preventing unwanted side-reactions. The design of substrates to probe P450 oxi-
dation mechanisms can be difficult, due to the complexity of the substrate framework
that many P450s typically require to generate tight binding and high turnover activity.

The recombinant CYP199A4-HaPux-HaPuR system is high yielding in E. coli and

27,30,134 Nechanistic probe substrates can be purchased

simple to purify and handle.
or easily synthesised due to the simplicity of the para-substituted benzoic acid frame-
work. Thus, CYP199A4 presents the possibility of exploring in detail the mechanistic
pathways of various CYP-catalysed oxidations by systematic substrate engineering.
Mutagenesis of the key acid-alcohol pair will also allow investigation of the mechanism

of oxygen activation by CYP199A4.

1.6 Thesis Objectives

The exploration of potential substrates for CYP199A4 will allow the mechanism of
P450 transformations to be investigated in detail. CYP199A4 and the required partner
proteins will be purified in order to perform enzyme-substrate binding and turnover
studies. Protein X-ray crystallography will be employed to elucidate the active site
binding orientation of these substrates and rationalise the products formed in assays.
These experimental procedures are described in Chapter 2.

In Chapter 3, the effect of substituents at the ortho and meta positions of the
benzoic acid on the substrate binding and O-dealkylation activity of CYP199A4 are
studied. This will provide additional insights into the range of oxygen dealkylation
activities catalysed by CYP199A4 (Figure 15).

In Chapter 4, substrates containing nitrogen and sulfur moieties at the para-position
will be investigated, to probe the capability of CYP199A4 to catalyse N- and S-

dealkylation and heteroatom oxidation (Figure 15). These substrates will include
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Figure 15. Families of para-substituted benzoic acid substrates to be investigated with
CYP199A4.

compounds such as 4-methylamino-, 4-ethylamino-, 4-dimethylamino-, 4-methylthio-
and 4-ethylthio-benzoic acids.

Halogen oxidation has been previously observed in substrates where the oxidation of
C—H bonds is highly disfavoured by electronic or steric effects, or due to the position of
the substrate in the active site. Since the activity of CYP199A4 with halogen substrates
has not yet been determined, 4-halobenzoic acids (F, Cl, Br, I) will be employed as
substrates. Furthermore, the oxidation of substrates containing alkyl chains substituted
with halogens will also be explored. Both 4-halomethyl- and 4-(2-haloethyl)-benzoic
acids (Cl, Br) might be expected to undergo dehalogenation, or may result in similar
activities to 4-methyl- and 4-ethyl-benzoic acids.

4-Methylbenzoic acid undergoes hydroxylation to 4-hydroxymethylbenzoic acid. By
extending the para-alkyl substituent, CYP199A4 has been shown to catalyse both a-
hydroxylation and «,3-desaturation reactions in 4-ethyl- and 4-isopropyl-benzoic acids.
The partition between the two products changes between these substrates, with the
isopropyl generating a higher proportion of hydroxylation product than 4-ethylbenzoic
acid.?® In Chapter 5, the partition between hydroxylation and desaturation in response
to extension of the carbon chain will be determined by employing substrates with longer
and/or more substituted alkyl groups. Also of interest is whether CYP199A4 can
catalyse oxidation of cycloalkane functional groups. 4-Cyclopropyl- and 4-cyclohexyl-
benzoic acids will be investigated to determine if both hydroxylation and desaturation
activities are supported. These substrates will be studied using X-ray crystallography

to rationalise the activities observed.
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4-Tsopropylbenzoic acid undergoes both hydroxylation OOH
and desaturation. CYP199A4 is capable of accommodating X = Cl, Br, OH,
benzoic acid substrates containing certain meta-functional x NOz NHz NHAc
groups. A series of meta-substituted isopropylbenzoic acids 3-Xdisopropyl
with various electron donating and withdrawing groups will ~ Penzoic acid
be employed as mechanistic probes to investigate the desat- (OOH (FOOH
uration reaction catalysed by CYP199A4 (Figure 16).

Carbon-carbon bond cleavage reactions have yet to be o o
investigated with CYP199A4. These reactions are of sig-
nificant physiological interest and CYP199A4 could be em- .;‘ef,;f,?c";"c‘:l, 4]&:’2’:,?2;1?3')
ployed as a useful probe system for investigating mechanistic gy gure  16. Meta-

details. 4-Propionyl- and 4-(2-oxopropyl)-benzoic acids con- substituted —4-isopropyl-
and carbonyl-benzoic acid

tain precursors to the a-hydroxycarbonyl group, which is
substrates.

known to undergo carbon-carbon bond cleavage (Figure 16).
These substrates will exploit the regioselectivity of CYP199A4 at the para-position
functional group to determine whether a-hydroxycarbonyl species can be generated by
CYP199A4 and if they can undergo further reactions such as C-C bond cleavage.

CYP199A4 possesses the highly conserved acid-alcohol pair (Asp251, Thr252) found
in most P450s. Oxygen activation by P450 enzymes is predominantly understood from
studies of P450..m. Cpd I is the active oxidant responsible for C—H bond abstraction.
The T252A variant of P450.,,, has been used to study the involvement of Cpd 0 as an
oxidant for epoxidation. Although the results from experiments using P450.,, have
been generally applied to other P450s, the precise details may vary in other enzymes.
In Chapter 6, turnovers of a selection of substrates (Figure 15) will be performed with
the equivalent CYP199A4 mutants (D251N, T252A), which will allow the role of the
acid-alcohol pair in this P450 system to be investigated. The roles of these active site
residues will also be investigated using X-ray crystallography of the substrate-bound
CYP199A4 mutants. The turnovers of these mutant CYP199A4s will also allow the
role of alternative oxidants in different P450 catalysed transformations to be assessed.

In Chapter 7, a range of other para-functionalised benzoic acids will be investigated
in order to explore the potential substrate range of CYP199A4. Phenyl and heterocyclic
functionalities such as para-methoxyphenyls, pyridines, thiophenes and furans will be
explored. These substrates may exhibit activities such as aromatic oxidation, or have
the potential to interact with the heme iron of the P450.

Finally, concluding remarks, along with future directions, will be presented in Chap-
ter 8.
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Chapter 2  Experimental

2.1 General

Organic substrates, general laboratory reagents, HPLC solvents and derivatisation
agents were purchased from Sigma-Aldrich, TCI, Merck and Alfa-Aesar. Buffer com-
ponents, NADH and isopropyl-8-D-thiogalactopyranoside (IPTG) were from Astral
Scientific, Australia. The 3-X-4-isopropylbenzoic acids (X = Cl, Br, OH, NO,, NH,,
NHACc), employed in Chapter 5, were synthesised by the research group of James J. De
Voss (University of Queensland).

UV-Vis spectra and activity assays were recorded at 30 + 0.5°C on a Varian CARY
60 or CARY 5000 spectrophotometer. Analytical liquid chromatography was performed
on an Agilent 1260 Infinity pump equipped with an autoinjector and a Phenomenex
Kinetex bu XB-C18 100A column (250 x 4.6mm, 5um). A gradient of MilliQ wa-
ter/trifluoroacetic acid (TFA, 0.1 %) to acetonitrile/ TFA (0.1 %) was used. The gradi-
ents employed were 0-50 %, 0-80 % and 20-95 %, and these are specified in each figure
legend when presented. The wavelength used to monitor the chromatogram is also
provided in each figure legend. Chiral chromatographic analysis was performed using a
Phenomenex Lux 3u Cellulose-1 column. The flow rate was controlled at 0.4 mL min~".
The solvent system was MilliQ water/TFA (0.1 %) to acetonitrile/ TFA (0.1 %). Gradi-
ents are provided where necessary. Prep-scale liquid chromatography was undertaken
using a Gilson GX Prep with a Gilson 322 pump system with an autoinjector and
fraction collector with a Kinetex 5u EVO C18 column (150 x 21.2mm, 5pm). Frac-
tions were combined and the solvent was removed using an Alpha 2-4 LDplus freeze
dryer (Christ, Germany). Chiral HPLC analysis to determine the enantiospecificity of
4-ethyl- and 4-ethylthio-benzoic acids was performed by the research group of James J.
De Voss (University of Queensland). The method used was 5 % isopropanol in hexane,
isocratically for 60 min.

Gas chromatography experiments were performed on a Shimadzu GC-17A with a
QP5050A GC-MS detector, equipped with a DB-5 MS fused silica column (30m x
0.25 mm, 0.25 pm). The injector was held at 250 °C and the interface was 280 °C. The
column temperature was held at 120°C for 3min and then increased at 6°Cmin~!
until it reached 230°C. The column was held at this temperature for 6 min. Peak

integrations were determined using the total ion count.



22 2 Experimental

2.2 Enzyme production and molecular biology

Transformations for protein expression and purification were performed by mixing com-
petent cells (50 pL) with DNA (70-100ng). This mixture was held at 0°C for 60 min
followed by heat shock at 42°C for 1 min. After cooling in ice for 2min, 250 pL. SOC
media was added to the mixture and it was shaken at 37°C at 200rpm for 1h. Cells
were then spread onto a LB plate containing the appropriate antibiotics; kanamycin
(30 mg L™1) and /or ampicillin (100 mg L™!); and incubated for 18 h at 37°C. The media

solutions used for cell growths are listed in Table 1.

Table 1: Growth media constituents.

Medium Constituents (L)
LB tryptone (10 g), yeast extract (5 g), NaCl (10 g)
SOC tryptone (20 g), yeast extract (5 g), MgCls (1 g),

NaCl (0.5 g), KCI1 (0.2 g), glucose (0.2 % w/v)
Trace Elements NapEDTA (20.1 g), FeCl3.6H20 (16.7 g), CaCly.H20 (0.74 g),
CoCly.6H20 (0.25 g), ZnSO4.7TH20 (0.18 g),
MnS0O4.4H50 (0.132 g), CuSO4.5H20 (0.10 g)
EMM KoHPO, (7 g), KH,POy (3 g), (NH4)2S0y (1 g),
NagCitrate (0.5 g), MgSOy4 (0.1 g), 20 % glucose (20 mL)

2.2.1 CYP199A4 (Wild-type, D251N and T252A isoforms)

The pET28 CYP199A4 plasmid construct, containing the CYP199A4 gene inserted be-
tween the Ncol and HindIII restriction sites, has been described previously.?” Plasmid
DNA for the D251N and T252A mutants of CYP199A4 were made by Dr Jeanette Stok
(University of Queensland) using the Quikchange site directed mutagenesis methodol-
ogy (Agilent).

Competent E. coli or BL21(DE3) was transformed with the CYP199A4 plasmid
and plated onto LByg,,. Single colonies were then grown in 2 x 500 mL LB, media
at 37°C at 120rpm for 8 h. After this time, the temperature was reduced to 18 °C. To
each flask, benzyl alcohol (100 pL) and ethanol (10 mL) were added to induce expres-

135 Trace elements solution

sion of F. coli chaperone proteins and aid protein folding.
(1.5mL.L~! of media) was added to aid heme iron incorporation. After 30 min, 50 uL
of 0.5 M IPTG was added to each flask to induce protein production. The mixture was
shaken at 18°C and 105rpm for a further 24h. The red cell pellet was harvested by
centrifugation (5000 g, 10 min) and resuspended in Tris buffer (pH 7.4, 50 mM) con-
taining 1 mM DTT (dithiothreitol; this buffer is subsequently referred to as Buffer T).
The cells were kept on ice and lysed by sonication (20kHz using a VC505 Ultrasonic

Processor and an Autotune CV334 probe, both from Sonics & Materials, USA) using
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30 x 20 s pulses with 40 s between each pulse. The cell debris was removed by centrifu-
gation at 40,000 g for 30 min at 4°C and the supernatant was subject to ammonium
sulfate precipitation and centrifugation (0-25 % and 25-50 % fractions). The pelleted
protein containing fraction (25-50 %) was then dissolved in Buffer T, and desalted
using a Sephadex G-25 course grain column (250 x 40 mm) and the same buffer. The
protein was concentrated using a Vivacell 100 centrifugal concentrator cell at 2500 rpm
(10kDA membrane, Sartorius, UK). It was then was loaded onto a DEAE fast flow
Sepharose column (XK50, 200 x 40 mm, GE Healthcare) and eluted using a linear
salt gradient of 100-400mM KCI in Buffer T at 6 mLmin~!. The red fractions were
collected and desalted using a Sephadex G-25 medium grain column (250 x 40 mm),
then concentrated and loaded onto a Source 15Q column (XK26, 80 x 30mm, GE
Healthcare). The protein was eluted using a 40-160 mM KCI gradient at 6 mL min~?.
The red fractions were combined and concentrated. The final Ayj9/Aggo ratio of > 1.75
indicated the protein was > 90 % pure.?” The protein concentration was determined

—1.131 The protein was further pu-

using the extinction coefficient, e419 = 119mM~! cm
rified using an ENrich SEC 650 (10 x 300 mm) size exclusion column at a flow rate
of 1mLmin~! using Tris (pH 7.4, 50mM) as the elution buffer, which increased the
Ay19/Aggo ratio to &~ 2. The protein was concentrated and an equal volume of 80 %
glycerol was added, then the solution was filtered through a 0.22 ym aqueous filter and

stored at —20°C.

To determine whether the P450 was active, CO difference assays were per-
formed.?13% To an aliquot of P450, sodium dithionite was added until the resting
state peak (=~ 419nm) was shifted to the reduced ferrous form (~ 416nm). CO
gas was gently bubbled to shift the absorbance to the distinctive Soret peak (450 nm).

2.2.2 Ferredoxin reductase (HaPuR)

Competent E. coli, BL21(DE3) was transformed with the plasmid pET26-HaPuR con-
taining the HaPuR gene and plated onto LBjg,.2" Isolated colonies were then grown
in 3 x 0.5L LBy, at 37°C at 120rpm for 8 h. After this time, the temperature was
reduced to 18°C. To each flask, benzyl alcohol (100 L) and ethanol (10mL) were
added. After 30min, 50 uL of 0.5M IPTG was added. The incubated culture was
grown for a further 24h at 18°C at 105rpm, then the yellow cell pellet was harvested
by centrifugation (5000 g, 10 min) and resuspended in Buffer T. The cells were kept
on ice and lysed by sonication using 30 x 20 s pulses with 40 s between each pulse.
The cell debris was removed by centrifugation at 40,000 g for 30 min at 4°C. The
protein-containing supernatant was loaded onto a DEAE Sepharose column (XK50,
200 x 40mm, GE Healthcare) and eluted using a linear salt gradient of 100-350 mM

KCI in Buffer T, at a flow rate of 6mLmin~!. The yellow fractions were combined
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and concentrated at 2500 rpm using a Vivacell 10kDA concentrator cell. The protein
was desalted by two successive dilution (to 50 mL total) and concentration steps. The
concentrated protein was then loaded onto a Source 15Q) column (XK26, 80 x 30 mm,
GE Healthcare). The protein was eluted using a salt gradient of 75-300 mM KCI in
buffer T, at 6 mL min~!. The yellow fractions were collected and the absorbance ratio
measured (Aggo/Asss < 6.0) indicated the protein was > 90 % pure.?” An equal volume
of 80 % glycerol was added and the solution was filtered through a 0.22 pm aqueous
filter and stored at —20°C. The final protein concentration was determined using the

extinction coefficient, e454 = 10mM ! em—1.23

2.2.3 Ferredoxin (HaPux)

Competent E. coli BL21(DE3) was transformed with the plasmid pCW-HaPux con-
taining the HaPux gene using the methodology as described earlier (Chapter 2.6.1)
and plated onto LB,,,,. Single colonies were grown into 10 x 0.5L LB, at 37°C
at 120rpm for 5h. After this time, the temperature was reduced to 18°C. To each
flask, benzyl alcohol (100 L), ethanol (10mL) and trace elements solution (1.5 mL)
were added. After 30 min, 50 nL of 0.5 M IPTG was added. The incubated culture
was inoculated for a further 24 h at 18°C at 105rpm. The brown cell pellet was col-
lected by centrifugation (5000 ¢, 10 min) and resuspended in 300 mL of 10 mM Tris
pH 7.4 containing 20 % v/v glycerol, 2mM DTT, 1 % v/v [-mercaptoethanol and
1mgmL~" lysozyme. After stirring at 4°C for 1h the cells were kept on ice and lysed
by sonication using 30 x 20 s pulses with 40 s between each pulse. The cell debris was
removed by centrifugation at 40,000 g for 30 min at 4°C. The collected brown super-
natant was loaded onto a DEAE fast flow Sepharose column (XK50, 200 mm X 40 mm,
GE Healthcare) and eluted using a linear salt gradient of 150-400 mM KCl in buffer T,
at a flow rate of 6 mL min~!. The brown fractions containing the protein were collected
and concentrated at 2500 rpm using a Vivacell 10kDA concentrator cell. The protein
was then desalted using a Sephadex G-25 medium grain column (250 mm x 40 mm).
This was concentrated then loaded onto a Source-Q column (XK26, 80 mm x 30 mm,
GE Healthcare) and the protein was eluted using a salt gradient of 40-160 mM KCI in
buffer T, at a flow rate of 6 mLmin~!. Fractions with Azs5/Asg0 > 0.65 were combined
and concentrated. The protein concentration of HaPux was determined using €416 =
11.2mMcm~1.2" An equal volume of 80 % glycerol was added and the solution was
filtered through a 0.22 pm aqueous filter and stored at —20°C.
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2.3 Substrate binding assays

Before use in assays, glycerol was removed from proteins using a 5ml gel filtration
column (PD-10, GE Healthcare). CYP199A4 was diluted in Tris buffer (50 mM, pH
7.4). To 1 mL of protein, 1 pL aliquots of substrate from a 100 mM stock solution were
added using a 5 L. Hamilton glass syringe. The resulting change in absorbance was
recorded on a UV-Vis spectrophotometer (from 300-600 nm) until the peaks did not
change upon further addition of substrate. The high-spin heme content was estimated
(£ 5 %) by comparison with a set of spectra generated from the sum of the appropriate
percentages of the spectra of the substrate-free (> 95 % low-spin, Soret maximum at
418 nm) and camphor-bound (> 95 % high-spin, Soret maximum at 392nm) forms of
P450 . 2°

For dissociation constant analysis (Kq), aliquots of substrate from a stock solution
were added to 2.5 mL of CYP199A4 (0.5-2.5 pM) in Tris buffer (50 mM, pH 7.4) using
a bl Hamilton glass syringe. The peak-to-trough difference spectrum (trough at =~
419nm and peak at ~ 390 nm) for a type I shift was recorded on a UV-Vis spectropho-
tometer from 300600 nm. Further aliquots of substrate were added to the mixture
until the peak-to-trough difference did not increase. The data was analysed by fitting
the difference in absorbance (AA.x) vs substrate concentration (S) to a hyperbolic

137,138 (

function Equation 2):

AAar X 5]

AA =
Ky + (9]

(2)

where AA represents the peak-to-trough absorbance, AA,,.. represents the max-
imum peak-to-trough absorbance, [S] is the substrate concentration and Kq is the
dissociation constant. For cases where the substrate bound extremely tightly (Kq <
10 pM), data was instead fit to a tight-binding equation to determine K4 (Equation
3):139

]+ [S] + Ku — \/([E] + [S] + Ka)* — 4[E] [9] 3)
2

where AA represents the peak-to-trough absorbance, AA,,.. represents the maxi-

AA=AAnuz

mum peak-to-trough absorbance, [S] is the substrate concentration, [E] is the concen-

tration of CYP199A4 enzyme and Ky is the dissociation constant.

2.4 In vitro NADH oxidation assays

Before use in NADH oxidation assays, glycerol was removed from proteins using a 5 mL
gel filtration column (PD-10, GE Healthcare) and the concentration of each protein was
quantified using UV-Vis spectrophotometry. In a final volume of 1.2mL, oxygenated
Tris buffer (50 mM, pH 7.4), CYP199A4 (0.5 uM), ferredoxin (HaPux, 5 uM), ferredoxin
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reductase (HaPuR, 0.5 pM) were combined and equilibrated at 30 °C for 2 min. NADH
was added to Ay = 2.0 (= 320 uM). Substrate was then added to a final concentration
of 1 mM and the absorbance at 340 nm was monitored. The rate of oxidation of NADH
was determined from the gradient of the plot of Agy vs time (Figure 17), using the

extinction coefficient of NADH, €349 = 6.22mM ! cm ™1,

1 Addition of NADH
2.04 \ ~_
Addition of substrate

1.5
< 1.0

0.54

OO T T T T T T T T T 1

0.0 0.2 0.4 0.6 0.8 1.0
Time (min)

Figure 17. Example plot of an in vitro NADH oxidation assay. The absorbance of NADH
at 340 nm was recorded over time after addition of 4-methoxybenzoic acid, and the gradient
was used to calculate the rate of NADH oxidation by CYP199A4.

2.5 Analysis of metabolites and substrate coupling

For HPLC analysis, the in vitro reaction mixture (132 pL) was combined with acetoni-
trile (66 nL) and internal standard (2 pL, 10 mM 9-hydroxyfluorene or biphenylmethane
in EtOH). This mixture was centrifuged (13,000 rpm, 3 min) to remove particulate mat-
ter from the sample. This mixture was used directly for HPLC analysis (Chapter 2.1).
The product was quantified using 20-500 M calibration solutions containing 2 pL. of
10mM internal standard. Where an authentic sample of the oxidation product was
available, calibrations were performed using these samples. Where this was not pos-
sible, the product was isolated and purified after a large scale whole-cell turnover, or
the calibration was performed using a closely related compound (Table 2). The HPLC
samples for calibration were prepared using the same method as described above.
GC-MS was used to identify turnover products that could not be identified by HPLC
coelution, or where insufficient product could be isolated for NMR analysis. The in vitro
reaction mixture (990 pL) was combined with internal standard (9-Hydroxyfluorene,
10 pL of 10mM in EtOH) and acidified using HC1 (20 pL, 3M). The mixture was
extracted three times with ethyl acetate (400 uL) and the organic extracts were dried
over MgSO,. Solvent was evaporated under a stream of N, and the sample was dissolved
in anhydrous acetonitrile (200 pL). BSTFA/TMCS (99:1, 25nL) was added and the

mixture was left for 2h at 37°C to derivatise the benzoic acid and hydroxyl groups
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to trimethylsilyl esters. This mixture was used directly for GC-MS analysis (Chapter
2.1). The amount of product was quantified using 20-500 pM calibration solutions
containing 2 uli of 10 mM internal standard (Table 2). These were extracted using the

same method as described above for the GC-MS turnover samples.

Table 2. Selected examples of calibration factors used to determine coupling and product
formation rates.

Technique | Compound Internal standard®  Calibration factor®
HPLC 4-(1-hydroxyethyl)benzoic acid 9-hydroxyfluorene  0.0045
biphenylmethane 0.0019
4-(2-hydroxyethyl)benzoic acid 9-hydroxyfluorene 0.0073
4-vinylbenzoic acid 9-hydroxyfluorene 0.0185
biphenylmethane 0.0075
GC-MS 4-isopropylbenzoic acid (9-hydroxyfluorene) 0.00805
4-ethylbenzoic acid 0.00901
4-(1-hydroxyethyl)benzoic acid 0.00938
4-vinylbenzoic acid 0.00684
3-chloro-4-isopropylbenzoic acid 0.00893
3-bromo-4-isopropylbenzoic acid 0.00992
3-hydroxy-4-isopropylbenzoic acid 0.01079
3-nitro-4-isopropylbenzoic acid 0.00383

@2 uL of a 10 mM stock solution in EtOH was used. Biphenylmethane was used in several instances where a
metabolite coeluted with 9-hydroxyfluorene. ®The calibration slope was derived from plots of the ratio of the
compound peak to the internal standard peak against concentration. The R? of each was > 0.98.

2.6 Whole-cell substrate oxidation systems (in vivo

turnovers)

2.6.1 In vivo oxidation systems

Competent FE. coli cells were transformed with the DNA vectors pETDuet and pRSF-
Duet (containing the genes encoding HaPuR and HaPux genes on the former, and
CYP199A4 and HaPux on the latter) were plated onto LB kan. > One colony from
the incubated plate was added to 500mL LBgy,p/ken, and the mixture was shaken
at 37°C at 120rpm for 8 h. After this time, the temperature was reduced to 18°C.
To each flask, benzyl alcohol (100pnL), ethanol (10mL) and trace elements solution
(1.5 mL) were added. After 30 min, 50 pL of 0.5 M IPTG was added. The mixture was
left overnight at 18°C and 105rpm. The supernatant was removed using centrifuga-
tion (5000 g, 10 min) and the resultant cell pellet was resuspended in 200 mL of E. coli
minimal medium (EMM, Table 1). This volume was divided equally between flasks
and diluted to a final volume of 200 mL using additional EMM. Substrate was then
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added to a final concentration of 2mM to each flask. The whole-cell reaction mixture
was allowed to proceed at 30°C, 200 rpm. An additional 2mM of each substrate was
added after 5h and the reaction mixtures were left overnight. Aliquots of the turnover
mixture were taken at 1h and 24 h time intervals for analysis. After removal of the
cells by centrifugation (6000 rpm, 10 min) the supernatant was used to prepare samples
for HPLC and GC-MS analysis as described previously (Chapters 2.1 and 2.5).

2.6.2 Analysis of in vivo systems

Where the reaction product was available from a commercial source, the product(s)
were identified by coeluting an in vitro or in vivo turnover reaction against the authentic
sample using HPLC/GCMS.

To isolate and characterise products of in wvivo systems where authentic samples
could not be obtained for coelution, cells were removed by centrifugation (5000 g,
10min). The supernatant was then freeze-dried for 12h. The products were sep-
arated using preparative HPLC (Chapter 2.1) and freeze-dried to yield the isolated
products, which were then characterised using a combination of NMR, GC-MS and

HPLC (details in their respective sections).

2.7 Hydrogen peroxide uncoupling assays

The concentration of hydrogen peroxide generated during in vitro NADH turnover as-
says was determined using a horseradish peroxidase (HRP)/phenol/4-aminoantipyrine
(4-AP) assay. 4 To 400 uL of an in vitro turnover, 200 pL of 50 mM phenol (pH 7.4, Tris
buffer) and 200 pL of 5mM 4-AP (pH 7.4, Tris buffer) were added. The absorbance at
510 nm was zeroed, and 1 L of 20 mg mL~! HRP was added. The absorbance at 510 nm

was used to calculate the concentration of hydrogen peroxide (e510 = 6580 M~ cm™1).

2.8 Formaldehyde and formic acid assays

The amount of formaldehyde generated during certain turnovers was determined us-
ing 600 pL. mixtures containing Tris buffer (pH 7.4, 50 mM, 312nL), in vitro turnover
mixture (240pL) and Purpald (168 pM, 48 uL).141142 The reaction of formaldehyde
and Purpald was allowed to develop by shaking for 15 min before measuring the ab-
sorbance at 550nm. A calibration curve was produced using 20-500 pM solutions of

~1 was used

formaldehyde and the resulting extinction coefficient, €550 = 3450 M~! cm
to quantify the amount of formaldehyde-Purpald complex in each turnover.

Formic acid content was determined using a formic acid assay kit from Megazyme
(Ireland). The turnover (1.1 mL), H,O (0.8 mL), phosphate buffer (pH 7.6, 0.2mL) and
B-NAD (0.2mL) were combined and equilibrated for 5 min. The absorbance at 340 nm

was measured and formate dehydrogenase (50 pL.) was added to consume formic acid,
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producing NADH. This was allowed to react for 15 min and the increase in absorbance

at 340 nm was used to quantify the formic acid.4?

2.9 Substrate docking studies

Computational studies were performed by manually docking small molecule substrates
into the active site of CYP199A4. The protein model file (PDB: 4DO1, available from
www.rcsb.org or www.wwpdb.org) was prepared by removing the 4-methoxybenzoic
acid using WinCoot.'** Ligand coordinates and restraints were created using eLBOW,
available in the PHENIX suite of programs.#® The protein-ligand complexes were
subjected to 300 rounds of Cartesian MMFF energy minimization using ICM Pro
(Molsoft LLC, USA). Side chains were globally optimized and the backbone was

annealed to improve the model using the ICM Pro Monte Carlo algorithm.

2.10 Protein X-ray crystallography

Crystallisation experiments were performed with WT, D251N and T252A isoforms.
Prior to use, glycerol was removed from CYP199A4 using a 5 mL gel filtration column
(PD-10, GE Healthcare). Immediately before preparation of crystal trays, the protein
was eluted through an ENrich SEC 650 (10 x 300 mm) size exclusion column at a flow
rate of 1mL min~! using Tris (pH 7.4, 50mM) as the elution buffer. CYP199A4 was
then concentrated to approx. 30-35mgmL~! in 50mM Tris, pH 7.4 to increase the
likelihood of crystallisation. 46

Initial screening of conditions was performed using the Crystal Screen HT, SaltRX
HT and PEG/Ion HT kits available from Hampton Research (USA). Crystal growth
was observed with several conditions from the PEG/Ion screen and were optimised
further. Crystals were obtained using the hanging-drop vapour diffusion method at
16 °C using 1 L of protein mixed with 1 pL of reservoir solution and equilibrated with
500 pL of reservoir solution. Large crystals (200-300 pm by 100-150 pm by 20-30 pm)
were obtained in 1-2 weeks from reservoir solutions containing 0.2 M magnesium ac-
etate tetrahydrate, PEG-3,350 and 0.1 M Bis-Tris. Details are provided in their results
sections.

Crystals were harvested using a nylon loop (Hampton Research) or micromount
(Mitegen), cryoprotected by immersion in Parabar 10312 (Paratone-N, Hampton Re-
search, USA) and flash cooled in I. N,. X-ray diffraction data were collected at 100 K
on the MX1 beamline at the Australian Synchrotron. 47148

Diffraction data for the majority of structures were indexed and integrated using
iMosflm. ' For 4-n-heptylbenzoic acid with wild-type CYP199A4, the data were in-
dexed and integrated using HKL.'*® Scaling, merging and Rge. flag labelling (5 % of

reflections, randomly selected) were performed using Aimless,® available in the CCP4
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suite of programs. 1*? The phase was solved using molecular replacement with Phaser 53

in CCP4 using 4-methoxybenzoic acid-bound CYP199A4 (PDB: 4DO1) as the initial
search model. All ligands and solvent molecules were removed from the model prior
to phasing to reduce model bias. Electron density maps (weighted 2mF,-DF, map,
and F,-F, difference map) were obtained after initial model building, and the model
was manually rebuilt using WinCoot.#* Structural refinements were performed over
multiple iterations under the guidance of the F,-F, difference maps using phenix.refine
(Phenix Refine), available in the Phenix suite of programs.!#® Reduced bias maps for
inspection of ligand binding were generated using either a composite omit map or
a feature enhanced map (presented in the individual chapters where relevant). 54155
Inspection of the reduced bias maps in each structure unambiguously revealed the lo-
cations of all substrate atoms. Polder omit maps, generated by excluding bulk solvent
and calculating omit maps for the ligand, also revealed the same binding location for
all structures. 1%

Detailed data collection and structural refinement statistics for each data set are
summarised in tables in the results section of each chapter. The coordinates for
the crystal structures have been deposited in the wwPDB (Worldwide Protein Data
Bank), 157158 freely available to download at www.rcsb.org or www.wwpdb.org. Indi-
vidual PDB accession codes have been presented where relevant.

Images were produced in PyMol.'*® To model the location of the Cpd I oxygen,
the CreateAtomAlongBond script was employed. Computational studies of Cpd I have
calculated that the Fe=0O bond length is very consistent at 1.62 A. This was determined
both in absence and in presence of substate for CYPs 2C9, 2D6, 3A4 and P450.4y,; 160161
as well as a model system of Cpd I in chloroperoxidase. %2

positioned 1.62 A from the heme iron of the CYP199A4 structures.!

The oxygen atom was thus

iThe Cpd I Fe=0O bond length has been experimentally determined to be 1.63 A using X-ray
crystallography of several non-P450 heme enzymes.'%® This value is in close agreement with the
computational results for P450 enzymes (1.62 A).
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Chapter 3  Dealkylation of para-methoxy
substituted benzoic acids by
CYP199A4

3.1 Introduction

CYP199A4, from the bacterium R. palustris strain HaA2, and the closely related
CYP199A2 from strain CGA009, have high affinities for 4-methoxybenzoic acid and

23,27,28,164 4_Methoxybenzoic acid has been shown to induce a >

related benzoic acids.
95 % type I spin state shift.?3 4-Methoxybenzoic acid also bound very tightly to the
active site of CYP199A4 (K4 = 0.28uM). The benzoic acid skeleton is important for
binding, and replacing the carboxylate group with a benzyl alcohol, benzamide or a
benzaldehyde reduces the strength of substrate binding dramatically. 232839 Altering the
benzene ring to a saturated cyclohexyl system or removal of the substituent at the para-
position also has a deleterious effect on substrate binding and activity.?*3? As well as
4-methoxybenzoic acid, CYP199A4 can bind and O-demethylate 3,4-dimethoxybenzoic
acid solely at the para methoxy group to yield 3-methoxy-4-hydroxybenzoic acid.?”
With 3,4-dimethoxybenzoic acid, the spin state shift of CYP199A4 is reduced (70 % vs
> 95 %) and the binding is not as tight (29.5uM vs 0.28uM). The product formation
is also lower due to the additional meta-methoxy group.?” CYP199 family enzymes
have also been reported to be active with related aromatic carboxylic acids includ-

165,166 167

ing 2-naphthoic acid, indole-6-carboxylic acid, ®" and para-substituted cinnamic

acids. 3132

The crystal structure of 4-methoxybenzoic acid-bound CYP199A4 has been de-
termined (PDB: 4DO1).3%13L164 Tny this crystal structure, the substrate carboxylate
group directly hydrogen bonds to the side chains of Arg92, Ser95 and Ser244 and,
via a bridging water molecule, Arg243 (Figure 18). Hydrophobic interactions between
Leu98, Vall81, Phel82, Phel85, Val295 and Phe298 with the benzene ring help hold
the substrate in position.!3! A chloride ion caps the entrance to the active site and
protects the heme from external solvent entering the active site. The methyl group
of the para-methoxy substituent is oriented towards the heme iron (3.9 A), which is
consistent with exclusive attack at this position, resulting in demethylation to form
4-hydroxybenzoic acid. These interactions rationalised the enzyme’s selectivity for the

benzoic acid para-substituent.
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Figure 18. Comparison of the active site of 3,4-dimethoxybenzoic acid (yellow, PDB: 4EGN)
with 4-methoxybenzoic acid (cyan, PDB: 4DO1). The F182 residue has moved slightly due
to the meta-position methoxy group of 3,4-dimethoxybenzoic acid.

The crystal structure of CYP199A4 with 3,4-dimethoxybenzoic acid (PDB: 4EGN)
revealed that the positions of the benzene ring, carboxy group and 4-methoxy group
were superimposable with that of 4-methoxybenzoic acid.!3' However, the 3-position
methoxy group of 3,4-dimethoxybenzoic acid pointed away from the heme, towards the
active site residues Phel85 and Phel82, causing a movement in the F182 residue (Figure
18). This steric clash accounted for the weaker binding of the substrate and provided
further evidence for the enzyme’s preference towards para-substituted substrates. 3’

Removal of methyl groups in synthesis often requires harsh conditions and unse-
lective reagents and very few catalysts are available for this reaction.'%® Alkyl methyl
ethers usually require a Lewis acid and a nucleophile 6917 for efficient demethylation
while aryl methyl ethers can be demethylated in the absence of the Lewis acid®® but
in both instances elevated temperatures are required. Additionally these reagents gen-
erate significant volumes of hazardous waste and proceed with low atom economy.!
The CYP enzyme-catalysed O-demethylation reaction proceeds under ambient condi-
tions, and thus these enzymes can potentially be applied as biocatalysts for selective

dealkylation.

i Atom economy is defined as the proportion of atoms present in the reactants that are incorporated
into the product. 171172
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Related to oxidative demethylation mono-oxygenase activity are the reactions of
several plant-based CYPs, such as CYP81Q1 and the CYP719A subfamily. These
enzymes have been shown to catalyse the ring-closing of ortho-hydroxymethoxy-
containing substrates to yield methylenedioxy rings.!™1™ These ring-closing reactions
must proceed via an unconventional mechanism as there is no incorporation of oxygen
into the final product (Figure 19).

Rz cypsiat Ro Ro Ra
OH ; O~ ;+ 0
H,O ~~H W,
O~ CH3 O\\/\\ + {9\\( H 0]
\) OH H CH2

Figure 19. Proposed mechanism for CYP719A and CYP81Ql-mediated ring closing of
ortho-hydroxymethoxy-containing substrates. 173,174

The proposed mechanism for this reaction involves formation of a hemiacetal, sim-
ilar to normal demethylation activity. The key step is proposed to be formation of a
methylene-oxonium intermediate along with a molecule of water, followed by an in-
tramolecular attack on the resultant methylene carbon by the adjacent ortho-hydroxy
group. '™ Proton abstraction yields the methylenedioxy bridge-containing product.

The reverse ring-opening reaction has been observed in various (methylene-
dioxy)phenyls with rabbit liver and lung microsomal P450s,!"™ with the dihydrofu-
ran moiety of the drug darifenacin,'™ and in 3,4-(methylenedioxy)benzoic acid with
CYP199A4 (Figure 20).177

This was postulated to proceed via a hemiacetal intermediate, followed by addition

of water to induce ring-opening. Attack of the resultant carbonyl by H,O would result
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Figure 20. Proposed mechanism for methylenedioxy deprotection by mammalian P450s. 7

Also shown in red is the proposed formation of a carbene intermediate, which can bind to the
heme iron and inhibit further catalysis.!”™® This carbene was not observed in the turnovers of
3,4-(methylenedioxy)benzoic acid by CYP199A4.177
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in generation of formic acid and the methylenedioxy bridge-deprotected product.'™ In
the CYP2A6 metabolism of paroxetine, there was evidence of inhibition of the turnover
rates after initial oxidation of the methylenedioxy group, which was proposed to be due
to binding of a carbene species to the heme iron (Figure 20).17

The binding and turnover activity of CYP199A4 with a range of mono-, di- and
tri-substituted methoxybenzoic acid substrates will be determined (Figure 21). These
studies will elucidate how benzoic acids with differently sized substituents at the ortho-,
meta- and para-positions or a heteroatom in the benzene ring interact with the enzyme.
Of interest was to determine whether CYP199A4 could catalyse ring-closing and ring-
opening reactions as observed with other P450s. Several benzoic acids containing ortho-
hydroxy-methoxy functional groups were investigated to determine if CYP199A4 can
catalyse ring-closing reactions. To extend the understanding of the ring-opening trans-
formation, 3,4-ethylenedioxybenzoic acid was investigated to determine if an equivalent
ethylene bridge deprotection reaction could be catalysed by CYP199A4. These studies
will provide a basis for the future choice or synthesis of small molecule probes designed

to investigate the mechanism of action of CYP enzymes.
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Figure 21. Multiply-substituted methoxy and ring-containing substrates investigated with
CYP199A4.
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3.2 Results

3.2.1 Substrate binding assays

Analysis of the spin state shift (Chapter 2.3) gives an indication of the ability of a sub-
strate to induce dissociation of the distal heme water ligand, and hence if the substrate
fits in the active site. Therefore, the proportion of high spin heme (denoted % HS)
was assayed with each substrate as an initial screening method. The substrates without
a para-methoxy group induced very low spin state shifts in CYP199A4 compared to
the high shift induced by 4-methoxybenzoic acid (> 95 % HS, Table 3). 2-Methoxy in-
duced a lower shift than 3-methoxybenzoic acid (10 % and 40 % HS respectively, Table
3, Figure 22a, Appendix A.1). In comparison, benzoic acid induced a 30 % shift while
3,4-dimethoxybenzoic acid shifted the spin state to 70 % high spin. Dimethoxybenzoic
acids which did not have a para-position methoxy substituent also displayed minimal
spin state shifts with CYP199A4, 10 % HS for both 2,5- and 3,5-dimethoxybenzoic
acids. These results emphasised the importance of the para-position methoxy group
for inducing dissociation of the distal water bound to the heme iron. The presence of
additional ortho and meta groups reduced the spin state shift and therefore would be
expected to be detrimental towards substrate binding.

Motivated by the preference of substrates with a para substituent towards substrate
binding, several di- and tri-substituted benzoic acids containing additional ortho and
meta substituents of different sizes were investigated. 2,4-Dimethoxybenzoic acid in-
duced a marginally lower spin state shift than 4-methoxybenzoic acid but higher than
3,4-dimethoxybenzoic acid (90 % HS, Figure 22¢, vs > 95 % and 70 % respectively).
Both 2-hydroxy- and 3-hydroxy-4-methoxybenzoic acids induced spin state shifts >
90 %, indicating the smaller hydroxy group was better tolerated than a methoxy sub-
stituent at these positions by the enzyme active site. The greater spin state shifts of
2,4-dimethoxy- and 2-hydroxy-4-methoxybenzoic acids over the substrates with meta-
substitutions implied an ortho substituent was less disruptive to active site binding.
This contrasted with the results of 2- and 3-methoxybenzoic acids, where the meta

substituted benzoic acid induced a greater spin state shift.

HiiTt is important to note that in certain instances the spin state shift is not indicative of displacement
of the distal water ligand. For example, the distal water is still bound to the heme iron in the X-ray
crystal structure of adamantane-bound P450,y,. 4817
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Table 3. Binding and turnover parameters determined for methoxybenzoic acid (BA) ana-
logues investigated with CYP199A4. Shown are spin state shift and dissociation constant
analyses (% HS and Kg, Chapter 2.3), NADH oxidation rates (Chapter 2.4), product for-
mation rates (PFR, Chapter 2.5) and resulting coupling efficiency (%). Rates are given as
mol (molCYP) ! min—!.

Substrate HS (%) Kg (nM) NADH®* PFR? Coupling®
4-methoxyBA 28 > 95 0.28 + 0.01 1340 + 28 1220 + 120 91 + 2
2-methoxyBA 10 n.d.? -€ -f -
3-methoxyBA 40 69 + 2 498 +5 -1 -
2,5-dimethoxyBA 10 n.d.? -€ -f -
3,5-dimethoxyBA 10 1500 +£ 200 49 +£2.0 7+ 2 14+ 4
2,4-dimethoxyBA 90 A7+ 1 664 +32 384+21 58 +1
3,4-dimethoxyBA 70 30 £ 39 807 +£35 626100 T7+9
2-hydroxy-4-methoxyBA > 95 0.16 £0.01 483 £32 271 + 20 56 £+ 4
3-hydroxy-4-methoxyBA 90 1.7+01  8474+60 663+7  75+8
2,3,4-trimethoxyBA 5 n.d.? 54 £ 5 -h -
2,4.5-trimethoxyBA 0 n.d.? -¢ - -
2,4,6-trimethoxyBA 0 n.d.? -¢ -f -
3,4,5-trimethoxyBA 10 n.d.? 9.7+19 -f -
3,5-dihydroxy-4-methoxyBA | 5 n.d.? 10 £1 -f -
3,5-dimethoxy-4-hydroxyBA | 5 n.d.? 163+ 12 -f -
6-methoxynicotinic acid > 95 046 £0.05 353 +6 286 +32 81 %8
4-trifluoromethoxyBA > 95 043 +0.05 2944+8  -I -
4-ethoxyBA > 95 0.17 £ 0.02 527 £10 527 +38 100 £ 8
3,4-(methylenedioxy)BA 70 0.17 £ 0.05 265 +7.2 158+19 5947
3,4-(ethylenedioxy)BA 70 50 + 1.5 437+ 7 332457 T6£2
benzoic acid 30 13 £0.2 257 2 -4 -

@NADH oxidation rate. °PFR: product formation rate. % of NADH consumed that led to formation of substrate
metabolite. *Not able to be determined due to low spin state shift. ©No significant NADH oxidation activity above
the leak rate (= 9min—1'). /no detectable levels of product formation. 9This dissociation constant was determined
previously. 27 PProduct detectable in in vivo turnovers only, hence was not quantified. “Hydrogen peroxide levels in
the turnover were 18 + 0.6 pM (4.7 & 0.3 %). In the 4-methoxybenzoic acid turnover, it was 5.5 £ 0.5 pM of H,O,.

A series of tri-substituted benzoic acid substrates were investigated (2,3,4-,
3,4,5-, 2,4-5- and 2,4,6-trimethoxybenzoic acids; 3,5-dihydroxy-4-methoxy- and 3,5-
dimethoxy-4-hydroxybenzoic acids). None of these substrates were able to induce a
significant shift of CYP199A4 to the high spin state (all < 10 % HS). The highest shift
was observed with 3,4,5-trimethoxybenzoic acid (10 %, Figure 22). 3,5-Dihydroxy-4-
methoxybenzoic acid, containing two meta-hydroxy groups, demonstrated that three
substituents could not easily be accommodated in the active site of CYP199A4 despite
the smaller size of the hydroxy groups (Table 3). In line with the results for substrates

without a para-position methoxy group, 3,5-dimethoxy-4-hydroxybenzoic acid induced
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Figure 22. Spin state shifts of substituted benzoic acid substrates investigated with
CYP199A4. Black shows CYP199A4 in its resting state, while red shows the maximum
absorbance shift obtained upon addition of substrate.

a minimal spin state shift (5 %, Table 3). Overall, the inclusion of multiple ortho and
meta substituents is detrimental to the binding of benzoic acids to CYP199A4.

The effect of inserting a heteroatom at the meta-position of the benzene ring was
investigated using 6-methoxynicotinic acid. A > 95 % spin state shift was observed
suggesting that modification of the benzene to a pyridine does not dramatically impact
binding. 4-Trifluoromethoxybenzoic acid, in which the hydrogens of the methoxy moi-
ety have been replaced by similarly sized fluorine atoms, was then investigated. The

> 95 % spin state shift observed suggested that the trifluoromethoxy group did not
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impair binding (Figure 22f).

To further investigate the size of the substrate and range of functional groups that
can be accommodated by the CYP199A4 active site, 4-ethoxy-, 3,4-(methylenedioxy)-
and 3,4-(ethylenedioxy)-benzoic acids were investigated. 4-Ethoxybenzoic acid, which
is similar to 4-methoxybenzoic acid but with an additional methylene carbon at the
para-position, generated a > 95 % spin state shift, revealing that the additional steric
bulk at the para position was able to be accommodated in the active site. 3,4-
(Methylenedioxy)benzoic acid induced a 70 % spin state shift (Figure 22d),'"" lower
than the structurally related 3-hydroxy-4-methoxybenzoic acid but comparable to 3,4-
dimethoxybenzoic acid?” (Table 3). 3,4-(Ethylenedioxy)benzoic acid also induced a 70
% spin state shift. The 3,4-(ethylenedioxy)benzoic acid would be a comparable size
to 2-napthoic acid, which contains a planar benzene ring fused to the 3,4-position.
However, 2-napthoic acid only induced a 5 % HS shift. 3

In order to assay the affinity of each substrate for CYP199A4 binding, dissociation
constants (Kq) were determined (Chapter 2.3, Table 3). A small absorbance change in
CYP199A4 upon substrate addition, in line with the spin state shifts measured, was ob-
served for 2-methoxy- and 2,5-dimethoxybenzoic acids. This prevented determination
of the dissociation constant but again demonstrated that the ortho-substituted benzoic
acids do not appear to bind to CYP199A4 (Appendix A.2). 3-Methoxybenzoic acid
bound = 200 times less tightly than 4-methoxybenzoic acid (69 uM vs 0.28 uM, Figure
23a). The binding affinity was lower than that of benzoic acid (13 M), despite the
higher spin state shift for 3-methoxybenzoic acid. 3,5-Dimethoxybenzoic acid (Figure
23b) bound even more weakly than 3-methoxybenzoic acid (1500 pM).
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Figure 23. Dissociation constant determination of 3-methoxy- and 3,5-dimethoxybenzoic
acids investigated with CYP199A4. The inset image shows the UV-Vis response to successive
addition of substrate aliquots. Shown in brackets are the wavelengths of the trough and
peak, and the enzyme concentration used for dissociation constant analysis (trough, peak,
nM-P450).
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The ortho- and meta-substituted substrates also containing a para-methoxy moiety
bound more tightly than the equivalent substrates without a para substituent (2,4-
dimethoxyBA, 47 pM; 3,4-dimethoxyBA, 30 pM, Appendix A.2), but less tightly than
benzoic acid (13pM) and 4-methoxybenzoic acid (0.28 uM). These results indicated
that the ortho- and meta-position methoxy groups were interacting unfavourably with
active site amino acid residues, or potentially the heme moiety.

The substrates containing ortho- or meta- hydroxy groups bound more tightly than
their dimethoxy analogues (2-hydroxy-4-methoxy-, 0.16 pM; 3-hydroxy-4-methoxy-,
1.7pM, Appendix A.2), highlighting that the smaller hydroxy group was better ac-
commodated in the active site of CYP199A4. With all of the tri-substituted substrates
investigated, no dissociation constant could be determined due to the negligable spin
state shift and low response upon substrate addition to CYP199A4.

6-Methoxynicotinic acid bound tightly (0.46 pM, Appendix A.2), marginally weaker
than 4-methoxybenzoic acid, illustrating that the heterocyclic ring does not signifi-
cantly impair substrate binding. 4-Trifluoromethoxybenzoic acid bound comparably
tightly (0.43pM). 4-Ethoxybenzoic acid bound tighter than 4-methoxybenzoic acid
(0.17 M), which combined with its spin state shift emphasised that the ethoxy group
is a good fit for the CYP199A4 active site (Figure 24a).
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Figure 24. Dissociation constant determination of 6-methoxynicotinic acid and 3,4-
(ethylenedioxy)benzoic acid with CYP199A4. Shown in brackets are the wavelengths of
the trough and peak, and the enzyme concentration used for dissociation constant analysis

(trough, peak, pM-P450).

3,4-(Methylenedioxy)benzoic acid bound more tightly (0.17pM, Appendix A.2)
than both 3,4-dimethoxybenzoic acid and 3-hydroxy-4-methoxybenzoic acid, despite
inducing a lower spin state shift than 3-hydroxy-4-methoxybenzoic acid. The smaller
size and increased rigidity of a methylenedioxy ring compared to these substrates may
account for the tighter binding observed. 3,4-(Ethylenedioxy)benzoic acid, despite in-
ducing the same 70 % spin state shift, bound approximately 300 times less tightly to
CYP199A4 (Figure 24b) than 3,4-(methylenedioxy)benzoic acid. The larger ethylene-
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dioxy ring may induce steric clashes between active site residues, but is still able to
displace the heme distal water ligand.

The binding studies revealed that para-substituted benzoic acids containing small
ortho and meta substituents can be accommodated by CYP199A4, although tri-
substituted benzoic acids were too large for the active site. Substrates with five and
six membered ring systems at the meta and para positions or those with larger para-
substituents can also be accommodated. The para-position substituent is crucial for

high spin state shift and tight binding.

3.2.2 Activity and product formation

In order to quantitate the activity of CYP199A4 with each substrate, in vitro assays
were performed to determine the rate of NADH oxidation. This is indicative of the
turnover rate of the catalytic cycle under conditions where the first electron transfer to
the P450 is expected to be rate determining (Chapter 2.4, Figure 25). The amount of
product formed was then quantified by using HPLC or GCMS, using coelution studies
with authentic standards of the P450 oxidation product where available (Chapter 2.5).
The product formation rate (mol (molCYP)~! min~!, henceforth abbreviated to min™!)
could then be determined from the NADH oxidation rate and total coupling efficiency
(channelling of NADH equivalents into substrate oxidation). Where reaction products
were obtained and a standard was not available for identification purposes, in vivo
turnover reactions (Chapter 2.6) were used to generate product followed by purification
using semi-prep HPLC and characterisation using NMR and MS.

The rates of NADH oxidation and product formation for each substrate with the
CYP199A4 enzyme varied significantly, although all were lower in activity compared to
4-methoxybenzoic acid (Figure 25, Table 3). CYP199A4 showed little to no NADH oxi-
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Figure 25. NADH oxidation assays with selected benzoic acid CYP199A4 substrates. The
NADH oxidation rate induced by each substrate was slower than with 4-methoxybenzoic acid,
which is shown in (a) in black.
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dation activity and no evidence of product formation with 2-methoxy-, 2,5-dimethoxy-,
2,4,5-trimethoxy-, 2,4,6-trimethoxy-, 3,4,5-trimethoxy-, and 3,5-dihydroxy-4-methoxy-
benzoic acids (Figure 25, Appendix A.3). This was in agreement with the low spin
state shifts and binding affinity of these substrates.

3-Methoxybenzoic acid displayed moderate NADH oxidation that was slower than
4-methoxybenzoic acid (Table 3, 498 vs 1340 min~!). No product was detected in the
in vitro turnovers, indicating that the NADH consumed was being channelled into
uncoupling pathways. Hydrogen peroxide was only detected in low quantities (2 % of
the NADH reducing equivalents, Chapter 2.7), and thus the oxidase pathway was the
most likely source of this uncoupling (Chapter 1.3, Figure 1). 3,5-Dimethoxybenzoic
acid with CYP199A4 showed tenfold slower NADH consumption (49 min~!) than 3-
methoxybenzoic acid. Significantly, a metabolite was detected in the GC-MS trace of
the in wvitro turnovers (Figure 26). This was identified by GC-MS as a demethylation
product (MS m/z = 342.35 vs expected 342.13, Appendix A.4) so must be 3-hydroxy-
5-methoxybenzoic acid. Of all the substrates investigated, this was the only incidence
of oxidative demethylation at a meta-methoxy group, and additionally was the only
substrate without a para substituent that generated any significant levels of product.
The coupling efficiency, which is a measure of the amount of NADH that resulted in
product formation, was 14 %, which resulted in a product formation rate of 7min=".
These findings suggest an alternative binding orientation in the active site for 3,5-

dimethoxybenzoic acid compared to the other meta-substituted substrates.
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Figure 26. GC-MS analysis of 3,5-dimethoxybenzoic acid turnover with CYP199A4. Impu-
rity peaks (present in control reactions with no P450) are marked with an asterix (*). Mass
spectrum of the 3-hydroxy-5-methoxybenzoic acid product is presented in Appendix A.4.
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Figure 27. Analysis of 2,4-dimethoxybenzoic acid turnover with CYP199A4. Shown are
(a) HPLC analysis: black, in vitro turnover; red, 2-hydroxy-4-methoxybenzoic acid control;
blue, substrate control. The gradient of H,O:ACN was 20-95 %, and the chromatogram
was monitored at 254 nm. (b) GC-MS analysis. The product mass spectrum is presented in
Appendix A 4.

2.4-Dimethoxybenzoic acid displayed a high product formation rate with
CYP199A4 (384 min~!) although this was lower than both 4-methoxybenzoic acid
(1220 min~!) and 3,4-dimethoxybenzoic acid (626 min~!). The product did not coelute
with 2-hydroxy-4-methoxybenzoic acid using HPLC (Figure 27), and GCMS analy-
sis indicated the product mass was that of a TMS-derivatised demethylation product
(MS m/z: 312.05 vs expected 312.12), thus the product was assigned as the expected
2-methoxy-4-hydroxybenzoic acid.

2-Hydroxy-4-methoxybenzoic acid underwent oxidative demethylation at the para-
position by CYP199A4 to yield 2,4-dihydroxybenzoic acid as the sole reaction product.
This was confirmed by HPLC coelution experiments with an authentic standard (Ap-
pendix A.3), and by GC-MS of the in vitro turnover mixture (Appendix A.4). The

product formation rate observed in turnovers of 2-hydroxy-4-methoxybenzoic acid was
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Figure 28. HPLC analysis of 3-hydroxy-4-methoxybenzoic acid turnover with CYP199A4.
Black, in vitro turnover; blue, substrate control; red, 3,4-dihydroxybenzoic acid control. A
20-95 % gradient of H,O:ACN was used, and the chromatogram was monitored at 254 nm.

slower than 2,4-dimethoxybenzoic acid (271 min~! vs 384 min~'). This was unexpected
given the higher spin state shift and tighter binding of 2-hydroxy-4-methoxybenzoic
acid. The coupling efficiency was 56 %.

3-Hydroxy-4-methoxybenzoic acid displayed a high product formation rate
(663min~'). The single reaction product was 3,4-dihydroxybenzoic acid which was
determined by HPLC coelution experiments (Figure 28). No enzyme-mediated ring-
closing reaction between the para-methoxy and meta-hydroxy groups was observed, 17
which would yield 3,4-(methylenedioxy)benzoic acid which had a HPLC retention time
of 12.3min (Figure 28).

3,5-Dimethoxy-4-hydroxybenzoic acid induced moderate NADH oxidation activity
in CYP199A4 (163min~!, Table 3) despite the negligable substrate binding and spin
state shift. This was faster than 3,5-dimethoxybenzoic acid and all tri-substituted
benzoic acids tested. However, unlike 3,5-dimethoxybenzoic acid, no products were
detected by GC-MS or HPLC analysis (Appendix A.4).

Of the trimethoxybenzoic acids investigated, the highest NADH oxidation activity
was observed with 2,3 4-trimethoxybenzoic acid (54min~! vs < 10min~', Table 3).
No products were observed in the HPLC or GC-MS of in vitro incubation mixtures of
any of the trimethoxybenzoic acids. The in vivo turnovers of 2,3,4-trimethoxybenzoic
acid displayed a peak with a retention time indicative of a demethylation product
(Figure 29, RT = 15.8 min). This metabolite was isolated by semi-prep HPLC and
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Figure 29. HPLC analysis of 2,3,4-trimethoxybenzoic acid turnover. Black, in wvivo
turnover; blue, substrate control, RT = 19.2 min; red, isolated demethylation product, RT
= 15.8min. The chromatogram was monitored at 254nm and the gradient was 0-50 % of
H,O:ACN.

characterised by GC-MS (Appendix A.4, MS m/z = 342.35 vs expected 342.13). This
confirmed it was a demethylation product. NMR analysis of the product was able to
rule out 2-hydroxy-3,4-dimethoxybenzoic acid, which has been reported previously. '*°
The product was thus either demethylation at the meta- or para-methoxy. A combina-
tion of 'H-*C (HSQC) and through-bond 'H-*C (HMBC) NMR spectroscopies were
unable to definitively assign the site of demethylation (Appendix A.5). Based on the
selective activity of CYP199A4 for the para-substituent observed with other substrates,
the product was expected to be 2,3-dimethoxy-4-hydroxybenzoic acid. This could be
confirmed by small-molecule X-ray crystallography of the isolated product. The pres-
ence of even a small amount of oxidative demethylation showed that the active site
of CYP199A4 can accommodate this large, highly substituted substrate, albeit with
much lower binding affinity.

4-Trifluoromethoxybenzoic acid, which does not contain any abstractable hydrogen
atoms on the para-trifluoromethoxy group, was not dealkylated by CYP199A4 due to
the strong C—F bonds (Appendix A.3), although NADH was consumed at a moderate
rate (294 min~—1). The lack of any significant levels of hydrogen peroxide formation sug-
gested that uncoupling events were likely occurring via the oxidase uncoupling pathway
(Figure 1).
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CYP199A4 with 6-methoxynicotinic acid displayed moderate NADH oxidation
(353 min~', Figure 25) and product formation rates (286 min~!) that were significantly
lower than 4-methoxybenzoic acid (NADH, 1340 min~'; PFR, 1220min~!). It was
oxidatively demethylated to 6-hydroxynicotinic acid as identified by HPLC coelution
experiments (Figure 30). There was no evidence of a product arising from aromatic N-
oxidation. The overall coupling efficiency was comparable to 4-methoxybenzoic acid (81
% vs 91 %). The reduced product formation rate compared to 4-methoxybenzoic acid
indicated that the pyridine ring had some effect on the enzyme’s activity, despite the
binding data suggesting that 6-methoxynicotinic acid binds effectively to CYP199A4.
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Figure 30. HPLC analysis of 6-methoxynicotinic acid with CYP199A4. Black, in wvitro
turnover; blue, substrate control; red, 6-hydroxynicotinic acid control.The gradient was 20-
95 % of H,O:ACN, and the chromatogram was monitored at 254 nm.

Despite the higher binding affinity of 4-ethoxybenzoic acid compared to 4-
methoxybenzoic acid, the product formation rate observed was less than half that of
4-methoxybenzoic acid (527 min~! vs 1220 min~!). HPLC analysis showed formation
of 4-hydroxybenzoic acid, via oxidative deethylation (Figure 31). Of the substrates
investigated, 4-ethoxybenzoic acid displayed the highest coupling (100 %), indicating
the ethoxy group methylene CH, is ideally positioned in the active site to undergo oxi-
dation. Oxidative O-deethylation can be added to the set of transformations catalysed
by CYP199A4.

3,4-(Methylenedioxy)benzoic acid displayed lower product formation and coupling
(265min~', 59 %, Table 3), compared to the structurally related 3,4-dimethoxybenzoic
acid and 3-hydroxy-4-methoxybenzoic acids. The turnover product was identified by



46 3 Dealkylation of para-methoxy substituted benzoic acids by CYP199A4

3.0x10°
4-ethoxy

2.5x10° benzoic acid

2.0x10°
[O]
e
@ 1.5x10°
2
3 4-hydroxy
g 1.0x10° benzoic acid

Internal Standard
5.0x10°
A
0.0 VAR t AN
T T T T T T T T T T T T T T T T T T T T T T T T T 1
5 6 7 8 9 10 11 12 13 14 15 16 17 18
Time (min)
H COOH
CYP199A4
—
O~ OH
4-ethoxy 4-hydroxy
benzoic acid benzoic acid

Figure 31. HPLC analysis of 4-ethoxybenzoic acid with CYP199A4. Black, in witro
turnover; blue, substrate control; red, 4-hydroxybenzoic acid control (double peak). A 20-95
% gradient of H,O:ACN was used, and the chromatogram was monitored at 254 nm.
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Figure 32. HPLC analysis of 3,4-(methylenedioxy)benzoic acid with CYP199A4. Black,
in vitro turnover; blue, substrate control; red, 3,4-dihydroxybenzoic acid control. A 20-95 %
gradient of H,O:ACN was employed. The chromatogram was monitored at 254 nm.

HPLC coelution experiments as 3,4-dihydroxybenzoic acid (Figure 32). This would

have arisen via demethenylation of the methylenedioxy bridge.
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3,4-(Ethylenedioxy)benzoic acid displayed higher coupling and product formation
(332min~', 76 %) compared to 3,4-(methylenedioxy)benzoic acid. HPLC analy-
sis showed the formation of a single in witro product (Figure 33), which was iso-
lated by semi-prep HPLC and characterised by NMR spectroscopy as 3,4-(2'-hydroxy-
ethylenedioxy)benzoic acid (Appendix A.5). The key feature used to assign the regio-
chemistry of the OH was the HMBC spectrum, where through-bond interactions were
observed between the ethylenedioxy bridge carbons and the quaternary carbons on the

benzene ring (Figure 34, HMBC cross peaks: 8 <> 4; 9 <> 5).

2_
8.0x10 3,4-(ethylenedioxy)
benzoic acid
) 3,4-(2'-hydroxyethylene-
6.0x10 dioxy)benzoic acid
3,4-dihydroxy
9 benzoic acid
s 2
3 4.0x10" 1
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benzoic acid ethylenedioxy)
benzoic acid

Figure 33. HPLC analysis of 3,4-(ethylenedioxy)benzoic acid with CYP199A4. Black,
in vitro turnover; blue, isolated 3,4-(2'-hydroxyethylenedioxy)benzoic acid product; pink,
substrate control; red, 3,4-dihydroxybenzoic acid control. A 0-50 % gradient of H,O:ACN
was used, and the chromatogram was monitored at 254 nm. Chiral HPLC was also performed
to investigate the enantioselectivity of the reaction, however the enantiomers could not be
resolved (Appendix A.3).

This product could have formed via hydroxylation with no subsequent ring-opening,
or it could be in equilibrium with a ring-opened product. The cyclic hemiacetal was
unexpected given that ring-opening was observed with the methylenedioxy substrate.
The presence of the additional methylene was presumed to stabilise the cyclic hemiac-
etal, similar to the stability of cyclic sugars.'®! The reaction product is chiral, however
chiral HPLC was unable to separate the enantiomers as indicated by the single broad
peak observed (Appendix A.3). The product possibly exists in an equilibrium between
the ring-closed hemiacetal and ring-opened forms, which would mask any enantioselec-

tive hydroxylation by the enzyme. The results indicated that both methylenedioxy and
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Figure 34. NMR analysis of 3,4-(2"-hydroxyethylenedioxy)benzoic acid. Shown are (left) 'H-
13C HSQC and (right) 'H-3C HMBC. After assignment of the quartenary carbons attached
to the oxygen atoms using the HSQC spectrum, the site of the hydroxylation was inferred
using the HMBC cross-peak which is highlighted with a blue rectangle.

ethylenedioxy bridges could be accommodated and oxidised by CYP199A4, although
the activity of each differed dramatically. It might also be possible to include larger
ring systems in CYP199A4 substrates.

To confirm the mechanism of oxidative demethylation, the amount of formalde-
hyde and formic acid were measured in turnovers of 4-methoxy-, 3,4-dimethoxy-, 3-
hydroxy-4-methoxy- and 3,4-(methylenedioxy)-benzoic acids. The Purpald assay was
employed to measure formaldehyde. '*! Purpald reacts in a 1:1 stoichiometric ratio with
formaldehyde to form a complex that strongly absorbs at 550 nm (Chapter 2.8). 141142
A significant amount of formaldehyde was detected in the turnovers of each of 4-
methoxy-, 3,4-dimethoxy- and 3-hydroxy-4-methoxy-benzoic acids (Table 4). This was
in agreement with the mechanism of oxygen dealkylation, which proceeds with loss of
an aldehyde from the substrate (Chapter 1.4.2).8:39:93.91

However, the quantity of formaldehyde observed did not agree with the product

Table 4. Selective assay data for methoxybenzoic acid substrates of CYP199A4. Shown are
the % coupling of NADH that could be quantified as reaction product, formaldehyde and
formic acid. Each assay is described in Chapter 2.8.

Substrate Coupling efficiency Formaldehyde Formic acid
4-methoxyBA 91 £+ 2 46 £+ 2 9+14
3,4-dimethoxyBA == 50 £ 8 8+3
3-hydroxy-4-methoxyBA | 75 + 8 43 £ 7 7+ 3
3,4-(methylenedioxy)BA | 59 £ 7 5=E1 56 &£ 5
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coupling for each substrate turnover. The formaldehyde and reaction product should
be found in a 1:1 stoichiometric ratio. It is possible that the volatile formaldehyde
was lost during the NADH oxidation turnover assay, prior to measurement using the
Purpald assay. Alternatively, the development of the Purpald-formaldehyde complex
during the assay did not proceed to completion. This may be improved by employing
an oxidant such as sodium periodate (NalO,).!*2

The turnovers were then investigated using a selective assay for formic acid
(Chapter 2.8, Table 4).'%3 None of 4-methoxy-, 3,4-dimethoxy- and 3-hydroxy-4-
methoxy-benzoic acids produced significant levels of formic acid. The turnovers of
3,4-(methylenedioxy)benzoic acid however showed there were comparable amounts of
formic acid and the demethenylation product (56 % vs 59 % respectively, Table 4)
which in conjunction with the lack of formaldehyde for this substrate agreed with the

proposed mechanism for methylenedioxy bridge deprotection.!™
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3.2.3 Substrate docking studies

In the 4-methoxy- and 3,4-dimethoxybenzoic acid bound CYP199A4 crystal structures,
the benzoic acid components of each substrate were superimposed (Chapter 3.1, Fig-
ure 18).131 The substituent at the para position is held above the heme iron allowing
for selective oxidation, while the 3-methoxy group of 3,4-dimethoxybenzoic acid points
away from the heme towards F182. This observation was consistent with the prod-
uct arising by demethylation occurring exclusively at the para-substituent. Given that
substrates without a 4-methoxy substituent typically displayed no formation of prod-
uct, it is likely that these substituents also point away from the heme iron. However,
3,5-dimethoxybenzoic acid displayed small amounts of a meta-O-demethylation prod-
uct. This presumably results from a different substrate binding orientation. In order
to investigate the possible binding orientations for this substrate, docking studies were
performed using the 4-methoxybenzoic acid-CYP199A4 system as the initial model
(Chapter 2.9).

3,5-Dimethoxybenzoic acid was manually built into the CYP199A4 active site
and energy minimised to determine the likely binding orientation (PDB: 4DO1 with
the 4-methoxybenzoic acid substrate removed). Compared to the orientation of 3,4-
dimethoxybenzoic acid and other analogues, the lowest energy structure showed that
the benzoic acid moiety was tilted by ~ 15° (Figure 35). In this position the 3-
methoxy methyl carbon is 5.0 A from the heme iron (the oxygen of this methoxy group
is 0.2A closer) although still significantly further than the 4-methoxy carbon of 4-
methoxybenzoic acid (4.1 A). The 3-methoxy carbon is also 2.8 A from both Leu98
and the closest heme carbon atom, and 3.0 A from a heme nitrogen. The 5-methoxy
group points towards Phel82 with both the oxygen and methyl carbon being 2.9 A
from the closest atom of this residue. This altered binding orientation, compared

to the mono para-substituted benzoic acids, may explain the observation of a meta-O-

Figure 35. Computational model of 3,5-dimethoxybenzoic acid (dark green) docked into
the active site of CYP199A4. Shown in (b) is an overlay with 3,4-dimethoxybenzoic acid
(orange).



3.2 Results 51

demethylation product. It may also account for the low binding affinity and the greatly
reduced product formation rate of this substrate when compared to 4-methoxybenzoic
acid (Table 3).

3-Hydroxy-4-methoxybenzoic acid induced a larger spin state shift and bound more
tightly to CYP199A4 than 3,4-dimethoxybenzoic acid (90 %, 1.7uM vs 70 %, 30 uM,
Table 3) In addition, the NADH oxidation and product formation rates were slightly
higher with the former substrate (847 min™', 663 min~! vs 807 min™!, 626 min~!). The
3-hydroxy group may be pointing in one of two orientations, either towards the heme
group (subsequently named the "down" orientation) or towards the roof of the active
site ("up" orientation). In order to ascertain the likely effect of the different binding
orientations, two CYP199A4 models were created where the 3-hydroxy group of 3-
hydroxy-4-methoxybenzoic acid was pointing "up" or "down". This was followed by
energy minimisation of the structures.

In the docked structure with the 3-hydroxy group in the down position (Figure 36a),
the 3-hydroxy oxygen was only 3.1 A from the heme iron, which was significantly closer
than the distance between the 4-methoxy group carbon and the heme iron (3.9 A) In
the up position, however, the 3-hydroxy group was found to be 4.3 A from the heme,
minimising steric clashes with active site residues and allowing access of the 4-methoxy

carbon to the heme iron. This seems likely to be the preferred binding orientation of

this substrate and rationalises the high product formation rate observed, which was the
highest of the disubstituted benzoic acids (663 min~! vs 3,4-dimethoxyBA, 626 min—",
Table 3).

(b)

Figure 36. Computational model of 3-hydroxy-4-methoxybenzoic acid docked into the active
site of CYP199A4. Shown are two energy minimised orientations of the substrate, with the
3-hydroxy substituent pointing (a) down and (b) up.
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The nitrogen in the pyridine ring of 6-methoxynicotinic acid could also point to-
wards the heme, or towards F182 and F185. The substrate was docked, and the nitro-
gen was only 3.9 A from the heme iron when directed towards it (Figure 37). Turnover
studies indicated there was no product arising from N-oxidation at the pyridine ni-
trogen, thus the nitrogen is either pointing away from the heme or simply not close

enough to compete with the 4-methoxy carbon for oxidation by CYP199A4.

(b)

Figure 37. Computational model of 6-methoxynicotinic acid docked into the active site of
CYP199A4. Shown are two energy minimised orientations of the substrate, with the pyridine
ring nitrogen pointing (a) down and (b) up.

Docking of 3,4-(methylenedioxy)benzoic acid indicated that, with the methylene-
dioxy bridge pointing towards the heme, it could be bound in a similar orientation
to indole-6-carboxylic acid (PDB: 4EGO).3° This positions the methylenedioxy bridge
carbon 4.0 A from the heme iron. Alternatively, if the methylenedioxy group points
away from the heme, the binding orientation could be similar to 3,4-dimethoxybenzoic
acid (Figure 38a).3° In this orientation, the methylenedioxy bridge carbon is 5.7 A from

the heme iron which would presumably not allow for efficient substrate oxidation at

S95

R243

S24.

(b)

Figure 38. Computational model of 3,4-(methylenedioxy)benzoic acid docked into the active
site of CYP199A4. Shown are two energy minimised orientations of the substrate, with the
methylenedioxy ring pointing (a) up and (b) down. In the down orientation (b), the substrate
(green) is shown overlaid with indole-6-carboxylic acid, PDB: 4EGO (orange).
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the methylene C—H bonds. Given that the enzyme forms product with relatively high
coupling efficiency, the substrate seems likely to be bound in the "down" orientation,
which would be similar to the binding observed with indole-6-carboxylic acid (Figure
38b).

It is likely based on these results that disubstituted benzoic acids will bind in the
active site of CYP199A4 with the meta-substituent pointing up, into the enzyme bind-
ing pocket, to minimise clashes with the heme group and any nearby active site residue
side chains. This may also be the case with the pyridine nitrogen of 6-methoxynicotinic
acid, given that there is no N-oxidation observed. The 3,4-(methylenedioxy)benzoic
acid substrate must be bound in the down orientation, as this orientation explains
the observed activity with CYP199A4. The smaller hydroxy group of 3-hydroxy-4-
methoxy compared to the dimethoxy equivalent would reduce steric clashes between
the substrate and active site of CYP199A4, rationalising the higher spin state shift
and tighter binding compared to 3,4-dimethoxybenzoic acid. Further work to try and
obtain structures of CYP199A4 with these substrates would confirm these hypotheses.

However, some substrates such as 3,5-dimethoxybenzoic acid bind with low affinity.
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3.2.4 Crystal structure of 4-ethoxybenzoic acid-bound CYP199A4

The structure of 4-methoxybenzoic acid-bound CYP199A4 has been previously
reported!3!  (Chapter 3.1 and Figure 14).  This enabled the binding orien-
tation of the para-position methoxy group relative to the heme iron to be
determined, and explained the observed para-O-demethylation activity. 4-
Ethoxybenzoic acid, which also underwent exclusive O-deethylation, was stud-
ied to determine the binding position of the para-ethoxy substituent, and if
there were changes in the enzyme structure upon binding of the substrate.
Crystals of CYP199A4 with 4-ethoxybenzoic acid (1 mM)
were obtained in 2 weeks from a 500 L reservoir solu-
tion containing 0.2 M magnesium acetate tetrahydrate, 29
% w/v PEG-3,350 and 0.1M Bis-Tris pH 5.75 (Figure

39). X-ray diffraction data were collected at 100 K on the
147,148

MX1 beamline at the Australian Synchrotron and

Figure 39. Crystals of the structure was solved at 1.94 A resolution. A model

CYP199A4.  The back- . qeveloped using WinCoot 4* (Chapter 2.10), and the
ground colour has been de- 157,158

saturated for clarity. structure was deposited in the wwPDB database

(www.wwpdb.org) with accession code 5U6T (Table 5).

R243

(b)

Figure 40. Crystal structure of 4-ethoxybenzoic acid-bound CYP199A4 solved at 1.94 A
resolution. Shown are (a) three-dimensional fold (yellow tube and magenta heme) overlaid
with structure of 4-methoxybenzoic acid (cyan tube and green heme) and (b) reduced bias
2mF,-DF, composite omit map®* of 4-ethoxybenzoic acid-bound CYP199A4. The electron
density map for 4-ethoxybenzoic acid is shown contoured as a grey mesh at the 1 o level.
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95

Table 5. Structural refinement and data collection statistics for 4-ethoxybenzoic acid. 4-

Methoxybenzoic acid (PDB: 4DO1) is shown for comparison. 13!
4-methoxyBA ! 4-ethoxyBA
PDB code 4DO1 oU6T
X-ray wavelength (A) | 0.9796 0.9537
Unit cell (a/b/c) 107.0/143.5/172.8 44.4/51.4/79.1
(a/B/v) 90/90/90 90/92.0/90
Space group P2:12124 P12;1
Molecules per unit cell | 4 1
Resolution range® 50.0 - 2.00 44.42 - 1.94
(2.03 - 2.00) (1.98 - 1.94)
<I/o(I)>* 28.5 (5.2) 8.4 (2.1)
Unique reflections 179187 26777
Completeness® 100.0 (100.0) 99.8 (96.9)
Multiplicity® 7.1 (6.1) 7.4 (7.2)
Rinerge®® (%) 9.8 (31.9) 16.8 (78.8)
Rpim®? (%) N/A¢ 6.6 (31.2)
CCy % (%) N/A° 99.5 (77.4)
Riwork 0.154 0.133
Riree® 0.189 0.184
Ramachandran plot/
Most favoured 98.5 98.0
Allowed 1.5 2.0

aHighest resolution shell is shown in parentheses where applicable. Pall I+ and I-. “Not reported in previous work.

dHalf-correlation coefficient. 182:183 €5 9 of total reflections, randomly selected. % of all amino acid residues. !

There were no Ramachandran outliers.

84

Previously, the 4-methoxybenzoic acid-CYP199A4 complex was crystallised with

the P2,2,2; space group, and the model consisted of 4 identical subunits of the enzyme.
The newly solved 4-ethoxybenzoic acid structure contained only a single molecule in
the asymmetric unit, and crystallised with lower cell symmetry (P12;1). The con-
structed models when overlaid indicated that the positions of all active site residues
are functionally superimposable (rmsd = 0.550 A over 392 of 393 residues, Figure 40a)
The electron density observed in the active site was successfully modelled as a bound
4-ethoxybenzoic acid molecule (Figure 40b).

The substrate carboxylate and benzene groups were superimposable with 4-
methoxybenzoic acid’s, as was the water molecule that is part of the substrate car-
boxylate hydrogen bonding network (Figure 41). The chloride ligand that caps the
active site from solvent access was found in an nearly identical position. This indi-

cated that the lower symmetry space group was acceptable for use as a comparative
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model (Table 5). The ethoxy methylene C, is held at a comparable distance from the
heme iron (4.1 A) to the methyl of 4-methoxybenzoic acid (4.2 A). The methyl Cj is
held 4.3 A from the heme and points towards V295. These observations are consistent
with and rationalise the substrate’s observed C,-deethylation activity. There was no
oxidation at the Cg methyl, which was slightly further away. It would also be less likely
to undergo hydrogen abstraction, due to the stronger C—H bonds of a methyl group
compared to that of a methylene adjacent to an oxygen atom.

Computational studies have suggested that a linear angle of approach of the sub-

185 The ferryl oxygen of Cpd

strate to the Cpd I Fe=0O may be important to activity.
I was modelled into the crystal structures of CYP199A4 (Chapter 2.10). The C, of
4-ethoxybenzoic acid was closer to the Cpd I oxygen than the Cg (2.8A vs 3.0 A).
The Fe=0-C angles for 4-ethoxybenzoic acid were also significantly lower than that of
4-methoxybenzoic acid (4-methoxy C,, 140.7°; 4-ethoxy C,, 144.8% Cpg, 137.3°, Table
6). The angle of the Fe=0 to the substrate para oxygen atom was found to be closer to
this range (4-methoxy, 158.3°% 4-ethoxy, 163.4°), however this was not a viable position

for oxidation by the enzyme.

Table 6. Distances and angles between structural features of 4-ethoxybenzoic acid-bound
CYP199A4. The ferryl Cpd I oxygen was modelled 1.62 A from the heme iron. 160,161

Distance (A) 4-methoxyBA  4-ethoxyBA
C, - Fe 4.1 4.2

C, - O=Fe 2.7 2.8

Cg - Fe - 4.3

Cp - O=Fe - 3.0

O - Fe 5.2 5.1

Cx - F298 X=0a)38 (X=ap)36
Angle (°)

Co4-0-C, 118.6 118.9
0-C,-Cp - 105.3
Dihedral Cg-Co4-O-Cy, | 2.1 9.2
Fe=0-C,, 140.7 144.8
Fe=0-Cjp - 137.3
Fe=0-0 (Me) 158.3 163.4

2Both were the same distance from the F298 residue.

— OH

P
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Figure 41. Comparison of the active site of the 4-ethoxy- and 4-methoxy-benzoic acid-bound
CYP199A4 structures. 4-Methoxybenzoic acid (cyan) is overlaid with 4-ethoxybenzoic acid
(yellow). Water molecules are shown as red spheres and the chloride ligands are green spheres.
Those that are labelled (Cl, W) correspond to the 4-ethoxybenzoic acid structure.
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3.3 Discussion

The results reinforced the importance of the para functional group for benzoic acid
substrates of CYP199A4. Most substrates without a para substituent did not bind
effectively and hence were not oxidised by CYP199A4. Substrates containing ortho or
meta position functional groups could be accommodated but always with a decrease in
both binding affinity and oxidation activity. The observation of a turnover product with
3,5-dimethoxybenzoic acid indicated the enzyme can facilitate meta-demethylation in
certain instances. The size of the substrate necessitated a different binding orientation,

where the 3-methoxy group points towards the heme iron.

CYP199A4 was able to accommodate para-methoxybenzoic acid substrates with
an additional ortho- and meta-methoxy or hydroxy group, as indicated by oxidative
demethylation at the para-position in each of 2,4-dimethoxy-, 2-hydroxy-4-methoxy-,
3,4-dimethoxy- and 3-hydroxy-4-methoxy-benzoic acids.

Tri-substituted benzoic acids overall were poor substrates for CYP199A4. It
is likely they do not fit into the enzyme’s active site. 3,4,5-Trimethoxy- and 3,5-
dimethoxy-4-hydroxy-benzoic acids were not turned over, despite CYP199A4 accom-
modating 3,5-dimethoxybenzoic acid. 2,3,4-Trimethoxybenzoic acid was the only tri-
substituted substrate where a miniscule amount of product was detectable after whole-
cell oxidations. Based on substrate docking studies, and the crystal structure of 3,4-
dimethoxybenzoic acid, it seems plausible that the 2-methoxy and 3-methoxy groups of
2,3,4-trimethoxybenzoic acid point away from the heme iron to avoid steric clashes with
the heme. From this, and from the NMR spectra obtained, it follows that demethyla-
tion is most likely at the para methoxy group.

Some plant P450 enzymes have been shown to catalyse the oxidative ring-closing

173,17 (Chapter 3.1), however no ring-

reaction of ortho-hydroxymethoxy substrates
forming products were observed with any of the substrates tested here. 3-Hydroxy-4-
methoxybenzoic acid can be oriented with the meta substituent pointing either towards
the heme or towards the active site binding pocket. If the substrate was bound similarly
to 3,4-dimethoxybenzoic acid (Figure 18), with the meta-substituent pointing away
from the heme iron, demethylation by CYP199A4 would be the only expected activity.
If the hydroxyl moiety points towards the heme iron, ring-closing might be competitive
with oxidative demethylation. Plant P450s, which are highly substrate specific, often
have specialised active sites which facilitate the unusual reactions observed. This is
possibly achieved by holding the substrate ortho-hydroxymethoxy moiety close to the
heme iron. Of note in these plant P450s is the replacement of the highly conserved
Thr252 (CYP81Q1, Ala252; CYPT719A, Ser252), which may play a role in catalysing

this unique family of transformations. ™

4-Ethoxybenzoic acid bound tighter to CYP199A4 than 4-methoxybenzoic acid and

was deethylated to 4-hydroxybenzoic acid, although the product formation rate was
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significantly lower than 4-methoxybenzoic acid. The product would have arisen from
C,-hydroxylation followed by cleavage of the hemiacetal to release acetaldehyde and
4-hydroxybenzoic acid. There was no product observed arising from oxidation at the
terminal Cg. This was rationalised by the closer proximity of the methylene C, to
the heme iron and the more linear approach of this carbon to the heme iron. Further
crystallographic studies into substrates such as the di- and tri-methoxybenzoic acids
may provide further insight into substrate binding, activity patterns and selectivity of
these reactions. The study of these substrates by crystallography may be hampered
by the typically low binding affinities. Additionally, these substrates may move to
adopt a different orientation in the active site of CYP199A4 after oxygen binding and
activation, and these details would not be revealed by the crystal structures.

3,4-(Methylenedioxy)benzoic acid underwent demethenylation, comparable to a re-
action studied with methylenedioxy bridge-containing drug molecules. '™ The presence
of formic acid in the turnovers supported the postulated mechanism of demethenyla-
tion!'™ (Figure 20), where a hemiacetal forms by oxidation of the methylene carbon,
followed by ring-opening induced by addition of water. A second addition of water
results in loss of a molecule of formic acid and deprotection of the methylene group.
The demethenylation reaction proceeds with lower activity than the demethylation of
4-methoxy-, 3,4-dimethoxy- and 3-hydroxy-4-methoxy-benzoic acids and has a lower
coupling efficiency. This would be unexpected if hydrogen abstraction was the rate de-
termining step, as the two oxygen atoms would weaken the methylene C—H bonds. The
methylene C—H bonds must be located in a less favourable position for hydrogen ab-
straction by compound I. This may be due to the more constrained nature of the ring
structure. 3,4-(Ethylenedioxy)benzoic acid showed much weaker binding but higher
product formation than 3,4-(methylenedioxy)benzoic acid. The product was unusual,
but the stability of 3,4-(2'-hydroxyethylenedioxy)benzoic acid could be explained by
analogy to the stability of cyclic sugars.®! The inability to determine the enantioselec-
tivity of hemiacetal formation using chiral chromatography may be explained by rapid
ring opening and closing, scrambling the stereochemistry of the product (Appendix
A3).

6-Methoxynicotinic acid bound tightly and was turned over with high coupling
efficiency, suggesting that replacement of the benzene ring with a pyridine in the sub-
strate could be accommodated in the active site of the enzyme. The reduced prod-
uct formation and coupling of this substrate relative to 4-methoxybenzoic acid were
presumably due to replacement of a carbon with a nitrogen atom. The nitrogen is
electron-withdrawing, and thus nicotinic acid substrates could be employed to investi-
gate reaction pathways that proceed via a cation or radical intermediate. For example,
the partition between the hydroxylation and desaturation pathways of substrates such

as 4-ethylbenzoic acid could be compared to 6-ethylnicotinic acid.
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Chapter 4  Heteroatom dealkylation and
oxidation by CYP199A4

4.1 Introduction

P450 enzymes catalyse oxygen dealkylation reactions (Chapter 3). They are also
capable of metabolising substrates containing heteroatoms such as nitrogen and sulfur
(Chapter 1.4.2) and less commonly, halogens (Chapter 1.4.5). Nitrogen-containing
drug molecules are important in biological pathways, and cytochrome P450 oxidation
of these substrates typically results in nitrogen dealkylation or direct oxidation of the
nitrogen atom.3%186:187 For example, CYP3A4 catalyses two successive N-deethylations
of lidocaine (Figure 42, top).'®® In contrast, one of the bridge nitrogens of strychnine '
and the pyridine of sorafenib'® are converted to N-oxides (Figure 42, middle and
bottom). Other types of N-oxidations are also known, such as the generation of an
oxime from the primary amine of Nocardicin C by Nocardia uniformis.®*92 Members
of the CYP79 family are also capable of similar transformations, producing oximes

that are important defence molecules in the plant Arabidopsis thaliana. %319

Ho cypsas H H CYP3A4 H
N\ﬂ/ N~ N\H/N\/ N\n/ NH,
0 o) 0

Lidocaine

Rat liver
P450
—

SN O\@\ CYP3A4
HoN

Sorafenib

Figure 42. Examples of P450-catalysed nitrogen dealkylation and N-oxidation reactions.
Shown are the N-deethylation steps in lidocaine metabolism (top), the metabolism of strych-
nine in rats to an N-oxidation product (middle) and the N-oxidation of the pyridine moiety
of the kidney cancer drug, sorafenib (bottom).
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Figure 43. The mechanism of nitrogen dealkylation and oxidation by P450s via different
initial steps. Top, hydrogen abstraction (HAT); bottom, single electron transfer (SET). HAT
leads to dealkylation, while SET can lead to either N-oxidation or dealkylation. Shown in
red is the radical intermediate that is common in both pathways.

Hydroxylation adjacent to a nitrogen can proceed via a hydrogen abstraction (HAT)
or single electron transfer (SET) mechanism due to the lower electronegativity of ni-
trogen relative to oxygen.? Hydrogen abstraction can occur in a similar manner to the
mechanism of oxygen dealkylation (HAT mechanism, Figure 43). Alternatively, sin-
gle electron transfer from the nitrogen to Cpd I results in a nitrogen radical cation
(SET mechanism, Figure 43).

bon adjacent to the nitrogen, and rearrangement of the electrons generates a carbon

This is followed by proton removal from the car-

radical species.® Rebound of the Cpd II hydroxy group produces the hydroxylated
hemiaminal intermediate, and subsequent decomposition of the hemiaminal results
in the dealkylation product. Two distinct mechanisms of direct nitrogen oxidation
have been proposed. Single electron transfer followed by direct transfer of the iron-
bound oxygen to the nitrogen radical cation leads to nitrogen oxidation (Figure 43).

Alternatively, a substrate N—H bond

o,. OH
can undergo hydroxylation to a hy- ﬁ\ —Lle'v- i —Il'e'V-
droxylamine, in a reaction analo- H\N é °N é HO\N
gous to normal C—H bond hydrox- Cpd | Cpd Il
— —
ylation 3186187 (Figure 44). X =Cl
In cases where either one of the X OCHs X X
N-dealkylation or N-oxidation path- Figure 44. The mechanism of N—H bond

ways could occur, the dealkylation

reaction tends to be favoured.?® DFT

oxidation of para-substituted acetanilides
P450s, 186,187

by
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calculations of a model system containing Cpd I in complex with trimethylamine have
shown that there is a lower activation energy barrier to N-demethylation via a HAT
pathway compared to N-oxidation via a direct O transfer mechanism (34.7 kJ mol™! vs
53.3kJ mol~1).196

Examples of nitrogen oxidation are less common than dealkylation, which suggests
that N-oxidation reactions are more substrate specific.?® One such case is the N—H
bond hydroxylation of para-substituted acetanilides. 8187 These are substrates where
the nitrogen lone pair is delocalised and thus the N—H bond undergoes oxidation
(Figure 44). N-oxide products are observed as the metabolites of nitrogen-containing
substrates that contain a strained ring system, a nitrogen lone pair and no N—H bonds.
Examples include N-oxidation of the pyridine moiety of sorafenib and the strained ring
system of strychnine (Figure 42). 189190

The reaction outcome (either N-oxidation or dealkylation) can thus be summarised
as follows. N-oxidation is more likely to occur when:

The carbons attached to the nitrogen do not possess a C—H bond,;

There is a C—H bond but it is not ideally positioned to be abstracted by Cpd I;

There is an N—H bond that can be hydroxylated to a hydroxylamine, or the

nitrogen lone pair of electrons is localised.

Both S-oxidation and dealkylation pathways are viable with sulfur-containing sub-
strates. Sulfur dealkylation can occur via initial hydrogen abstraction at the carbon
adjacent to the sulfur atom, similar to oxygen dealkylation.?® The initial step could
alternatively be a single electron transfer, which would result in a sulfur radical cation
intermediate, similar to the proposed formation of a nitrogen radical cation (Figures
7b, 42). Rearrangement of the electrons followed by radical rebound then results in the
hydroxylation product, a hemithioacetal, which is analogous to formation of a hemi-
acetal or hemiaminal. The hemithioacetal can then decompose into the deprotected
thiol and an aldehyde.

Several mechanisms for sulfoxidation have been proposed. Single electron transfer,
followed by subsequent transfer of the ferryl oxygen to the sulfur heteroatom would re-
sult in a sulfoxide product. Alternatively, the Cpd I oxygen could directly react with the
substrate in a single step, two-electron transfer process.?® Other studies have suggested
that the hydroperoxy intermediate, Cpd 0, may also contribute to sulfur oxidation.”®
A DFT model system containing Cpd I in complex with dimethylsulfide demonstrated
that the energy barrier for S-oxidation is lower than that of S-dealkylation.!®® This
contrasted with results from the same study showing that it is more energetically

favourable for trimethylamine to undergo N-demethylation rather than N-oxidation.
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Although there are reported examples of

197199 gylfur

39

sulfur dealkylation (Figure 45),
oxidation appears to be more common.
This suggests that oxygen transfer to the sul-
fur is more favourable than C—H abstraction
in these cases. The experimental anti-cancer
drug OSI-930 undergoes sulfur oxidation by
CYP3A4 (Figure 46, top).?°° A cyclopropyl-
containing thioether, developed as a radical
clock substrate to test for the sulfur radical
cation intermediate, has been shown to un-
dergo sulfoxidation when oxidised by a P450

from the fungus Mortierella isabellina, with
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Figure 45. Examples of sulfur dealkyla-

tions catalysed by P450s in rat liver micro-

somes. 197199

no competing cyclopropyl ring-opening (Figure 46, bottom).2°! It is possible that the

cyclopropyl ring-opening reaction is slower than oxygen transfer to the sulfur radical

cation; alternatively a sulfur radical cation is not formed and the reaction proceeds via

direct two-electron sulfoxidation.
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Figure 46. Examples of P450-catalysed sulfur oxidations. Shown are (top) the sulfoxidation
of the anti-cancer agent OSI-930; and (bottom) cyclopropyl thioether sulfoxidation by a P450
from M. isabellina. In brackets is shown the sulfur radical cation intermediate which would
lead to cyclopropyl ring-opening products (not observed).
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The turnover activity of CYP199A4 with nitrogen and sulfur substrates has been in-
vestigated previously. Preliminary studies have shown that 4-methylaminobenzoic acid
undergoes N-demethylation at the para-methylamino group, while 4-methylthiobenzoic
acid exclusively undergoes oxidation to a sulfoxide.?® However, other nitrogen and sul-
fur containing substrates have not been investigated.

P450 catalysed halogen oxidation reactions are rare and have been observed with
very specific substrates, such as an aryl iodide compound, where there are no other
available sites for oxidation (Chapter 1.4.5, Figure 11b).'?® Direct oxidation of a halo-
gen, which produces a halonium ion, can also lead to dehalogenation and formation
of an alcohol alongside a hydroxylated halogen. Oxidation can also occur on a carbon
to which a halogen is attached, which can lead to dehalogenation and generation of a
carbonyl (Figure 11a). 16117

4-Methyl- and 4-ethyl-benzoic acids have been shown previously to undergo hydrox-
ylation (Chapter 1.5). 4-Ethylbenzoic acid also undergoes a more unusual desaturation
metabolism with CYP199A4, yielding an alkene where there is no oxygen incorporated
into the final product (Chapter 1.4.3). The presence of a halogen at the para alkyl
substituent could impact the hydroxylation and desaturation pathways.

The binding, turnover kinetics and products of a range of para-substituted benzoic
acids containing nitrogen, sulfur and halogen containing moieties will be determined
(Figure 47). Para-substituted halogen-containing benzoic acid substrates will be stud-
ied in order to determine if halogen oxidation can be catalysed by CYP199A4. Several
haloalkyl-substituted benzoic acids will also be investigated. The heteroatoms present

in these substrates could also interact with the heme iron.
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Figure 47. Heteroatom-containing substrates (X = N, S, F, Cl, Br, I) investigated with

CYP199AA4.
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4.2 Results

4.2.1 Binding and activity of nitrogen-containing benzoic acid substrates

The spin state shift induced in CYP199A4 by each nitrogen-containing substrate was
first assayed (Chapter 2.3). 4-Methylaminobenzoic acid has been shown to induce a 70
% shift to high spin heme in CYP199A4 (Table 7, Figure 48a).?® This was lower than
that of 4-methoxybenzoic acid (> 95 %).

Table 7. Binding and turnover parameters determined for nitrogen-containing benzoic acid
substrates investigated with CYP199A4. Shown are spin state shift and dissociation con-
stant analyses (% HS and K4, Chapter 2.3), NADH oxidation rates (Chapter 2.4), prod-
uct formation rates (PFR, Chapter 2.5) and coupling efficiency (%). Rates are given as
mol (molCYP) ' min~!. Several oxygen-containing substrates (Chapter 3) are shown for
comparison. Benzoic acid is abbreviated to BA; methylbenzoic acid to mBA.

Substrate HS (%) Kq (uM) NADH®  PFR? Coupling®
4-methoxyBA 28 > 95 0.28 +£0.01 1340 +28 1219+ 120 91 + 2
4-ethoxyBA > 95 017 £0.02 527 +10 527 +£38 100 £8
4-methylaminoBA 28 70 1.6 £0.07 923 £200 669 £ 15 64 + 2
4-ethylaminoBA? 40 092 +0.02 197+8 112+10 5743
4-dimethylaminoBA¢ 50 20 + 2 284 +4 239416 84+4
4-diethylaminoBA? 80 11+1 3324+ 17 298 + 8 90 + 4
4-aminomethylBA 28 20 11500 + 400 13 +1 03+01 20=£0.1
4-(methylamino)mBA 419nm® n.d. 24+ 3 1.3+ 0.1 5.6 £ 0.8
4-(ethylamino)mBA <5 n.d.f 15+1 04 +0.1 29+0.1
4-(dimethylamino)mBA | 10 n.d./ 24+ 2 29+0.2 12 +1

aRate of turnover of NADH during the reaction. ?Product formation rate. €% of NADH consumed that led to
formation of substrate metabolite. *These turnovers contained a product that must have resulted from two full P450
catalytic cycles. This was taken into account during determination of the total coupling efficiency and product
formation. ©A red shift was observed, however the difference spectrum was type I (Figure 48d). fCould not be

determined accurately as a minimal change in absorbance on addition of substrate was observed.

4-Ethylaminobenzoic acid displayed a shift to only 40 % high spin heme with
CYP199A4 (Figure 48b), lower than 4-ethoxy- and 4-methylamino-benzoic acids
which shifted the spin to > 95 % and 70 % high spin respectively. With 4-
dimethylaminobenzoic acid, a 50 % shift was observed (Figure 48c), smaller than
4-methylaminobenzoic acid. 4-Diethylaminobenzoic acid shifted the high spin con-
tent of CYP199A4 to 80 % (Appendix B.1), a larger shift than the methylamino,
dimethylamino and ethylamino substrates.

4- Aminomethylbenzoic acid, containing a terminal amino group, displayed only a
20 % spin state shift with the enzyme (Appendix B.1).?® The secondary amine, 4-
(methylamino)methylbenzoic acid, caused the spin state of CYP199A4 to red-shift
from 418 to 419nm (Table 7), which suggested that the nitrogen lone pair may be
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Figure 48. Spin state shifts of selected nitrogen-containing substrates investigated with
CYP199A4. Black shows CYP199A4 in its resting state, red shows the maximum absorbance
shift obtained upon addition of substrate, and in (d), blue shows the difference spectrum
observed, which was indicative of a type I shift.

202 However, the resulting

interacting either directly or indirectly with the heme iron.
difference spectrum was more indicative of a type I binding pattern (Figure 48d). Both
4-(ethylamino)methyl- and 4-(dimethylamino)methyl-benzoic acids induced very small
type I spin state shifts (< 5 % and 10 % respectively, Appendix B.1).

The dissociation constant was then determined for each substrate with CYP199A4,
to gain insight into how tightly each was binding in the active site (Chapter
2.3). 4-Methylaminobenzoic acid bound with lower affinity to CYP199A4 than 4-
methoxybenzoic acid (1.6 pM vs 0.28 pM), in line with the reduced spin state shift of
the former (Figure 49a).%® 4-Ethylaminobenzoic acid bound more tightly to CYP199A4
(0.92pM) than 4-methylaminobenzoic acid despite its lower spin state shift (Fig-
ure 49b). The binding affinities of CYP199A4 to the tertiary amine substrates, 4-
dimethylamino- and 4-diethylamino-benzoic acids, were an order of magnitude weaker
than their secondary amine equivalents (4-Dimethylamino-, 20 pM; 4-diethylamino-,

11 pM, Figures 49c and d respectively).
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Figure 49. Dissociation constant determination of selected nitrogen-containing substrates
investigated with CYP199A4. The inset image shows the UV-Vis response to successive
addition of substrate aliquots. Shown in brackets are the wavelengths of the trough and
peak, and the enzyme concentration used for dissociation constant analysis (trough, peak,

nM-P450).

1.51M)

The binding of 4-aminomethylbenzoic acid to CYP199A4 was more than four or-
ders of magnitude weaker than 4-methylaminobenzoic acid (11,500 pM vs 0.92 pM).
A dissociation constant could not be determined for 4-(methylamino)methyl-, 4-
(ethylamino)methyl- and 4-(dimethylamino)-methylbenzoic acids due to the low ab-
sorbance change on addition of substrate aliquots, suggestive of low binding affinity
(Table 7). This indicated that moving the amino group to the S-position of the para
substituent interfered with heme iron water displacement or the observable spin state.
Alternatively it could be detrimental to substrate binding.

Turnovers of each substrate by CYP199A4 were undertaken and analysed for
metabolite formation using HPLC (Chapter 2.1). Previously, 4-methylaminobenzoic
acid was shown to be oxidatively demethylated by CYP199A4 to 4-aminobenzoic acid 2
(Appendix B.3). In summary the NADH oxidation rate and the coupling efficiency of
CYP199A4 with 4-methylaminobenzoic acid were lower than that of 4-methoxybenzoic
acid (Table 7, PFR, 923 min~! vs 1340 min—!; coupling efficiency, 64 % vs 91 %). The

resulting product formation rate was approximately half that of 4-methoxybenzoic acid
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(669 min~! vs 1219 min~1).

4-FEthylaminobenzoic acid, when turned over by CYP199A4, formed two prod-
ucts (Figure 50). These were identified as the expected deethylation product,
4-aminobenzoic acid (47 % of total product), and an unusual metabolite, 4-
acetamidobenzoic acid (53 %). Both were characterised by HPLC coelution using
authentic samples, and 4-acetamidobenzoic acid was also confirmed after isolation us-
ing NMR spectroscopy (Appendix A.5). The acetamido product was hypothesised
to have arisen from hydroxylation of 4-ethylaminobenzoic acid to a hemiaminal, fol-
lowed by a second oxidative cycle by CYP199A4 to form the amide. The NADH
oxidation rate by CYP199A4 with 4-ethylaminobenzoic acid was five-fold lower than
4-methylaminobenzoic acid (197 min~! vs 923 min~!) and the coupling efficiency was
reduced (57 % vs 64 %). The product formation rate was also slower (112min~! vs
669 min—1').
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Figure 50. HPLC analysis of 4-ethylaminobenzoic acid turnover with CYP199A4. Black,
in vitro turnover; blue, 4-aminobenzoic acid control, RT = 9.8 min; red, substrate control, RT
= 16.5 min; pink, 4-acetamidobenzoic acid control, RT = 15.3min. The gradient employed
was 0-50 % of HyO:ACN and it was monitored at 254 nm.

Two products were observed in the HPLC analysis of the CYP199A4 turnover of
4-dimethylaminobenzoic acid, both resulting from N-demethylation steps (Figure 51).
These were 4-methylaminobenzoic acid (8 % of total product) and 4-aminobenzoic
acid (92 %). The 4-aminobenzoic acid major product would have formed from two
successive CYP199A4-catalysed N-dealkylations (Table 7). The NADH oxidation ac-
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tivity of CYP199A4 with 4-dimethylaminobenzoic acid was significantly lower than
with 4-methylaminobenzoic acid (284 min™! vs 923 min~'). The coupling efficiency of
the NADH reducing equivalents towards substrate oxidation was higher than with 4-
methylaminobenzoic acid (84 % vs 64 %), and the product formation rate was 239 min "

(vs 669 min~'). No products resulting from N-oxidation could be detected.
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Figure 51. HPLC analysis of the turnover of 4-dimethylaminobenzoic acid with CYP199A4.
Black, in vitro turnover; blue, 4-aminobenzoic acid control, RT = 9.8 min; red, 4-
methylaminobenzoic acid control, RT = 14.9min. A 0-50 % gradient of H,O:ACN was
used. The chromatogram was monitored at 254 nm.

In turnovers of 4-diethylaminobenzoic acid, the same two products were observed
as in the turnovers of 4-ethylaminobenzoic acid (Figure 52). The double dealkyla-
tion metabolite, 4-aminobenzoic acid, constituted 80 % of the total turnover products
and 4-acetamidobenzoic acid accounted for the remaining 20 %. There was little ev-
idence of 4-ethylaminobenzoic acid, via a single deethylation, or a product contain-
ing both ethyl and acetamido groups. The NADH oxidation rate of CYP199A4 with
4-diethylaminobenzoic acid was faster than 4-ethylaminobenzoic acid (197 min~! vs
332min~1'). The total coupling efficiency and product formation rate were both higher
than 4-ethylaminobenzoic acid (90 %, 298 min—'; vs 57 %, 112min~1).
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Figure 52. HPLC analysis of 4-diethylaminobenzoic acid turnover with CYP199A4.
Black, in wvitro turnover; blue, 4-aminomethylbenzoic acid control, RT = 9.8 min; red, 4-
ethylaminobenzoic acid control, RT = 16.5min; green, substrate control, RT = 16.8 min;
pink, 4-acetamidobenzoic acid control, RT = 15.3min. A 0-50 % gradient of H,O:ACN was
used and the chromatogram was monitored at 254 nm.

In the turnovers of all nitrogen substrates, the total uncoupling due to hydrogen
peroxide was < 5 %. This indicated that the majority of NADH equivalents, which
were not used for product formation, were likely being channelled into the oxidase

uncoupling pathway, with formation of water as a by-product (Figure 1, Chapter 2.7).

The spin state shift induced in CYP199A4 by these substrates (4-ethylamino-, 4-
dimethylamino- and 4-diethylamino-benzoic acids) correlated with the NADH oxida-
tion and product formation activity observed. Since substrate binding displaces the
distal water ligand bound to the heme iron (measurement of % HS), which facilitates
the first electron transfer step in the P450 catalytic cycle, the relative rates of NADH
oxidation and product formation suggested that these reactions are gated by substrate
binding. 203204

The NADH oxidation rate of CYP199A4 with substrates containing S-amino sub-
stituents (4-aminomethyl-, 4-(methylamino)methyl-, 4-(dimethylamino)methyl- and 4-
(ethylamino)methyl-benzoic acids) were only slightly higher than the passive leak rate
oxidation of NADH (Table 7, leak rate ~ 9min~!). Analysis of the enzyme turnovers
in each case indicated the formation of small amounts of terephthalic acid and 4-

formylbenzoic acid (Figure 54, Appendix B.3). These were identified using coelution
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experiments with authentic standards. With each substrate, the product formation
rate and coupling efficiency were very low (< 3min~', < 12 %, Table 7). The low
levels of high spin heme correlated with the low NADH oxidation rate by the enzyme,
and suggested that these secondary and tertiary aminomethylbenzoic acid substrates
are not oxidised effectively by CYP199A4.

In the turnovers of 4-aminomethyl- and 4-(methylamino)methyl-benzoic acids there
were additional peaks in low concentration at 14.2min, 16.4min and 17.2min that
could not be identified as obvious P450 oxidation products. As such, these peaks were
not included in the calculation of coupling efficiency of the turnovers. There was no
formation of 4-aminomethylbenzoic acid, expected from N-dealkylation, in any of the
turnovers. The 4-formylbenzoic acid would have arisen from oxidation at the benzylic
methylene carbon, followed by rearrangement of the unstable hemiacetal. Further
oxidation to terephthalic acid may have occurred either by the P450 or by air oxidation
(Figure 53). Further investigation of these substrates is required to fully elucidate the
identity and amount of the products which arise from P450 activity. However it is clear
that these are not as effective substrates with CYP199A4 as their methylaminobenzoic

acid equivalents.

COOH OOH OOH COOH
CYP199A4 [0]
R R
N OZ N | N 07 0% oH
R, H<'R, R,
R1 = H, Me, Et R1 =H, R2 =H 82% 18%
R, =H, Me Ri=Me,Ry,=H 83% 17%
R1 = Me, R2 =Me 93% 7%
Ry=Et, Ry=H 93% 7%

Figure 53. Mechanism of 4-formylbenzoic acid and terephthalic acid formation by
CYP199A4. The 4-formylbenzoic acid oxidation step may either be P450-catalysed or due
to air oxidation.
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Figure 54. HPLC analysis of 4-(dimethylamino)methylbenzoic acid turnover with
CYP199A4. Black, in vitro turnover; red, substrate control, RT = 11.6 min and 11.9 min dou-
ble peak; pink, terephthalic acid control, RT = 15.8 min; , 4-formylbenzoic acid control,
RT = 17.8 min; blue, 4-aminobenzoic acid control, 10.8 min; green, monoamide terephthalic
acid control, RT = 12.6 min; purple, no P450 control reaction. The gradient used was 0-50
% H,0:ACN. The chromatogram was monitored at 254nm. HPLC analyses of the other
[B-amino substrates are presented in Appendix B.3.



74 4 Heteroatom dealkylation and oxidation by CYP199A4

4.2.2 Crystal structure of 4-methylaminobenzoic acid-bound CYP199A4

4-Methylaminobenzoic acid and related substrates underwent efficient N-dealkylation
with CYP199A4. In order to gain insight into how the nitrogen para-substituents are
orientated in the active site relative to the methoxy group of 4-methoxybenzoic acid,
the substrate-bound forms of CYP199A4 were studied using crystallography. Crystals
of CYP199A4 containing 4-methylaminobenzoic acid (1 mM) were obtained in 3 weeks
from a 500 nL reservoir solution containing 0.2 M magnesium acetate tetrahydrate, 23
% w/v PEG-3,350 and 0.1 M Bis-Tris pH 5.5. X-ray diffraction data were obtained
at 100K on the MX1 beamline at the Australian Synchrotron!4™!4® and the struc-
ture was solved at 2.63 A resolution. Models were developed for each structure using
WinCoot '** (Chapter 2.10), and the data were then deposited in the wwPDB!°7158
(www.wwpdb.org) with accession code 5U6W (Table 8).

Table 8. Structural refinement and data collection statistics for 4-methylaminobenzoic acid.
4-Methoxybenzoic acid (4DO1) is shown for comparison. Benzoic acid is shortened to BA.

4-methoxyBA 13! 4-methylaminoBA
PDB code 4DO0O1 5U6W
X-ray wavelength (A) | 0.9796 0.9537
Unit cell (a/b/c) 107.0/143.5/172.8 44.4/51.2/78.9
(a/B/v) 90/90/90 90/92.0/90
Space group P2,2,2; P12;1
Molecules per unit cell | 4 1
Resolution range® 50 - 2.0 44.34 - 2.63

(2.03 - 2.00) (2.76 - 2.63)
<I/o(I)>“ 28.5 (5.2) 6.9 (1.8)
Unique reflections 179187 10517
Completeness® 100.0 (100.0) 98.6 (89.4)
Multiplicity® 7.1 (6.1) 7.4 (7.0)
Rinerge®® (%) 9.8 (31.9) 25.0 (88.6)
Rpim®? (%) N/Ac 9.9 (35.7)
CCy 2% (%) N/A¢ 99.0 (77.9)
Riwork 0.154 0.224
Riree® 0.189 0.261
Ramachandran plot/
Most favoured 98.5 97.7
Allowed 1.5 2.3

There were no Ramachandran outliers.

dHalf-correlation coefficient. 182:183 €5 9% of total reflections, randomly selected. f% of all amino acid residues. !

aHighest resolution shell is shown in parentheses where applicable. Pall I+ and I-. “Not reported in previous work.
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The 4-dimethyl- and 4-diethyl-aminobenzoic acid substrates with CYP199A4 were
not able to be crystallised when conditions similar to those above were employed. Small
crystals of CYP199A4 complexed with 4-ethylaminobenzoic acid were obtained, and
a data set was collected. However, the resulting model displayed very high R factors
which were not able to be reduced and was not considered fit for analysis (Ryork,
Rfee > 0.4; for further details and data collection statistics refer to Appendix B.6).
Further optimisation of the conditions are required to solve these structures of these
substrate-CYP199A4 complexes.
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Figure 55. Crystal structure of 4-methylaminobenzoic acid-bound CYP199A4 solved
at 2.63 A resolution. Shown are (a) overlay of the three-dimensional fold (yellow tube
and magenta heme, rmsd = 0.539A over 392 of 393 residues) with structure of 4-
methoxybenzoic acid (cyan tube and green heme) and (b) feature-enhanced 2mF,-DF.
map %% of 4-methylaminobenzoic acid-bound CYP199A4. The electron density map for 4-
methylaminobenzoic acid is shown contoured as a grey mesh at the 1 o level.

Compared to the crystal structure of the 4-methoxybenzoic acid-CYP199A4 com-
plex, which crystallised in the P2;2,2; space group with 4 identical subunits,3! the
4-methylaminobenzoic acid-bound CYP199A4 contained a single molecule in the asym-
metric unit, and crystallised with lower cell symmetry (P12;1), similar to that observed
in Chapter 3 with 4-ethoxybenzoic acid. The electron density in the active site was
modelled as 4-methylaminobenzoic acid (Figure 55).

The benzoic acid moiety of 4-methylaminobenzoic acid and 4-methoxybenzoic acid
were bound in comparable orientations, as were the chloride ligand and carboxylate
bridging water molecule. In both structures, the active site residues were also found
in similar positions. However, the 4-methylamino moiety of the substrate is orientated
differently to that of the methoxy group of 4-methoxybenzoic acid (Figure 56). The
methylamino moiety is rotated relative to the benzoic acid, causing the Cgyo-Coy-X-C,
dihedral angle to be much larger than the equivalent dihedral of 4-methoxybenzoic

acid (50.0° vs 2.1°). As such the nitrogen atom is significantly closer to the heme than
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the oxygen in 4-methoxybenzoic acid (4.2 Avs5.2 A). However, the distance from the
methyl group to the heme iron is the same in both structures (4.1 A, Table 9).

Figure 56. Comparison of the active site of 4-methylaminobenzoic acid-CYP199A4 (yel-
low) and 4-methoxybenzoic acid (cyan). Water molecules are shown as red spheres and
the chloride ligands are green spheres. Those that are labelled (Cl, W) correspond to the
4-methylaminobenzoic acid structure.

Table 9. Distances and angles between structural features of 4-methylaminobenzoic acid-
bound CYP199A4. The ferryl Cpd I oxygen was modelled 1.62 A from the heme iron. 60,161
X refers to the O or N heteroatom.

Distance (A) 4-methoxyBA  4-methylaminoBA
Cq - Fe 4.1 4.1
Cq - O=Fe 2.7 3.1
X - Fe (X=0)52 (X=N)4.2
X - O=Fe 3.6 3.0
Cq - closest F298 C 3.8 3.5
Angle (°)
Cps-X-Cqy 118.6 120.3
Dihedral Cpg-Cps-X-C,, | 2.1 50.0
Fe=0-C, 140.7 133.0
Fe=0-X 158.3 158.4

— OH

X—C
/R 7
C, Cog (@)
X =0 or NH
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The angle of the methylamino carbon to the O=Fe was determined to be lower than
that of 4-methoxybenzoic acid (4-methoxy, 140.7°; 4-methylamino, 133.0°; Fe=0-C,,
Table 9). Despite the close approach of the N atom of 4-methylaminobenzoic acid
to the ferryl oxygen (4-methylamino, 3.0 A; 4-methoxy, 3.6 A; X-Fe, Table 9), there
was no detectable N-oxidation product in the turnovers, nor was there any evidence
from the spin state shift and dissociation constant analyses that the nitrogen atom was

interacting with the heme iron.

4.2.3 Binding and turnover activity of sulfur-containing benzoic acid sub-

strates

The turnover activity of CYP199A4 with 4-methylthiobenzoic acid has been previously
characterised.?® The reaction product, 4-methylsulfinylbenzoic acid, was formed by
oxidation of the sulfur atom. To compare and contrast this activity with the ethoxy-
and ethylamino- deethylation activities of the O and N equivalents, 4-ethylthiobenzoic
acid was investigated.

The spin state shift induced by 4-ethylthiobenzoic acid was significantly lower than
4-methylthiobenzoic acid (20 % vs 70 %, Table 10, Figure 57a,c), although the binding
affinity of CYP199A4 with 4-ethylthiobenzoic acid was higher (0.99pM vs 2.3 M,
Figure 57b,d).

Table 10. Binding and turnover parameters determined for the sulfur-containing ben-
zoic acid substrates with CYP199A4. The equivalent oxygen containing substrates are
shown for comparison (Chapter 3). Benzoic acid is abbreviated to BA. Rates are given
as mol (molCYP) ™! min—1.

Substrate HS (%) Kg4 (1M) NADH* PFR® Coupling®
4-methoxyBA 28 > 95 0.28 £ 0.01 1340 +28 1220 & 120 91 £ 2
4-ethoxyBA > 95 0.17 £0.02 527 £10 527 +38 100 + 8
4-methylthioBA 28 | 70 2.3 +£0.32 1430 & 178 1180 4+ 133 83 + 3
4-ethylthioBA 20 0.99 +£0.05 132+ 6 64 + 6 50 + 3

%Rate of turnover of NADH during the reaction. ®Product formation rate. €% of NADH consumed that led to

formation of substrate metabolite.

The NADH oxidation rate for the CYP199A4 turnover of 4-ethylthiobenzoic
acid was an order of magnitude lower than 4-methylthiobenzoic acid (132min~!
vs 1430min~!, Table 10). This was consistent with the reduced spin state
shift. HPLC analysis was performed on the in wvitro CYP199A4 turnovers of 4-
ethylthiobenzoic acid (Figure 58). The reaction product was initially assigned as
4-ethylsulfinylbenzoic acid by comparing the HPLC retention time (RT = 6.7 min)
to that of 4-methylsulfinylbenzoic acid product generated in the 4-methylthiobenzoic
acid turnover (RT = 5.6 min, Appendix B.3). A very small peak which coeluted with

4-mercaptobenzoic acid was also observed in the HPLC, however this peak was also
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Figure 57. Spin state shift and dissociation constant analysis of 4-methylthio- and 4-
ethylthio-benzoic acids with CYP199A4. Left column: spin state shift analysis; black shows
CYP199A4 in its resting state, red shows the maximum absorbance shift obtained upon addi-
tion of substrate. Right column: dissociation constant determination; the inset image shows
the UV-Vis response to successive addition of substrate aliquots. Shown in brackets are the
wavelengths of the trough and peak, and the enzyme concentration used for dissociation
constant analysis (trough, peak, nM-P450).

present in control experiments that contained no P450 enzyme. The same was found
to be true with 4-methylthiobenzoic acid (Appendix B.3), indicating that CYP199A4
was not catalysing the S-dealkylation reaction. The coupling efficiency of the 4-
ethylthiobenzoic acid turnover was lower than 4-methylthiobenzoic acid (50 % vs 83 %),
and the product formation rate was more than an order of magnitude reduced (64 min~—*
vs 1174min~'). In the turnovers of both 4-methylthio and 4-ethylthiobenzoic acids,
the uncoupling due to hydrogen peroxide was < 5 %, which suggested the oxidase
pathway as the source of unproductive coupling of NADH (Figure 1, Chapter 2.7).
The sulfoxides which are generated in the turnovers of both 4-methyl- and 4-
ethylthiobenzoic acids are chiral. Therefore, chiral HPLC was used in an attempt
to determine the enantiospecificity of each turnover. The methyl esters of the racemic
alkylsulfinylbenzoic acids and those generated by the CYP199A4 turnovers were syn-
thesised for analysis by chiral HPLC at the laboratory of James J. De Voss, University
of Queensland (Chapter 2.1). The enantiomers in the racemic mixture of the methyl-

sulfinyl metabolite could not be resolved, preventing further analysis. The ethylsulfinyl
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Figure 58. HPLC analysis of 4-ethylthiobenzoic acid turnover with CYP199A4. Black,
in vitro turnover; blue, substrate control; red, 4-mercaptobenzoic acid control. A 20-95 %
gradient of H,O:ACN was employed, and the chromatogram was monitored at 254 nm.

enantiomers were able to be separated (Appendix B.3). In the CYP199A4 turnovers
one enantiomer was highly favoured (91 % vs 9 %) although the stereochemistry of
the product has not yet been confirmed. In order to compare the enantioselectivity
of the sulfoxidation reaction to hydroxylation, the stereoselectivity of the CYP199A4
catalysed turnover of 4-ethylbenzoic acid was also determined (Appendix B.3). The
hydroxylated metabolite forms the (S)-enantiomer in preference (87 % vs 13 %).

The results reinforced the observation that sulfur oxidation is highly favoured over
dealkylation. It would be expected that C—H abstraction at the methylene carbon of
4-ethylthiobenzoic acid, leading to dealkylation, would be energetically more feasible
than abstraction of the methyl carbon of 4-methylthiobenzoic acid, however neither

reaction was observed.
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4.2.4 Crystal structures of 4-methylthiobenzoic acid and 4-
ethylthiobenzoic acid-bound CYP199A4

Both sulfur substrates exclusively underwent S-oxidation with CYP199A4. In order
to ascertain if there were changes in the relative orientation of the sulfur containing
substrates in the enzyme active site, CYP199A4 was co-crystallised with 4-methylthio-
and 4-ethylthio-benzoic acids. Crystals of CYP199A4 with both substrates (1 mM)
were obtained in 2 weeks from a 500 pli reservoir solution containing 0.2 M magne-
sium acetate tetrahydrate, 23 % w/v PEG-3,350 and 0.1 M Bis-Tris (4-methylthioBA,
pH 5.5; 4-ethylthioBA, pH 5.25). X-ray diffraction data were obtained at 100 K on
the MX1 beamline at the Australian Synchrotron#"!48 and the structures were solved
to high resolution (4-methylthioBA, 2.01 A; 4-ethylthioBA, 1.79 A). Models were de-
veloped for each structure using WinCoot !4 (Chapter 2.10), and the data were de-
posited in the wwPDB 7158 (www.wwpdb.org). The structures were assigned PDBs:
4-methylthioBA, 5KT1; 4-ethylthioBA, 5U6U (Table 11).

The structures of 4-methylthio and 4-ethylthiobenzoic acid-bound CYP199A4 both
contained a single molecule in the asymmetric unit and crystallised with cell sym-
metry P12;1. As with the crystal structures of CYP199A4 with 4-ethoxy- and 4-
methylaminobenzoic acids, the overall enzyme structure was similar to that of the 4-
methoxybenzoic acid-bound CYP199A4'3! (4-methylthio, rmsd = 0.299 A; 4-ethylthio,
rmsd = 0.300 A). The electron density observed in the active site could be modelled

as a bound substrate molecule in both structures (Figures 59b and 61b).

Figure 59. Crystal structure of 4-methylthiobenzoic acid-bound CYP199A4 solved at 2.01 A
resolution. Shown are (a) three-dimensional fold (yellow tube and magenta heme) overlaid
with structure of 4-methoxybenzoic acid (cyan tube and green heme) and b) reduced bias
2mF,-DF, composite omit map'®* of 4-methylthiobenzoic acid-bound CYP199A4. The elec-
tron density map for 4-methylthiobenzoic acid is shown contoured as a grey mesh at the 1 o
level.
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Table 11. Structural refinement and data collection statistics for 4-methylthio and 4-
ethylthiobenzoic acids crystallised with CYP199A4. 4-Methoxybenzoic acid (4DO1) is shown
for comparison. Benzoic acid is shortened to BA.

4-methoxyBA ™! 4-methylthioBA 4-ethylthioBA
PDB code 4DO1 5KT1 5U6U
X-ray wavelength (A) | 0.9796 0.9537 0.9537
Unit cell (a/b/c) 107.0/143.5/172.8 44.1/51.3/80.0  44.2/51.4/79.9
(a/B/v) 90/90/90 90/91.8/90 90/92.1/90
Space group P21212; P12;1 P12;1
Molecules per unit cell | 4 1 1
Resolution range® 50 - 2.0 44.05 - 2.01 44.15 - 1.79

(2.03 - 2.00) (2.07 - 2.01) (1.82 - 1.79)
<I/o(I)> 28.5 (5.2) 7.2 (2.1) 12.0 (2.1)
Unique reflections 179187 23479 33670
Completeness® 100.0 (100.0) 99.7 (97.2) 99.8 (97.7)
Multiplicity® 7.1 (6.1) 7.1 (6.7) 7.4 (7.1)
Ruerge®™” (%) 9.8 (31.9) 29.7 (89.4) 10.7 (81.8)
Rpim®? (%) N/A¢ 11.9 (36.7) 4.2 (32.5)
CCy 0™ (%) N/A¢ 98.4 (82.8) 99.8 (97.7)
Rwork 0.154 0.156 0.152
Riree® 0.189 0.223 0.202
Ramachandran plot/
Most favoured 98.5 97.2 97.2
Allowed 1.5 2.8 2.5

aHighest resolution shell is shown in parentheses where applicable. Pall I+ and I-. “Not reported in previous work.

dHalf-correlation coefficient. 182,183 €5 97 of total reflections, randomly selected. % of all amino acid residues. 184

There were no Ramachandran outliers.

In the 4-methylthiobenzoic acid-bound CYP199A4 structure, all the active site
residues, along with the chloride and carboxylate-bound water molecule, and the ben-
zoic acid moiety of the substrate, reside in similar positions to those of structures
determined previously. The sulfur atom is held 4.9 A away from the heme (Table
12), closer than the oxygen of 4-methoxybenzoic acid (5.2 A, Figure 60). The methyl
carbon is held 4.4 A from the heme iron, further away than the methyl carbon of
4-methoxybenzoic acid (4.1 A).

The active site orientation of 4-ethylthiobenzoic acid shows significant differences
in the location of the longer para substituent, which contains an additional methylene
unit. The sulfur atom is 4.7 A from the heme iron, closer than the equivalent sulfur of
4-methylthiobenzoic acid. The methylene C, is held 5.2 A from the heme iron, while
the methyl Cp is even further away (6.7 A), and it points away from the heme. These
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Figure 60. Comparison of the active site of 4-methylthiobenzoic acid-CYP199A4 complex
(yellow) with 4-methoxybenzoic acid (cyan). Water molecules are shown as red spheres and
the chloride ligands are green spheres. Those that are labelled (Cl, W) correspond to the
4-methylthiobenzoic acid structure.

Figure 61. Crystal structure of 4-ethylthiobenzoic acid-bound CYP199A4 solved at 1.79 A
resolution. Shown are (a) three-dimensional fold (yellow tube and magenta heme) overlaid
with structure of 4-methoxybenzoic acid (cyan tube and green heme) and (b) reduced bias
2mF,-DF, composite omit map'®® of 4-ethylthiobenzoic acid-bound CYP199A4. The elec-
tron density map of 4-ethylthiobenzoic acid and the F298 residue is shown contoured as a
grey mesh at the 1 ¢ level. The V295 residue has been removed for clarity.

observations help explain the selective S-oxidation activity over S-dealkylation. The
closer approach of the sulfur may also contribute to the lower spin state shifts observed
with the sulfur substrates.

In the 4-ethylthiobenzoic acid-CYP199A4 crystal structure, the F298 residue has

moved in order to accommodate the ethylthio moiety (Figure 61b). All other active site
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Figure 62. Comparison of the active site of 4-methylthiobenzoic acid-CYP199A4 complex
(yellow) with 4-methoxybenzoic acid (cyan). Water molecules are shown as red spheres and
the chloride ligands are green spheres. Those that are labelled (Cl, W) correspond to the
4-methylthiobenzoic acid structure. In (a), the active site environment is depicted (The V295
residue has been removed for clarity); in (b) an alternate view showing the residues nearby
to F298, highlighting that only the F298 residue has moved significantly.

residues are found in a similar location to those found in the other structures (Figure
62). This suggests that the F298 residue in CYP199A4 can move to accommodate
larger substrates. It is of note that 4-ethoxybenzoic acid did not induce a similar
movement in the F298 residue (Chapter 3.2.4). The Cj of 4-ethylthiobenzoic acid is
1.1 A from the closest carbon of F298 in the 4-methoxybenzoic acid structure, while in
the 4-ethylthiobenzoic acid structure it is 4.0 A away, reducing steric clashes with the

ethylthio moiety (Figure 62a).
In both the 4-methylthio- and 4-ethylthio-benzoic acid structures, the sulfur atom
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was closer to the Cpd I oxygen (4-methylthio-, 3.4 A; 4-ethylthio-, 3.3 A) than the
equivalent oxygen atoms of 4-methoxy- and 4-ethoxy-benzoic acids (4-methoxy- and
4-ethoxy-, both 3.6 A) Conversely, the C, was closer to the Cpd I oxygen for the 4-
methoxy- and 4-ethoxy-benzoic acids (4-methoxy-, 2.7 A; 4-ethoxy-, 2.8 A) than for the
4-methylthio- and 4-ethylthio-benzoic acids (4-methylthio-, 3.3 A; 4-ethylthio-, 4.0 A).
The Cg of 4-ethylthiobenzoic acid was significantly further from the Cpd I oxygen
than the Cj of 4-ethoxybenzoic acid. In addition, the Fe=O - - - S angle was larger (4-
methylthio-, 162.5°; 4-ethylthio-, 159.2°) than the Fe=O0 - - - C,, angle (4-methylthio-,
131.9°%; 4-ethylthio-, 133.7°, Table 12). There was no significant difference between the
Fe=0O - - - X angle for the sulfur (X = S) and oxygen substrates (X = O). These
observations provide additional insight into why the oxidation of sulfur was preferable

to carbon hydroxylation for these substrates.

Table 12. Distances and angles between structural features of 4-methylthio and 4-
ethylthiobenzoic acid-bound CYP199A4s. The ferryl Cpd I oxygen was modelled 1.62 A
from the heme iron.'6%161 X refers to the O or S heteroatom.

Distance (A) | 4-methoxyBA 4-ethoxyBA 4-methylthioBA  4-ethylthioBA
Cq - Fe 4.1 4.2 4.4 5.2
Cq - O=Fe 2.7 2.8 3.3 4.0
Cj - Fe - 4.3 - 6.7
Cs-O=Fe |- 3.0 - 5.5
X - Fe (X=0)52 (X=0)51 (X=85)49 (X =8) 4.7
X - O=Fe 3.6 3.6 3.4 3.3
Cx - F298 (X=a)38 (X=0a,)36 (X=a)32 (X = 8) 4.0
Angle (°)
Cps-X-Cq 118.6 118.9 104.3 106.1
Dihedral (*) | 2.1 9.2 33.9 55.2
Co9-Co4-X-Cq
Fe=0-C, 140.7 144.8 131.9 133.7
Fe=0-Cj - 137.3 - 137.9
Fe=0-X 158.3 163.4 162.5 159.2
(*) The dihedral angle, Cog-Co4-X-Ca, is represented below.
— OH
CB —C,, Coo @)

X=0orS
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4.2.5 Investigation of halo- and haloalkyl-benzoic acid substrates

The activity of CYP199A4 with halogen-containing substrates has not yet been de-
termined. Halogen oxidation is a difficult reaction due to the high electronegativity
of halogen atoms.?® 4-Fluoro, 4-chloro, 4-bromo and 4-iodobenzoic acids were investi-
gated with CYP199A4, first using spin state shift analysis to determine if the heme

distal water ligand could be dissociated upon substrate binding.

Table 13. Binding and turnover parameters determined for halogen-containing benzoic acid
substrates investigated with CYP199A4. Rates are mol (molCYP)~! min~!.

Substrate | HS (%) Kq (uM) NADH®?

4-fluoroBA | 50 75+ 0.1 359 4+ 12
4-chloroBA | 70 2.0+ 0.1 436 £+ 10
4-bromoBA | 80 1.5 +£0.3 523 £+ 32

4-iodoBA > 95 0.58 £0.02 577 £ 49

@Rate of turnover of NADH during the reaction. ®No products were detected in any of the turnovers.
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Figure 63. Spin state shifts of halogen-containing substrates investigated with CYP199A4.
Black shows CYP199A4 in its resting state, red shows the maximum absorbance shift obtained
upon addition of substrate.
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A type I spin state shift was observed when each substrate was added to CYP199A4
(Table 13, Figure 63). The trend that emerged was that the shift to high spin heme
correlated with the size of the halogen. 4-Fluorobenzoic acid gave the smallest shift of
the four (50 % HS), followed by 4-chloro- (70 %), 4-bromo- (80 %) and 4-iodo-benzoic
acid (> 95 %).

The binding affinity of each substrate to CYP199A4 was then determined (Figure
64). The tightest binding was observed with 4-iodobenzoic acid (0.58 pM), and the
affinity decreased as the halogens became smaller (F, 7.5 uM; Cl, 2.0 pM; Br, 1.5 pM).
The trend in binding affinity was similar to that observed with the magnitude of the
spin state shift. This indicated that the larger para substituted halobenzoic acids were

a better fit for the active site of CYP199A4.

In order to determine if CYP199A4 was capable of oxidising these substrates, in
vitro turnovers were performed (Chapter 2.4). Oxidation of NADH was observed with
each substrate, and those with the larger halogen substituents displayed faster rates.
These correlated with the spin state shifts (Table 13); in order from slowest to fastest: 4-

fluorobenzoic acid (359 min~1), 4-chlorobenzoic acid (436 min~'), 4-bromobenzoic acid
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Figure 64. Dissociation constant determination of halogen-containing substrates investi-
gated with CYP199A4. The inset image shows the UV-Vis response to successive addition of
substrate aliquots. Shown in brackets are the wavelengths of the trough and peak, and the
enzyme concentration used for dissociation constant analysis (trough, peak, pM-P450).
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(523min~!) and 4-iodobenzoic acid (577min~'). The amount of hydrogen peroxide
formed during each turnover was determined to be < 2 % (Chapter 2.7), which indicated
that there was minimal uncoupling via the hydrogen peroxide pathway (Figure 1). It
is likely the reductive equivalents were channelled towards the formation of water via
the oxidase pathway.

HPLC analysis was employed to search for P450 oxidation products in the turnovers
(Chapter 2.1). In each, there were no observable peaks apart from that of the substrate
(Figure 65, Appendix B.3), indicating that CYP199A4 was not capable of oxidising

para-halogen benzoic acids to any significant degree (Figure 66).
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Figure 65. HPLC analysis of 4-iodobenzoic acid turnover with CYP199A4. Black, in vitro
turnover; red, substrate control, RT = 15.3min. The retention time of 4-hydroxybenzoic
acid is 6.6 min. A 20-95 % gradient of H,O:ACN was employed, and the chromatogram was
monitored at 254nm. The remaining chromatograms are presented in Appendix B.3.

COOH COOH COOH COOH

CYP199A4
¢ No halogen
oxidation
F Cl Br I

Figure 66. Summary of 4-halobenzoic acid substrates substrate activity with CYP199A4.
No P450 oxidation products were observed.
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Previously, 12-chloro- and 12-bromo-dodecanoic acids have been shown to undergo
P450-catalysed dehalogenations (Figure 11a, Chapter 1.4.5). 16117 While CYP199A4
does not perform these reactions with 4-halobenzoic acids, the enzyme hydroxylates
4-methylbenzoic acid to 4-hydroxymethylbenzoic acid, and both hydroxylates and
desaturates 4-ethylbenzoic acid.?* To determine if CYP199A4 can support oxida-
tive dehalogenation or halogen oxidation on aliphatic rather than aromatic carbons,
halomethyl and haloethyl substrates were investigated with CYP199A4 (Figure 67).
4-Chloromethyl- and 4-bromomethyl-benzoic acids will allow the partition between
C—H bond abstraction and halogen oxidation to be determined. The competition
between desaturation, hydroxylation and oxidation of halogens will be assessed using
4-(2-chloroethyl)- and 4-(2-bromoethyl)-benzoic acids.

EOOH EOOH OOH OOH
Cl Br
Cl Br
4-chloro- 4-bromo- 4-(2-chloro- 4-(2-bromo-
methylBA methylBA ethyl)BA ethyl)BA

Figure 67: Alkyl halide substrates (X = F, Cl) investigated with CYP199A4.

Addition of all the alkyl halide substrates to the enzyme resulted in a large shift
in CYP199A4 from the low to the high spin state. 4-Chloromethyl-, 4-bromomethyl-
and 4-(2-chloroethyl)-benzoic acids induced > 95 % HS shifts in CYP199A4, while
4-(2-bromoethyl)benzoic acid shifted the spin state to 90 % HS (Table 14, Figure
68). The HS shifts of both halomethyls were larger than 4-methylbenzoic acid (70 %),
while those of the haloethyls were comparable to 4-ethylbenzoic acid (> 95 %). The

halomethyl substrates would be expected to be of a similar size as 4-ethylbenzoic acid.

Table 14. Binding and turnover parameters determined for chloro- and bromo-
alkylbenzoic acid (BA) analogues investigated with CYP199A4. Rates are given as
mol (molCYP) ! min—!.

Substrate HS (%) Kq (nM) NADH® PFR’? Coupling®
4-methylBA 3° 70 0.66 & 0.05 444 £8 397 £22 89+ 4
4-ethylBA > 95 0.34 £0.02 812+7 515+88 63+ 10
4-chloromethylBA | > 95 0754+ 0.1 165+2 161+4 97 £ 24
4-bromomethylBA > 95 24 £+ 2 69 £+ 2 54 £ 8 93 + 3¢
4-(2-chloroethyl)BA | > 95 0.33+£009 453 +24 15+£2  3+£03
4-(2-bromoethyl)BA | 90 087 +008 338+6 52+1.1 16405

@NADH oxidation rate. °PFR: product formation rate. °% of NADH consumed that led to formation of substrate
metabolite. “The terephthalic acid product resulted from two full P450 catalytic cycles. This was taken into account

during determination of the total coupling and product formation.
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Figure 68. Spin state shifts of alkyl halide substrates investigated with CYP199A4. Black
shows CYP199A4 in its resting state, red shows the maximum absorbance shift obtained

upon addition of substrate.

4-Chloromethylbenzoic acid bound less tightly than 4-ethylbenzoic acid (0.75pM vs
0.34 uM, Figure 69). The binding affinity of 4-bromomethylbenzoic acid was several or-
ders of magnitude lower (24 pM). The haloethyl substrates would be comparable in size
to 4-n-propylbenzoic acid.?® The affinities of 4-(2-chloroethyl)- and 4-(2-bromoethyl)-
benzoic acids for CYP199A4 were also high (0.33 pM and 0.87 nM respectively), which
indicated that the bromo and chloro substituted alkyl benzoic acids could be readily
accommodated in the active site of CYP199AA4.



4 Heteroatom dealkylation and oxidation by CYP199A4

90

0.18-
0.16
0.14]
0.12]
0.101
<008 =1
0.06] «)
0.04] #
0.02] ¢
0.00/

0.06
0.03
0.00
-0.03
-0.06

350 375 400 425 450
Wavelength (nm)

Absorbance

o

5 10 15 20 25 30 35
Substrate concentration (uM)

(a) 4-chloromethylBA (421nm, 391nm,
1.3pM)
0.14- .
0.121 EEE
010 /s
0.08+ 'l
< g g
30.064 " s
g
0.04 & 2
0.02 350 375 400 425 450
Wavelength (nm)
0.00 =
0 5 10 15 20 25 30

(¢) 4-(2-chloroethyl)BA (421 nm, 391nm,

1.5 pM)
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In wvitro assays were performed with each substrate and then analysed by HPLC.
The NADH oxidation rates of CYP199A4 with the halomethyl substrates were lower
than 4-methylbenzoic acid (4-chloromethyl-, 165 min~!; 4-bromomethyl-, 69 min~—! vs
4-methyl-benzoic acid, 444 min~!, Table 14). This contrasted with the spin state shifts,
which were higher for both halomethyls than 4-methylbenzoic acid. The NADH ox-
idation rates of the CYP199A4-catalysed turnovers of 4-(2-chloroethyl)benzoic acid
(453 min~!) and 4-(2-bromoethyl)benzoic acid (338 min~') were both lower than with
4-ethylbenzoic acid (812min~').
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4-formyl 4-chloromethyl

, benzoic acid benzoic acid
5.0x10" 1

@

=}

X

a

o
1

. . Internal Standard
terephthalic acid

Absorbance
N
o
X
ON
1

1.0x10% 1

\;g

T I
0.0 —= —— : , , . :
6 8 10 12 14 16

Time (min)

Figure 70. HPLC analysis of 4-chloromethylbenzoic acid turnover with CYP199A4. Black,
in vitro turnover; blue, no P450 control reaction; red, substrate control, RT = 13.7 min; green,
4-formylbenzoic acid control, RT = 9.0 min; pink, terephthalic acid control, RT = 6.1 min. A
20-95 % gradient of H,O:ACN was used. The chromatogram was monitored at 254 nm. The
substrate may have degraded to form 4-hydroxymethylbenzoic acid (RT = 5.1 min).

In the HPLC and GC-MS chromatograms of in vitro turnovers of the halomethyl
substrates, P450 oxidation products were observed. 4-Chloromethylbenzoic acid (Fig-
ure 70) and 4-bromomethylbenzoic acid (Figure 71) were both oxidised to the same
major product, 4-formylbenzoic acid. This was identified using HPLC coelution exper-
iments against authentic standards (Chapter 2.1) and by GC-MS analysis (Appendix
B.4). 4-Chloromethylbenzoic acid turnovers with CYP199A4 were highly coupled (97
%) with a product formation rate of 161 min~!. Along with the 4-formylbenzoic acid, a
small amount of terephthalic acid was detected. The distribution of products was 96 %
4-formylbenzoic acid and 4 % of terephthalic acid as determined using HPLC calibra-
tions of authentic standards (Figure 72). Control reactions with 4-bromomethylbenzoic
acid, which contained no P450 enzyme, indicated there was a small amount of tereph-
thalic acid formed (either during the turnovers or the HPLC analysis). The coupling
of 4-bromomethylbenzoic acid was also high (93 %) with a resulting product forma-
tion rate of 54min~!, and there was > 99 % 4-formylbenzoic acid with the remainder
terephthalic acid (< 1 %, Figure 71).

The 4-formylbenzoic acid product presumably arose via hydroxylation at the
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Figure 71. HPLC analysis of 4-bromomethylbenzoic acid turnover with CYP199A4. Black,
in vitro turnover; blue, no P450 control reaction; red, substrate control, RT = 14.2 min;
green, 4-formylbenzoic acid control, RT = 9.0min; pink, terephthalic acid control, RT =
6.1min. A 20-95 % gradient of H,O:ACN was used, and monitored at 254 nm. Additional
unidentified peaks which were present in the no P450 control reaction are denoted (*). The
substrate may have degraded in the no P450 turnover mixture to form these peaks as well as
4-hydroxymethylbenzoic acid (RT = 5.1 min).

para-methyl group, followed by intramolecular loss of a molecule of HX (Fig-
ure 72, top pathway). The terephthalic acid would have resulted from either a
second P450-catalysed oxidation of 4-formylbenzoic acid, or by air oxidation. 4-
Hydroxymethylbenzoic acid was observed at 5.1 min in the HPLC chromatograms of

both in wvitro halomethyl turnovers. This could arise from oxidation of the halide to

COOH COOH COOH COOH
CYP199A4 [O]
— ? —
X 073X HX o7 0”7 oH
X = Cl. Br H<' 4-formyl terephthalic
’ - - benzoic acid acid
X=Cl 96% 4%
Br >99% <1%
OOH COOH
H,O
+ HOX
X OH
0 4-hydroxymethyl
h - benzoic acid

Figure 72. Oxidation of halomethylbenzoic acid substrates by CYP199A4. The proposed
mechanisms of dehalogenation, either via halohydroxy or halonium intermediates, are shown.
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X*—0, followed by hydrolysis to the alcohol (Figure 72, bottom pathway). However,
a comparable amount of this metabolite was found in the HPLC chromatograms of
control reactions containing no P450 enzyme. There was also a small amount in
the substrate control. The 4-hydroxymethylbenzoic acid was not observed in the
GC-MS analysis (Appendix B.4). This indicated that P450 activity was not likely to
be responsible for formation of this product and that it arises from hydrolysis of the

substrate during HPLC analysis.

The in vitro CYP199A4 turnovers of 4-(2-chloroethyl)benzoic acid were analysed which
indicated that there were three potential oxidation products formed in low yield (Fig-
ure 73, Appendix B.4)." One of these products was identified using HPLC coelution
experiments as 4-(2-hydroxyethyl)benzoic acid. However, controls with no P450 en-
zyme showed formation of this product (= 50 %), suggesting a proportion of this was

also formed by non-enzymatic means.
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Figure 73. HPLC analysis of 4-(2-chloroethyl)benzoic acid turnover with CYP199AA4.
Black, in vitro turnover; red, 4-(2-hydroxyethyl)benzoic acid control, RT = 6.3 min; green,
isolated 4-(1-hydroxy-2-chloroethyl)benzoic acid control, RT = 9.3 min; pink, 4-vinylbenzoic
acid control, RT = 14.9min. The gradient employed was 20-95 % of H,O:ACN and the
chromatogram was monitored at 254 nm.

To identify the remaining products, an in vivo turnover culture was performed and
the supernatant was extracted. The metabolites were purified by semi-prep HPLC
(Chapter 2.1). NMR analysis indicated that the major product was 4-(1-hydroxy-2-
chloroethyl)benzoic acid (Figure 74). The doublet at 5.9 ppm corresponded to the
hydroxy group which was coupling to the connected a-carbon. This proton did not
have an associated 3C signal in the HSQC spectrum which confirmed it was an OH
group. The minor product, 4-(2-hydroxyethyl)benzoic acid, was also confirmed by
NMR (Appendix B.5). The third product (RT = 14.1 min) was not isolated in sufficient

VOnly two product peaks were observed via GC-MS. The retention times were 12.9min and
16.4 min.
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Figure 74. NMR analysis of 4-(1-hydroxy-2-chloroethyl)benzoic acid. Shown are 'H and
(inset) 'H-13C HSQC. The doublet at 5.9 ppm (7) had no associated 2C signal and thus

corresponded to the hydroxy group on the a-carbon.

amounts to obtain an NMR spectrum. In the GC-MS chromatogram of the in wvitro
turnover, the 4-(1-hydroxy-2-chloroethyl)benzoic acid was detected (m/z = 343.05 and
329.00, loss of Me; vs expected 344.10, Appendix B.4). This mass was indicative of
a doubly-TMS derivatised hydroxylation product with the chlorine substituent still
attached. A peak at 12.9min was also detected, which was assigned as an alkene
with the chlorine attached (m/z = 254.00 vs expected 254.05, Appendix B.4). The
potential alkene peak in the HPLC chromatogram could be observed but not confirmed
(Figure 73). The E/Z stereochemistry of the alkene could not be confirmed as it was
not produced in sufficient quantities to permit NMR characterisation. The product
peaks were calibrated using HPLC. The coupling efficiency was low (3 %) and the
resulting product formation rate was more than an order of magnitude slower than
4-ethylbenzoic acid (15min~t vs 515min~!). The distribution of products was 4-(1-
hydroxy-2-chloroethyl)benzoic acid, &~ 80 %; 4-(2-hydroxyethyl)benzoic acid”, ~ 10 %,
and the remaining ~ 10 % the chloro alkene.

The in vitro CYP199A4 turnovers of 4-(2-bromoethyl)benzoic acid indicated there
were three oxidation products (Figure 75 and Appendix B.4). Isolation of the products
after an in vivo turnover, and subsequent HPLC purification and NMR characterisa-
tion, revealed the major product was 4-(1-hydroxy-2-bromoethyl)benzoic acid (Figure
76). The hydroxy group attached to the a-carbon appeared as a doublet with no cor-
responding 3C signal, similarly to the hydroxylated chloroethyl product. The minor
product, 4-(2-hydroxyethyl)benzoic acid (Appendix C.4), also appeared in turnovers

VThere was little evidence to suggest that the 4-(2-hydroxyethyl)benzoic acid was formed by P450-
catalysed oxidation.
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Figure 75. HPLC analysis of 4-(2-bromoethyl)benzoic acid turnover with CYP199A4.
Black, in vitro turnover; red, 4-(2-hydroxyethyl)benzoic acid control, RT = 6.3 min; blue,
isolated 4-(1-hydroxy-2-bromoethyl)benzoic acid control, RT = 10.2 min; , no P450
control reaction. An unidentified peak is denoted (*), which could be a further oxidation
product. A 20-95 % gradient of H,O:ACN was used and the chromatogram was monitored
at 254 nm.

with no P450 enzyme (=~ 50 % of the amount observed in the turnover), similar to
the turnovers of 4-(2-chloroethyl)benzoic acid with no P450. The mass spectrum of
4-(1-hydroxy-2-bromoethyl)benzoic acid showed a 1:1 ratio of the Br and 8!Br isotope
peaks, indicating the bromo substituent was still attached (Figure 77a, Appendix B.4).
This product would have resulted from a-carbon hydroxylation, similar to the major

product from the turnover of 4-(2-chloroethyl)benzoic acid.
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Figure 76. NMR analysis of 4-(1-hydroxy-2-bromoethyl)benzoic acid. Shown are 'H and
(inset) 'H-'3C HSQC. The dg-DMSO signal overlaps the carbon signal at 43.0 ppm which
corresponds to the CH,Cl (blue expansion). The doublet at 5.95ppm (7) had no associated
13C signal and thus corresponded to the hydroxy group on the a-carbon.
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(b) 4-(2-Bromovinyl)benzoic acid. Observed m/z = 297.90/299.90 (1:1) vs expected
298.00/300.00.

Figure 77. MS analysis of 4-(2-bromoethyl)benzoic acid products. The distinctive 1:1 ratio
of the ™Br and 8 Br isotopes indicated the bromine substituent was still attached. The gas
chromatogram is shown in Appendix B.4.

There was also a peak in the HPLC at 10.2min that could potentially be a fur-
ther oxidation product such as an epoxide or a ketone. Another peak had a re-
tention time of 16.2min, which may be a desaturation product (Figure 75). In the
GC-MS, a small peak at 14.8 min with a mass indicative of a bromo alkene was ob-
served (Figure 77b, Appendix B.4). This could be the metabolite observed in the
HPLC at 16.2min. The amount of bromo alkene product was calibrated using 4-
vinylbenzoic acid via HPLC. The product formation rate and coupling were higher
for 4-(2-bromoethyl)benzoic acid than 4-(2-chloroethyl)benzoic acid (52 min~!, 16 %
vs 15min~!, 3 %). The product distribution was 4-(1-hydroxy-2-bromoethyl)benzoic
acid, &~ 82 %; 4-(2-hydroxyethyl)benzoic acid", ~ 2 %; bromo alkene, ~ 16 %.

The 4-(1-hydroxy-2-haloethyl)benzoic acid products presumably arose by hydrox-
ylation of the a-carbon, similar to formation of 4-(1-hydroxyethyl)benzoic acid in the
turnovers of 4-ethylbenzoic acid. The 4-(2-hydroxyethyl)benzoic acid may have arisen
by halogen oxidation followed by hydrolysis to the alcohol (Figure 78), but also ap-
peared to form by hydrolysis during the HPLC analyses of both the haloethyl sub-

strates.
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Figure 78. Oxidation of haloethylbenzoic acid substrates by CYP199A4. The proposed
dehalogenation mechanisms to 4-(2-hydroxyethyl)benzoic acid and 4-acetylbenzoic acid are

shown.

There were no significant levels of H,O, in any of the turnovers (< 2 % of total

NADH coupling). The halomethyls were dehalogenated to 4-formylbenzoic acid and
the activity of CYP199A4 with these substrates was high. The haloethyls showed poor

turnover activity with limited halogen oxidation. It is possible the haloethyl substrates

bind in the active site in an orientation that reduces mono-oxygenase activity and the

coupling efficiency. Crystal structures of CYP199A4 with these substrates could help

elucidate the reasons behind the low activity and the selectivity of these reactions.
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4.3 Discussion

The current work has further elucidated the substrate range and expanded the known
activities of CYP199A4 with para-substituted benzoic acids. A variety of nitrogen
and sulfur containing substrates were all able to be efficiently oxidised by CYP199A4,
although substituted aminomethylbenzoic acids were not effective substrates. Single
and double N-dealkylation, sulfoxidation and amide formation can be added to the
known activities of the enzyme. The fastest reaction catalysed by CYP199A4 was
sulfoxidation, although the reaction rate decreased dramatically if the alkyl chain was

lengthened from methylthio to ethylthio.

4-Methoxybenzoic acid, 4-methylaminobenzoic acid and related nitrogen-containing
substrates all underwent dealkylation reactions with CYP199A4. The orientation of
the para substituent of 4-methylaminobenzoic acid in the active site of CYP199A4
was different to that of the methoxy substituent of 4-methoxybenzoic acid, despite the
structural similarities of these compounds. The methyl group and nitrogen atom of 4-
methylaminobenzoic acid were held at a comparable distance from the heme iron, unlike
in the 4-methoxybenzoic acid structure where the methyl group was held significantly
closer. Despite this orientation of the methylamino moiety, no N-oxidation products
(either N-oxides or hydroxylamines) were detected in agreement with previous studies
on the relative energetics of these reactions. It is important to note that the binding
of molecular oxygen and the subsequent oxygen activation steps may result in changes

in the orientation of this substituent prior to oxidation.

In the turnovers of 4-dimethylamino-, 4-ethylamino- and 4-diethylamino-benzoic
acids, several of the oxidation products are themselves substrates of CYP199A4. These
are presumably retained in the active site of CYP199A4, leading to further oxidation.
For example 4-methylaminobenzoic acid, formed in the 4-dimethylaminobenzoic acid
turnover, binds tightly to CYP199A4 and the rate of product formation is fast (1.6 pM,
669 min—!, Table 7). This accounted for the presence of the 4-aminobenzoic acid double
oxidation product. 4-Diethylaminobenzoic acid is deethylated to 4-ethylaminobenzoic
acid, which binds more tightly in the enzyme active site than the diethylamino (0.92 pM
vs 11 uM).

4-Acetamidobenzoic acid was formed in the turnovers of 4-ethyl- and 4-
diethylamino-benzoic acids. Amide formation by other P450 enzymes does not seem
to have been previously reported, although hemiaminal (carbinolamine) metabolites
have been identified in turnovers of compounds such as N-methylcarbazole, 2> 27 pro-
pranolol?®® (Figure 79), and more.?*??1% The formation of 4-acetamidobenzoic acid
in the CYP199A4 turnovers of the ethylamine substrates could have arisen from hy-
droxylation to a hemiaminal precursor followed by further oxidation. Hemiaminals
typically decompose to a primary amine and an aldehyde. 205206208209 Tpy these cases,

there was no report of further oxidation to an amide in competition with dealkylation.
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Figure 79. Characteristic examples of hemiaminal formation in P450-catalysed
metabolisms.2%> 2% In both cases, the hemiaminal was sufficiently stable such that it could
be characterised, although subsequently it underwent dealkylation. There was no observation
of further oxidation to an amide with these compounds. Other P450 oxidation activities were
also reported with these substrates.

Evidentally, the hemiaminal species formed in the turnovers of 4-ethylamino- and 4-
diethylaminobenzoic acids was more stable, or was trapped in the enzyme active site
long enough to undergo further oxidation by CYP199A4 before hemiaminal decomposi-
tion (Figure 80). By way of contrast, 4-formamidobenzoic acid was not observed in the
turnovers of either 4-methylamino- or 4-dimethylamino-benzoic acids. The ethylamino
hemiaminal must be more stable than the methylamino hemiaminal. The product dis-
tribution in the turnovers of N-ethyl substrates indicated that the further oxidation

step was able to compete with product release and cleavage of the N—C bond.

COOH COOH COOH COOH
CYP199A4 © ©
e ﬁ:
~_ NH \”/ H NH,
OH \ (0]
CYP199A4
COOH

YNH
0

Figure 80. Proposed mechanism for 4-acetamidobenzoic acid formation by CYP199A4
with 4-ethylaminobenzoic acid. The proposed hemiaminal intermediate may be bound to
CYP199A4 such that it can undergo a second P450 oxidation. Alternatively, it decomposes
to 4-aminobenzoic acid as per the expected dealkylation pathway.
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The binding affinity of 4-acetamidobenzoic acid to CYP199A4 is several times
weaker than 4-ethylamino- and 4-diethylamino-benzoic acids (62 M vs 0.92 M and
11 pM) and has been shown previously to be an inhibitor of CYP199A4 mono-oxygenase
activity.?? In the turnovers of 4-ethylamino- and 4-diethylamino-benzoic acids, the 4-
acetamidobenzoic acid may accumulate and bind to the heme, eventually inhibiting
CYP199A4. This could be probed further using EPR spectroscopy, which provides
information on whether the substrate is interacting with the heme iron.?!!

In the case of formation of 4-acetamidobenzoic acid from 4-diethylaminobenzoic
acid, one ethyl group was always removed by the enzyme along with formation of the
hemiaminal precursor. Additionally, there was no evidence of diacetamido formation
in the 4-diethylaminobenzoic acid turnovers. Co-crystallisation of the 4-ethylamino-,
4-dimethylamino- and 4-diethylamino- substrates with CYP199A4 was unsuccessful.
More work towards the solution of these crystal structures would help to elucidate
details of the binding of these substrates, and may provide insight into the observed
activity and product distributions.

The sulfur-containing substrates underwent oxidation to chiral sulfoxides. The
addition of the methylene unit in 4-ethylthiobenzoic acid, which might be expected to
facilitate C—H bond abstraction such that dealkylation could occur, did not change the
product selectivity, but had the effect of reducing the product formation and enzyme
activity. The selectivity for sulfur oxidation was explained in part by the binding
orientations of 4-methylthio- and 4-ethylthiobenzoic acids in the crystal structures.
The a-carbons were held further from the heme iron than the equivalent of 4-methoxy-
and 4-methylamino-benzoic acids (Table 12). The binding of 4-ethylthiobenzoic acid
to CYP199A4 resulted in the phenyl ring of F298 moving to accommodate the ethyl
group of the para substituent. 4-Ethoxybenzoic acid bound in a similar orientation to
4-methoxybenzoic acid, however no movement of any active site residues was required
to accommodate it (Chapter 3, Figure 41).

The chiral analysis of the sulfoxidation of 4-ethylthiobenzoic acid demonstrated that
one enantiomer was favoured. The enantioselectivity of 4-methylthiobenzoic acid oxida-
tion could not be determined, but would be expected to be similar to 4-ethylthiobenzoic
acid. This was rationalised by the position of the sulfur in each crystal structure, where
the same face of the sulfur was pointing towards the heme iron (Figures 60 and 62).

There were no oxidation products in the CYP199A4 turnovers of the 4-halobenzoic
acids. The para-halogen substituent must be unreactive towards Cpd I. The high spin
state shifts and tight binding observed in CYP199A4 with each substrate suggest that
binding was not the limiting factor. The lack of hydrogen peroxide detected in these
turnovers suggested that reductive equivalents were being directed into the formation
of water via the oxidase pathway.

Replacement of the para-halogen substituent with a halomethyl group led to highly

efficient oxidative dehalogenation activity. The major product, 4-formylbenzoic acid,



4.3 Discussion 101

would arise via hydroxylation of the a-carbon, followed by formation of hydrogen bro-
mide/hydrogen chloride (HX) along with the 4-formylbenzoic acid (Figure 72). The
halomethyl substrates may be bound in the enzyme active site in a similar orientation
to 4-ethylbenzoic acid®® (PDB: 4EGM), and hydrogen abstraction at the benzylic C—H
bonds must be feasible.

In the turnovers of the 4-(2-haloethyl)benzoic acids, there was a small amount of
product arising from halogen oxidation alongside the a-hydroxylation and desaturation
activities normally observed with 4-ethylbenzoic acid. The formation of small amounts
of haloalkene product in the turnovers indicated that the desaturation pathway is
disfavoured compared to 4-ethylbenzoic acid. The low levels of product formation in
these substrates compared to 4-ethylbenzoic acid suggests the orientation of the para-
substituent may be different and has a deleterious effect on the P450 activity. This may
be due to the electron-withdrawing halogen atom. The 4-(2-hydroxyethyl)benzoic acid
product was presumed to have arisen via hydroxylation of the halogen to a halonium,
followed by hydrolysis and formation of a molecule of HOX (Figure 78). Further studies
would be required to confirm this reaction pathway. The active site binding orientation
of the 4-(2-haloethyl)benzoic acids may position the halogen atom close to the heme
iron, enabling this reaction, but may decrease other activities. Crystal structures of the
4-(2-haloethyl)benzoic acid-bound forms of CYP199A4 may explain the lower activity
and coupling efficiency observed.

These para-substituted haloalkylbenzoic acid substrates could be used to further
study the mechanism of halogen oxidation; however the low coupling efficiency and
product formation may be a limiting factor. These studies showed that CYP199A4 is
capable of supporting limited oxidative dehalogenation activity with very specific sub-
strates, and emphasised the difficulty of halogen oxidation by P450 systems. Reductive
dehalogenation activities are also possible with CYP enzymes.?'? 216 These haloalkyl-
benzoic acid substrates could be used to investigate reductive dehalogenation activities
with CYP199A4.
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Chapter 5 Investigation of the partition of

desaturation and hydroxylation

5.1 Introduction

4-FEthyl-, 4-n-propyl- and 4-isopropyl-benzoic acids have been shown to undergo both
hydroxylation and desaturation reactions with CYP199A4.%7 The latter reaction, yield-
ing an alkene, does not result in oxygen being incorporated into the product (Chapters
1.4.3 and 1.5).27230 After the initial abstraction of hydrogen, there are two possible
alternative steps to radical rebound that result in the alkene: either a second hydro-
gen abstraction by Cpd II ([Fe—OH]3+); or electron abstraction by Cpd II to yield
a cation and [Fe—OH]*" species (Figure 81, labelled in red). The cation would then
lose a proton to generate the alkene. The rate of these steps must be comparable to
the rate of radical rebound, such that desaturation is competitive with hydroxylation.
The ratio of alkene to alcohol is thought to be controlled by the relative stability of

the carbocation or radical intermediate (or transition states) formed after the initial

hydrogen abstraction. %4105
OOH
Cpd |
[Fe=OP** epd!
/ ~ [Fe=O]3+
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Figure 81. Possible mechanistic pathways for CYP199A4-catalysed desaturation (dehydro-
genation) of para-substituted benzoic acid substrates. Initial H abstraction occurs at either
the o or 8 carbon (blue). The second step is either a second H abstraction to produce the
alkene, or electron transfer to form a cation (red). Proton loss from the cation generates the
alkene.

In turnovers of 4-ethyl and 4-isopropylbenzoic acids with CYP199A4, there were
a-hydroxylation as well as «,f3-desaturation products. In the 4-ethylbenzoic acid

turnover, there was also a limited amount of S-hydroxylation (< 5 %). The alkene



5.1 Introduction 103

product could form from initial abstraction at either the a- or S-carbon (Figure 81,
labelled in blue). Abstraction at the benzylic a-carbon would be favoured due to the
stability provided by the aromatic system, but the S-carbon is known to be closer to
the heme iron from the crystal structure of 4-ethylbenzoic acid-bound CYP199A4.3°
4-t-Butylbenzoic acid has also previously been investigated, and the only product was
4-(1,1-dimethyl-2-hydroxyethyl)benzoic acid, which was unsurprising given the absence
of hydrogens on the a-carbon.?® However, this demonstrated that CYP199A4 could
hydroxylate S-methyl groups. 4-n-Propylbenzoic acid was oxidised by CYP199A4 to
a- and f-hydroxylation products (40 % and 26 %), and there was also a significant
amount of a,3 alkene formed (34 %).?® These reactions showed that abstraction from
a [-carbon is feasible. No (,v-alkene or terminal ~-alcohol were generated with 4-n-
propylbenzoic acid, which suggested that the a- and (- methylene carbons were the
preferred sites of oxidation by CYP199A4.%

In order to better determine the selectivity of C—H bond abstraction by CYP199A4,
a selection of alkyl substituted benzoic acids will be analysed (Figure 82). These
substrates will also provide a better understanding of the factors which determine
the partition between hydroxylation and desaturation. 4-n-Butylbenzoic acid and 4-
n-heptylbenzoic acid were selected to determine the impact of a longer alkyl chain
on product formation. Both substrates contain methylene groups at the (- and ~-
positions. 4-Isobutylbenzoic acid will be used to probe the effects of increased branch-
ing at the [-position, which would energetically favour oxidation at this position. 4-
Cyclopropyl- and 4-cyclohexylbenzoic acid will be used to investigate how cycloalkane

moieties effect the hydroxylation and desaturation activities.

iOOH iOOH iOOH iOOH

4-ethylBA 4-isopropylBA 4-n-propylBA 4-t-butylBA
iOOH iOOH iOOH ?OOH OOH
4-cyclopropylBA 4-n-butylBA 4-isobutylBA  4-cyclohexylBA 4-n-heptylBA

Figure 82. Para-alkyl substituted benzoic acid substrates investigated with CYP199A4.
The top row have been previously investigated. 272830
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5.2 Results

5.2.1 Substrate binding assays

To assess if each substrate could bind in the active site and displace the distal heme
water ligand of CYP199A4, the spin state shift was determined (Chapter 2.3). 4-Ethyl
and 4-isopropyl-benzoic acids have already been shown to induce > 95 % spin state
shifts in CYP199A4,%° suggesting that the distal water ligand was effectively removed.
When the other substrates were investigated, it was found that each displayed a spin
state shift that was 90 % or larger (Table 15, Figure 83 and Appendix C.1). 4-t-
Butylbenzoic acid, which possessed a fully substituted quaternary carbon, shifted the
spin state of CYP199A4 to 90 %, which was the same shift observed with the linear
4-n-butylbenzoic acid. The largest substrates, 4-cyclohexyl- and 4-n-heptyl-benzoic
acids, induced > 95 % spin state shifts.

Table 15. Spin state shift and dissociation constant analyses (% HS and Kg, Chapter 2.3)
for alkyl substituted benzoic acids (BA) investigated with CYP199A4.

Substrate HS (%) Kqg (nM)

4-ethylBA 27 > 95 0.34 & 0.02
4-isopropylBA > 95 0.29 + 0.01
4-n-propylBA2® | > 95 0.04 £ 0.02

4-t-butylBA 28 90 39 £2

4-cyclopropylBA | > 95 0.28 £ 0.02
4-n-butylBA 90 0.39 £+ 0.04
4-isobutylBA > 95 0.59 £ 0.03

d-cyclohexylBA | > 95  0.45 + 0.05
4-n-heptylBA >95  0.16 & 0.03

The binding affinity of CYP199A4 for each substrate was investigated by determin-
ing the dissociation constants with CYP199A4 (Kq4, Table 15, Chapter 2.3). The para-
alkyl substrates displayed tight binding, which was similar to results for 4-ethylbenzoic
acid (0.34pM) and 4-isopropylbenzoic acid (0.29 uM). 4-n-Propylbenzoic acid bound
several times tighter than either (Appendix C.2, 0.04 pM),*® which signified that an
n-propyl moiety is preferred over the more substituted isopropyl group. The bind-
ing affinity of 4-¢-butylbenzoic acid (Appendix C.2, 39 pM) was 100-fold weaker than
4-isopropylbenzoic acid,?® presumably due to the steric bulk caused by the tertiary
t-butyl moiety.

4-Cyclopropylbenzoic acid bound comparably tightly to 4-isopropylbenzoic acid
(Figure 84a, 0.28uM vs 0.341M), revealing that the cyclopropyl ring was a good
fit in the active site of CYP199A4. The binding affinity of CYP199A4 for 4-n-
butylbenzoic acid was also high (Figure 84b, 0.39 uM), with that of the more sub-
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Figure 83. Spin state shifts of selected para-alkyl substituted benzoic acid substrates with
CYP199A4. Black shows CYP199A4 in its resting state, red shows the maximum absorbance

shift obtai

ned upon addition of substrate.

stituted 4-isobutylbenzoic acid being marginally lower (Appendix C.2, 0.59 pM). 4-
Cyclohexylbenzoic acid bound to CYP199A4 with almost as high affinity (Figure 84c,
0.45 M) as 4-ethylbenzoic acid and 4-cyclopropylbenzoic acid. CYP199A4 was also
able to bind 4-n-heptylbenzoic acid very tightly (Figure 84d, 0.16 pM). The enzyme

must possess a degree of flexibility in its active site to be able to accommodate the

substrates with these larger para-alkyl groups.

Overall, the binding studies showed that longer alkyl chain benzoic acids could be
substrates of CYP199A4. The substrate which contained a more highly substituted
tertiary group displayed significantly lower binding affinity.
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Figure 84. Dissociation constant determination of selected alkylbenzoic acid benzoic acids
investigated with CYP199A4. The inset image shows the UV-Vis response to addition of
aliquots of substrate. Shown in brackets are the wavelengths of the trough and peak, and the
enzyme concentration used for dissociation constant analysis (trough, peak, pM-P450).
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5.2.2 Activity and product formation

In vitro oxidation assays using the CYP199A4 system were performed with each sub-
strate, using NADH as the source of reducing equivalents (Chapter 2.4). The turnovers
were then analysed for product formation by HPLC and GC-MS. Semi-prep HPLC was
used to isolate the products, followed by characterisation using NMR spectroscopy. The
isolated products were then coeluted using HPLC to confirm the identity of each peak
in the turnover. The product distribution and coupling efficiency were then calculated
(Chapter 2.5).

Table 16. Turnover parameters determined for alkyl substituted benzoic acid (BA) ana-
logues investigated with CYP199A4. Shown are NADH oxidation rates (Chapter 2.4), prod-
uct formation rates (PFR, Chapter 2.5) and coupling efficiency (%). Rates are given as
mol (molCYP)~! min~—!.

Substrate NADH® PFR? Coupling®
4-ethylBA 27 812+ 7 525 +88 64 +4
4-isopropylBA 325 £ 36 221 £27 68 £1
4-n-propylBA2® | 688 24 594 £ 72 86 £ 8
4-t-butylBA 28 227 +£4 227 £32 100 £ 13
4-cyclopropylBA | 383 +8 170 +22 45+ 5
4-n-butylBA 167 +6 67+3 40 + 1
4-isobutylBA 359 £ 46 146 £21 41 +5
4-cyclohexylBA | 169 &+ 11 52+ 6 33+ 2
4-n-heptylBA 278 £ 15 147+ 12 53 £ 2

@NADH oxidation rate. "PFR: product formation rate. % of NADH consumed that led to formation of substrate
metabolite. In each case, these metabolites were calibrated using HPLC against the closest available of the following:

4-(1-hydroxyethyl)BA, 4-(2-hydroxyethyl)BA or 4-vinylBA.

The NADH oxidation rate of CYP199A4, which is used as a measure of the turnover
frequency of the P450 catalytic cycle, was the highest with 4-ethylbenzoic acid of all
those measured at 812mol (molCYP) ™! min~! (Henceforth abbreviated to min='). All
other substrates induced slower oxidation rates (Table 16), which varied from 167 min~—*
to 688 min~!. There was no obvious trend between the binding affinity, size or degree
of substitution of the para-alkyl substituent with the NADH oxidation rate. HPLC and
GC-MS analysis showed that all substrates investigated were oxidised by CYP199A4 to
yield one or more oxidation products. To determine the coupling efficiency, calibrations
were performed using HPLC against the most similar of the following compounds: 4-
(1-hydroxyethyl)-, 4-(2-hydroxyethyl)- or 4-vinyl-benzoic acid (Chapter 2.5, Table 2).
In all cases, a small amount of H,O, (< 2 % of NADH equivalents) was detected at
the conclusion of the in witro turnovers (Chapter 2.7) and thus there was minimal
uncoupling via the hydrogen peroxide pathway. Therefore, any remaining uncoupling

was most probably accounted for by the oxidase pathway (Chapter 1.3).
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benzoic acid
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Figure 85. Turnover products of (a) 4-isopropyl-, (b) 4-t-butyl- and (c) 4-n-propyl-benzoic
acids by CYP199A4.28 The 4-n-propyl alkene was assigned using GC-MS, and the stereo-
chemistry was not able to be determined using the NMR spectrum obtained previously.?
The stereocentres are labelled (*).

The CYP199A4 oxidation products of 4-isopropylbenzoic acid have been previously
reported (Figure 85a)3° as 4-(1-methyl-1-hydroxyethyl)benzoic acid (63 %), and 4-
(prop-1-en-2-yl)benzoic acid (37 %). The oxidation products of 4-n-propylbenzoic acid
have been determined (Figure 85¢)?® to be 4-(1-hydroxypropyl)benzoic acid (40 %),
4-(prop-1-en-1-yl)benzoic acid (34 %) and 4-(2-hydroxypropyl)benzoic acid (26 %).
The in vitro CYP199A4 turnover of 4-t-butylbenzoic acid formed one product (Figure
85b), 4-(1,1-dimethyl-2-hydroxyethyl)benzoic acid (100 %). The turnover data for

these substrates have been included in Table 16 for comparison.
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The major products of 4-ethylbenzoic acid oxidation by CYP199A4 have been pre-
viously reported by GC analysis as 4-(1-hydroxyethyl)benzoic acid and 4-vinylbenzoic
acid.?®3° The majority of the reducing equivalents of NADH were channelled into prod-
uct formation (PFR, 525 min~!, 64 % coupling of NADH). The products were confirmed
against authentic standards using HPLC (Figure 86). 4-(2-Hydroxyethyl)benzoic acid,
4-acetylbenzoic acid, and 4-(oxiran-2-yl)benzoic acid were also detected by HPLC. The
4-(1-hydroxyethyl)benzoic acid product (42 %) and 4-(2-hydroxyethyl)benzoic acid (3
%) are formed by hydroxylation. Desaturation of the «, carbons would have formed
4-vinylbenzoic acid (37 %). Further oxidation of 4-(1-hydroxyethyl)benzoic acid would
form 4-acetylbenzoic acid (1 %), while further oxidation of 4-vinylbenzoic acid would
yield 4-(oxiran-2-yl)benzoic acid (17 %). The presence of the 2-hydroxyethyl hydroxyla-
tion product indicated that initial radical abstraction was, to a limited extent, occurring

at the -carbon.
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Figure 86. HPLC analysis of 4-ethylbenzoic acid turnover by CYP199A4. Black, in vitro
turnover; red, 4-(1-hydroxyethyl)benzoic acid, RT = 6.5 min; blue, 4-(2-hydroxyethyl)benzoic
acid, RT = 6.2min; green, 4-vinylbenzoic acid, RT = 14.0min; , turnover of
4-vinylbenzoic acid showing 4-(oxiran-2-yl)benzoic acid peak at 10.2min;3? purple, 4-
acetylbenzoic acid control, RT = 9.8 min. A 20-95 % gradient of H,O:ACN was used and the
chromatogram was monitored at 254 nm. The inset shows the further oxidation products in
the in vitro turnover, highlighting the small amount of 4-acetylbenzoic acid formed.
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4-Cyclopropylbenzoic acid was oxidised by CYP199A4 at a lower product formation
rate than 4-ethyl and 4-isopropylbenzoic acids (170 min™' vs 525 min~! and 221 min—",
respectively). The coupling efficiency of the 4-cyclopropylbenzoic acid turnover was
also reduced compared to these substrates (45 % vs 64 % and 68 %, respectively).
HPLC analysis showed a single product with a
retention time characteristic of an alcohol (Fig-
ure 88, RT = 9.8 min). This was supported by
10 s a0 105 100 / GC-MS of the TMS-derivatised turnover (m/z

Ox 1 -OH 7 = 322.00 vs expected 322.14, Appendix C.3).
2 . /a NMR analysis confirmed the product was 4-

(1-hydroxycyclopropyl)benzoic acid (Figure 87).
6> on The '3C signal at 57.41 ppm (C,), no longer had

8
7 ka an associated 'H signal (Appendix C.4). The
aromatic and cyclopropyl ring S-hydrogen signals
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Figure 87. 'H NMR spectrum of 4- isation. There was no evidence of any alkene (or
(1-hydroxycyclopropyl)benzoic acid. desaturation) metabolites.
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Figure 88. HPLC analysis of 4-cyclopropylbenzoic acid turnover with CYP199A4. Black,
in vitro turnover; red, ¢n vivo turnover; blue, substrate control, RT = 15.8 min. An impu-
rity in the substrate is marked (*). A 20-95 % gradient of H,O:ACN was employed. The
chromatogram was monitored at 254 nm.
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CYP199A4 oxidised 4-n-butylbenzoic acid with a slower NADH oxidation rate
(167min~!) and product formation rate (67 min~') than the shorter linear alkyl sub-
strates, 4-ethyl- and 4-n-propyl-benzoic acids (NADH, 812min~!, PFR, 525min~';
NADH, 688min~!, PFR, 594 min~!, respectively). The coupling efficiency was 40 %
(Table 16). HPLC analysis of the in vitro turnover revealed four peaks arising from
enzymatic oxidation of the substrate (Figure 89). These were produced using an in
vivo turnover (Chapter 2.6), and three were able to be isolated and characterised
using NMR (Appendix C.4). They were (E)-4-(but-1-en-1-yl)benzoic acid (50 %), 4-
(1-hydroxybutyl)benzoic acid (46 %) and (E)-4-(3-hydroxybut-1-en-1-yl)benzoic acid
(4 %). The masses of the TMS-derivatised products observed via GC-MS supported
these product assignments (Appendix C.3).
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benzoic acid
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4.0x10° 1
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4-(3-hydroxybut-1-  benzoic acid Internal Standard

2 en-1-yl)benzoic acid
2.0x10" 1 Possible further
/\ oxidation product L
J A | !
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4-n-butyl 4-(1-hydroxybutyl) 4-(3-hydroxybut-1-  (E)-4-(but-1-en-1-yl)
benzoic acid benzoic acid en 1-y|)benzonc acid ben20|c acid
46% 4% 50%

Figure 89. HPLC analysis of 4-n-butylbenzoic acid turnover with CYP199A4. Black, in
vitro turnover; red, in vivo turnover; blue, substrate control, RT = 19.4min. There was
an unidentified product peak at 15.2min. The gradient was 20-95 % H,0:ACN, and the
chromatogram was collected at 254 nm.

The (E) stereochemistry of the alkene was assigned based on the large coupling
constant observed for the vinylic protons of 4-(3-hydroxybut-1-en-1-yl)benzoic acid
(J = 15.9Hz, Figure 90, Appendix C.4), and by comparison of the 4-(but-1-en-1-
yl)benzoic acid product to literature for alkylbenzoic acids. It was found that (E)-
alkenes displayed overlapping vinylic 'H signals while (Z)-alkene signals were clearly

separated.?!7:218
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Figure 90. A portion of the 'H NMR spectra of the 4-n-butylbenzoic acid alkene products.
Shown are (left), 4-(but-1-en-1-yl)benzoic acid and (right), 4-(3-hydroxybut-1-en-1-yl)benzoic
acid. The large coupling constant observed for the 7-hydroxylated alkene (right) indicated
an (E)-alkene geometry, which suggested the alkene product (left) was probably also an (E)-
alkene. Literature for benzoic acid (E)-alkenes shows that the vinylic protons are usually
overlapped. 217218

In contrast to the other linear alkylbenzoic acids (Cy, Cs, C7), no formation of
a [-hydroxylation product was detected. The major product was «,3-desaturation,
with the a-hydroxylation product being formed in a comparable yield. The double ox-
idation minor product, (E)-4-(3-hydroxybut-1-en-1-yl)benzoic acid, presumably arose
from hydroxylation of the alkene product at the v-carbon. The alkene product must
bind or be retained in the active site such that another oxidation cycle can occur, and
it must bind in a position which favours «-hydroxylation over epoxide formation. The
peak at 15.2min in the HPLC of both in vitro and in vivo turnovers was not able to
be isolated, and was not observed in the in vitro GC-MS chromatogram. Based on its
HPLC retention time, combined with the increase in yield during the in vivo oxidation
(Figure 89), this peak was probably a further oxidation product such as an epoxide or

ketone.
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4-Tsobutylbenzoic acid CYP199A4 turnovers displayed a higher product formation
rate than 4-n-butylbenzoic acid and a comparable coupling efficiency (146 min~!, 41
%, vs 67min~!, 40 %, Table 16). HPLC analysis of the in vitro turnovers indi-
cated three products were formed (Figure 91). These were isolated using semi-prep
HPLC and characterised using NMR to be 4-(1-hydroxy-2-methylpropyl)benzoic acid
(54 %), 4-(2-hydroxy-2-methylpropyl)benzoic acid (41 %) and 4-(2-methylprop-1-en-
1-yl)benzoic acid (5 %). The masses observed using GC-MS in a TMS-derivatised
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8.0x10°
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2 4-(2-methylprop-1-
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2.0x10% 1 prgpyl})/berzon?cl)ic ranc(ied Y 4-(1-hydroxy12-m§thyl- en-T-ypbenzole scid
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0.0 7 \_ A—— X 7N
10 11 12 13 14 15 16 17 18 19 20
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COOH COOH COOH COOH
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*
HO
4-isobutyl 4-(1-hydroxy-2- 4-(2-hydroxy-2-  4-(2-methyl-
benzoic acid methylpropyl) methylpropyl) prop-1-en-1-yl)
benzoic acid benzoic acid benzoic acid
54% 41% 5%

Figure 91. HPLC analysis of 4-isobutylbenzoic acid turnover with CYP199A4. Black, in
vitro turnover; red, in vivo turnover; blue, substrate control, RT = 19.1min. A 20-95 %
gradient of H,O:ACN was employed, and the chromatogram was monitored at 254 nm.

turnover supported these product assignments (Appendix C.3). The mass of 4-(2-
hydroxy-2-methylpropyl)benzoic acid was 251.20 (rather than the expected mass of
338.17), which suggested it was undergoing only a single derivatisation rather than the
expected double derivatisation (Appendix C.3). Presumably the reactive carboxylate
group has been derivatised while the alcohol at the sterically hindered [-carbon has
not. An additional product peak at 12.0 min, which was formed in the in vivo turnover,
was observed but was too low yielding to isolate (Figure 91). It was not observed in the
GC-MS chromatogram and was suspected to be either a further oxidation product such
as an epoxide or ketone, or a y-alcohol of the substrate or alkene. It is noteworthyl that
with this substrate there was a larger amount of S-hydroxylation product compared to

other turnovers.
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CYP199A4 oxidation of 4-cyclohexylbenzoic acid proceeded with a product forma-
tion rate of 52min~!, and the coupling was 33 % (Table 16). HPLC analysis of the in
vitro turnovers of 4-cyclohexylbenzoic acid displayed three products (Figure 92), two
of which were likely to be alcohols (RT = 14.6 min, 33 %; and RT = 13.7min, 66 %)
and a third which could be an alkene (RT = 20.2min, < 1 %).
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benzoic acid hexylbenzoic acid hexylbenzoic acid 1-ylbenzoic acid
33% 66% <1%

Figure 92. HPLC analysis of 4-cyclohexylbenzoic acid turnover with CYP199A4. Black,
in vitro turnover; blue, substrate control, RT = 21.0min. A 20-95 % gradient of H,O:ACN
was monitored at 254nm. The two additional small peaks at 12.5min and 13.3 min may be
minor products. The chair conformers show the relative stereochemistry of the cyclohexyl
ring of each product, as determined by NMR, analysis.

Using an n wvivo turnover, sufficient amounts of the two alcohols were ob-
tained for NMR characterisation, which confirmed these products were 4-(1-
hydroxycyclohexyl)benzoic acid and 4-(2-hydroxycyclohexyl)benzoic acid (Appendix
C.4). The alkene product was not formed in large enough yield to be characterised,
but was presumed to be 4-(cyclohex-1-en-1-yl)benzoic acid based on the positions of
hydroxylation and desaturation observed with the other alkylbenzoic acids. GC-MS
analysis of the TMS-derivatised turnover (Figure 93) showed a small peak at 18.6 min
with a mass corresponding to the alkene (m/z = 274.10 vs expected 274.14). The major
product masses were 364.10 (RT = 19.5min) and 364.05 (RT = 20.0 min) compared
to the expected mass of a double TMS-derivatised hydroxylation metabolite, 364.19
(Appendix C.3). Compared to the HPLC, the product peak for the 1-hydroxy product
was very small. A larger peak, which corresponded to the singly TMS-derivatised 4-(1-
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hydroxycyclohexyl)benzoic acid product, suggested that the sterically hindered alcohol

was difficult to derivatise.
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Figure 93. GC-MS analysis of in vitro 4-cyclohexylbenzoic acid turnover with CYP199A4.
Impurity peaks (present in no P450 control reactions) are marked with an asterix. The mass
spectrum of 4-(cyclohex-1-en-1-yl)benzoic acid is also shown (RT = 18.6min). The loss of 2
mass units from the substrate was indicative of an alkene product. Observed m/z = 274.10
vs expected 274.14. The remaining mass spectra are presented in Appendix C.3.

'H NMR coupling constants were used to assign the relative stereochemistry of
the benzoic acid and hydroxyl groups in the case of the 2-hydroxycyclohexyl product.
The peak at 2.42 ppm, which corresponds to the benzylic hydrogen, appears as as a
multiplet. It has two comparably large coupling constants (J = 11.1 Hz) and one smaller
(J = 2.9Hz). This implies there were two axial-axial interactions with adjacent axial
hydrogens (Figure 94, Appendix C.4). One of these axial-axial couplings is derived from
the -carbon where the OH is attached and thus the product was assigned as trans-
4-(2-hydroxycyclohexyl)benzoic acid. The benzoic acid moiety in both hydroxylation

products would be positioned equatorially and would prevent ring-flipping. 8
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Figure 94. NMR analysis of 4-(2-hydroxycyclohexyl)benzoic acid. Shown are the 'H and
'H-'H COSY (inset), highlighting the benzylic hydrogen (2.42ppm, J = 2.9, 11.1, 11.1 Hz).
The two large couplings observed suggested that there were two axial-axial interactions.

The total coupling efficiency of the CYP199A4 catalysed 4-n-heptylbenzoic acid ox-
idation was 53 %, and the product formation rate was 147 min—!. This was faster than
4-n-butylbenzoic acid (67 min~!) but slower than both 4-ethyl- and 4-n-propylbenzoic
acid (525min~! and 594 min~! respectively). HPLC analysis of the in vitro turnovers
revealed at least 5 identifiable product peaks (Figure 95). These were produced in
higher yield using an in vivo turnover, were isolated by semi-prep HPLC and char-
acterised using a combination of GC-MS (Appendix C.3) and NMR (Appendix C.4).
Two additional peaks which had the potential to be oxidation products were found

in the whole-cell turnovers (Figure 95, RT = 15.5min and 16.2min), but these were

26
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Figure 95. HPLC analysis of 4-n-heptylbenzoic acid turnover with CYP199A4. Black, in

vitro turnover; red, in vivo turnover; blue, substrate control, RT = 24.2min. A 20-95 %
gradient of H,O:ACN was employed, and the chromatogram was collected at 254 nm.
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Figure 96. Products of 4-n-heptylbenzoic acid turnover. The «,3-alkene stereochemistry
was rationalised by comparison to literature data, where the 'H signals of (E)-alkenes tended
to overlap. 217218

not able to be isolated in sufficient yield to allow their characterisation by NMR or
GC-MS. The products were identified as 4-(1-hydroxyheptyl)benzoic acid (60 %), 4-
(2-hydroxyheptyl)benzoic acid (12 %), 4-(1,2-dihydroxyheptyl)benzoic acid (12 %), 4-
(3-pentyloxiran-2-yl)benzoic acid (3 %) and (E)-4-(hept-1-en-1-yl)benzoic acid (13 %,
Appendix C.4). The primary product was hydroxylation at the a-carbon, with smaller
amounts of [-hydroxylation and «,-desaturation (Figures 96, 97, 98). The amount
of p-hydroxylation product observed (12 %) was less than that found in turnovers of
4-n-propylbenzoic acid (26 %), but more than the turnovers of 4-ethyl- (3 %) and
4-n-butylbenzoic acid (no [-hydroxylation).

The alkene stereochemistry was assigned as the (E)-isomer by comparison to liter-
ature data for alkylbenzoic acids, where the vinylic 'H signals of (E)-alkenes tended
to overlap (Figure 98). In contrast, (Z)-alkene signals were typically able to be re-
solved.21%218 Also observed in the 'H spectrum for the alkene product were signals
at 5.78 ppm, 7.39 ppm and 7.91 ppm which could be a small amount of a (Z)-alkene
(Figure 98). There were two products that would have arisen from double oxidations.
The epoxide, 4-(3-pentyloxiran-2-yl)benzoic acid, would have arisen from oxidation of
the 4-(hept-1-en-1-yl)benzoic acid product. The other double oxidation product, 4-
(1,2-dihydroxyheptyl)benzoic acid, may have formed by two successive hydroxylation
steps. Alternatively, it may have arisen from epoxidation followed by a non-enzymatic

hydrolysis, resulting in ring opening of the epoxide.
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Figure 97. A portion of the 'H NMR spectra of (left) 4-(1-hydroxyheptyl)- and (right)
4-(2-hydroxyheptyl)-benzoic acids.
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Figure 98. The aromatic and alkene region of the 'H NMR spectrum of 4-(hept-1-en-1-
yl)benzoic acid. The 2H multiplet at 6.45 ppm, which was likely to be two overlapped 1H
signals, was characteristic of an (E)-alkene. The smaller signals (5.78 ppm, 7.39 ppm and
7.91 ppm) likely corresponded to a small amount of (Z)-alkene. There was likely to be an
additional 1H (Z)-alkene signal embedded in the (E)-alkene signal at 6.46 ppm. Each peak is
labelled with its respective isomer.

In the in wvitro turnover, there was a comparable amount of the alkene and the
dihydroxy product, and a small amount of the epoxide. In the in vivo turnover, the
amount of alkene was reduced while that of the further oxidation products increased.

This suggested that these products may arise from oxidation of the alkene. There was
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also an increase in the amount of hydroxy metabolites.

In summary, each substrate was hydroxylated at either the a- or g-carbon, and
there was formation of a varying amount of an «,8-alkene product with the linear
and branched alkylbenzoic acids. There was no alkene formation with the cyclopropyl
moiety and only a very limited amount with the cyclohexyl, suggesting the desaturation

pathway was unfavourable in these cyclic systems.
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5.2.3 Crystal structures of alkylbenzoic acid-bound CYP199A4

Despite the differences in size of the para-substituents, the binding affinities of
CYP199A4 for all these substrates was high, with the exception of 4-t-butylbenzoic
acid (Table 15). The CYP199A4 catalysed oxidation of all the alkylbenzoic acids gen-
erated products which would arise from initial abstraction of the C,- or Cg-hydrogens.
The distribution of a-hydroxylation, g-hydroxylation and «,f3-desaturation products
would depend on the energetics of C—H bond abstraction and the distances of the C,,
and Cg hydrogens from the iron-oxo moiety of the reactive Cpd I intermediate. The
activities and product distributions observed with the alkylbenzoic acids suggested
that the para-alkyl group may be orientated in different positions relative to the reac-
tive intermediate in the substrate binding pocket. 4-Ethylbenzoic acid has previously
been co-crystallised with CYP199A43%131 (Figure 99). The a-carbon was found to be
held 4.7 A from the heme iron while the -carbon was held significantly closer (3.2 A).
Despite this, there was very little product arising from hydroxylation at the S-carbon
compared to the a- («, 42 %; 3, 3 %). The desaturation product (37 %) could arise

from initial hydrogen abstraction at either the a- or S-carbon.

a e

F298

V295

Figure 99. The active site of 4-ethylbenzoic acid-bound CYP199A4 (PDB: 4EGM). The
heme is grey, 4-ethylbenzoic acid is green, and the active site amino acid residue side chains
are yellow. The water molecule is a red sphere and the chloride ligand is a green sphere. The
a-carbon is 4.7 A from the heme iron, and the 3-carbon is held significantly closer at 3.2 A.

In order to rationalise the binding affinity of these alkylbenzoic acids to the enzyme,
and the selectivity of C—H bond abstraction, crystallography of the substrate-bound
CYP199A4 forms was attempted. These structures could help explain the ratio of
hydroxylation and desaturation products observed in turnovers with CYP199A4, by

providing information on the position of the substrate carbons relative to the heme
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iron. Crystals of CYP199A4 mixed with 4-isopropyl-, 4-cyclopropyl-, 4-cyclohexyl-
and 4-heptyl-benzoic acids (1 mM) were successfully obtained. These grew in 2 weeks
from a 500 pL reservoir solution containing 0.2 M magnesium acetate tetrahydrate, 23-
26 % w/v PEG-3,350 and 0.1 M Bis-Tris pH 5.25-5.75. High resolution data (Table
17, < 1.8A) was obtained at 100K on the MX1 beamline at the Australian Syn-
chrotron'"1® and deposited online in the wwPDB!"158 (Table 17). The remaining
substrate-CYP199A4 combinations did not produce crystals under these conditions (4-
n-butyl-, 4-isobutyl- and 4-¢-butyl-benzoic acids). A completed, unpublished structure
for 4-n-propylbenzoic acid bound to CYP199A4 at 1.38 A resolution was also provided

219 (

by Weihong Zhou (Nankai University) for analysis and comparison Data collection

and refinement statistics are presented in Appendix C.5).

Table 17. Structural refinement and data collection statistics for CYP199A4 wild-type
structures with alkyl chain substituents. All data were collected using 0.9537 A X-rays and
the space group for each structure was P12;1. In all cases, there was one molecule in the
asymmetric unit.

4-isopropylBA  4-cyclopropylBA  4-cyclohexylBA  4-n-heptylBA
PDB code 5KDB 5UVB 6C2D 6C3H
Unit cell (a/b/c) 44.3/51.5/79.3 44.2/51.3/78.3  44.2/51.4/79.7  44.5/51.4/78.5
(a/B/7) 90/91.9/90 90/92.1/90 90/92.0/90 90/92.7/90
Resolution range® 44.29 - 1.64 43.08 - 1.54 44.12 - 1.79 78.45 - 1.71
(1.67-1.64)  (1.56 - 1.54) (1.82 - 1.79) (1.74 - 1.71)
<I/o(I)> 10.2 (1.8) 10.7 (1.8) 11.0 (2.0) 19.7 (1.6)
Unique reflections 43487 48030 33615 38848
Completeness® 99.5 (92.3) 96.8 (45.1) 98.7 (76.8) 99.4 (94.6)
Multiplicity® 7.2 (6.8) 7.4 (6.8) 7.4 (6.9) 4.1 (3.4)
Rumerge™” (%) 11.2 (75.4) 10.9 (76.3) 13.4 (76.7) 14.2 (77.7)
Rpim®? (%) 6.8 (45.9) 6.5 (46.1) 7.9 (46.3) 8.2 (48.2)
CCy 2% (%) 99.8 (77.3) 99.8 (71.8) 99.6 (76.6) 99.3 (64.2)
Rwork 0.145 0.142 0.126 0.159
Riree? 0.186 0.179 0.173 0.203
Ramachandran plot®
Most favoured (%) 98.5 98 98.2 97.7
Allowed (%) 1.5 2 1.8 2.3

aHighest resolution shell is shown in parentheses where applicable. Pall I+ and I-. Half-correlation coefficient. 182,183

45 % of total reflections, randomly selected. €% of all amino acid residues. '8 There were no Ramachandran outliers.

In each substrate-CYP199A4 complex, the overall protein fold was very similar to
the 4-ethylbenzoic acid and 4-methoxybenzoic acid-bound CYP199A4 structures30:3!
(Appendix C.5, each case, rmsd < 0.350 A). All of the structures were monomers with

P12;1 symmetry (Table 17). In all structures, there was electron density in the active
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site that was readily modelled as the appropriate substrate molecule (Figure 100).

F182

F185

w
V295

V295

(a) 4-isopropylbenzoic acid (b) 4-n-propylbenzoic acid?!?

R92 ‘e

(¢) 4-cyclopropylbenzoic acid (d) 4-cyclohexylbenzoic acid
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(e) 4-n-heptylbenzoic acid

Figure 100. Composite omit maps of alkyl-benzoic acid-CYP199A4 complexes. The heme
is grey, the substrate is green and the active site amino acid residue side chains are yellow.
The water molecule is a red sphere and the chloride ligand is a green sphere. The electron
density of the substrate and, in (d) and (e) the movement of the F298 residue, are shown
contoured as a grey mesh (o = 1.2) using a reduced bias 2mF,-DF, composite omit map. 1>
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The carboxylate and benzene ring moieties of each substrate were found in com-
parable positions to that of 4-ethylbenzoic acid. The water molecule that hydrogen
bonds to the carboxylate moiety, as well as the chloride ligand that caps the active
site, were also found in similar locations.

In the crystal structure of 4-isopropylbenzoic acid (PDB: 5KDB), the substrate
molecule was bound in a nearly identical orientation to 4-ethylbenzoic acid (Figure
101). The 4-isopropyl para position a-carbon was held slightly further from the heme
iron than the 4-ethyl equivalent (Table 18, 4.9 A vs 4.7A). One S-carbon was held
pointing towards the heme iron but was further away than the equivalent atom of the
4-ethylbenzoic acid structure (3.7 A vs 3.2 A). The dihedral angle to the benzene ring
(Co9-Cpa-Cy-Cp, Table 18) was larger (4-isopropylBA, 72.0°; vs 4-ethylBA, 50.2°). The

other 3 carbon points away from the heme iron and is a distance of 5.0 A away.
4
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Figure 101. Comparison of the active site of the 4-isopropyl- and 4-ethyl-benzoic acid-
bound forms of CYP199A4. 4-Ethylbenzoic acid (cyan) is overlaid with 4-isopropylbenzoic
acid (yellow). The water molecule is shown as a red sphere and the chloride ligand is a green
sphere. The labels (W, Cl) point to those bound in the 4-isopropylbenzoic acid structure.
The inset shows that one methyl of the isopropyl group points towards the heme iron, while
the other points away.

Desaturation of 4-isopropylbenzoic acid by CYP199A4 involves removal of two hy-
drogens from the substrate. The crystal structure shows that one of the two methyl
groups bound significantly closer to the heme iron than the other (Figure 101). The
alkene would presumably form via removal of a hydrogen from the (-carbon that is
held 3.7 A from the heme iron.

Hydroxylation of 4-isopropylbenzoic acid results in an alcohol at the a-carbon.
There is no product observed from hydroxylation at the [-carbon despite its close
proximity to the heme iron. Based on the crystal structure, the a-hydrogen would be

directed away from the heme iron. Evidentally, abstraction of this hydrogen by Cpd I
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is feasible, and this can be rationalised by the benzylic nature of the a-hydrogen, which
means it would be energetically more favourable to abstract than the g-hydrogens. It
is important to note that the substrate may move to adopt a different orientation after

oxygen binding and activation in order to facilitate this.

In order to mimic Cpd I, an oxygen atom was modelled 1.62 A away from the heme
iron in each alkyl-benzoic acid-bound CYP199A4 structure'® (Chapter 2.10). The
carbons of the isopropyl moiety where oxidation activity was observed, C, and Cg,,

are orientated such that the Fe=0-C angle was comparable to that of 4-ethylbenzoic

Table 18. Distances and angles between structural features of alkylbenzoic acid-bound
CYP199A4s. Each substrate’s name is shortened (4-ethyl-, 4-EtBA; 4-isopropyl-, 4-iPrBA; 4-
n-propyl-, 4-n-Pr; 4-cyclopropyl-, 4-cPrBA; 4-cyclohexyl-, 4-cHxBA; 4-n-heptyl-, 4-n-HpBA).
For substrates with an R group such that two of the same carbon designation exist, these
are designated (e.g. Cg) B, and fBp. The "a" carbon in each case is the carbon closer to the
heme iron, while "b" the one further away.

Distance (A) 4-FtBA  4-iPrBA 4-n-PrBA  4-cPrBA  4-cHxBA  4-n-HpBA
Ba (Bb) Ba (Bv) (B/7)asw

Cq - Fe 4.7 4.9 5.1 4.9 5.4 4.5

Cq - O=Fe 3.5 3.4 3.7 3.4 3.9 3.1

Cg, - Fe 3.2 3.7 (5.0) 3.8 3.7(42)  40(6.1) 47

Cpy - O=Fe | 2.0 2.1 2.3 21(2.9) 25 (48) 35

C, - Fe ; : 3.9 ; 12 (6.2) 6.2

C, - O=Fe - - 2.6 - 2.8 (4.9) 4.9

Cx - F298 X=a,39 X=f,3.1 X=a,3.6 X=fy,34 X=vp, 41 X=w-1,2.9

Angle (°)

Co4-Ca-Cp 113.7 113.3 112.6 126.4 114.9 113.3
(110.0) (126.5)

Dihedral (*) | 50.2 72.0 68.4 54.8 45.3 64.0

Co9-Cpsa-Co-Cjp (52.6) (22.9)

Ca-Cs-C, - - 108.8 - 110.8 110.7

Fe=0-C, 161.6 151.9 156.2 155.5 156.1 158.7

Fe=0-Cg, 162.1 166.5 165.6 157.7 156.5 136.3
(129.0) (131.0)  (140.8)

Fe=0-C,y - - 138.8 - 137.8 139.3

(133.7)

(*) The dihedral angle, Co9-Co4-Cqo-Cg, is represented below.

R\ — OH
C,—C
R N/

CY - CB Cog O
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acid («, 151.9° and 3, 166.5°, vs a, 161.6° and 3, 162.1°; Table 18). The angle made by
the Cg, carbon was significantly smaller (129.0°). The distance from the Cpd I oxygen

to the isopropyl carbons was also similar to that of the ethyl carbons (difference ~

0.14).

Figure 102. Comparison of the active site of the 4-n-propyl- and 4-ethyl-benzoic acid-
bound forms of CYP199A4. 4-Ethylbenzoic acid (cyan) is overlaid with 4-propylbenzoic acid
(yellow). The water molecule is shown as a red sphere and the chloride ligand is a green
sphere. The labels (W, Cl) point to those of the 4-n-propylbenzoic acid crystal structure.
The inset shows the relative positions of the n-propyl group relative to the heme iron.

In the 4-n-propylbenzoic acid-bound CYP199A4 crystal structure (Figure 102), the
positions of the a- and -carbons were similar to the equivalent atoms of 4-ethylbenzoic
acid, with the ~-carbon pointing towards the V295 residue. The a-carbon was found
slightly further from the heme iron than in 4-ethylbenzoic acid (5.1A vs 4.7A), as
was the B-carbon (3.8 A vs 3.2A). The dihedral angle was higher than the equivalent
in 4-ethylbenzoic acid (68.4° vs 50.2°). The v-carbon was 3.9 A from the heme iron.
The Fe=0-Cx angles of the 4-n-propylbenzoic acid were comparable to those of 4-
ethylbenzoic acid (X = a, 156.2° (3, 165.6°, Table 18) but the angle of the y-carbon
was much lower (138.8°). The major product in the turnover of 4-n-propylbenzoic
acid was hydroxylation at the a-carbon (40 %), which can be rationalised by the ease
of abstracting a benzylic secondary C—H bond. The S-hydroxylation product was
slightly lower yielding (26 %) but was formed in greater amounts compared to 4-ethyl-
and 4-isopropyl-benzoic acid. With 4-ethylbenzoic acid, there was only a very small
amount of methyl S-hydroxylation product compared to the a-hydroxylation product
(v, 42 %; B, 3 %), and with 4-isopropylbenzoic acid, there was no [-hydroxylation.
The 4-n-propylbenzoic acid S-carbon is a methylene and C—H bond abstraction should
be more facile. The amount of «,-alkene in the 4-n-propylbenzoic acid turnover was

also comparable with 4-ethylbenzoic acid and 4-isopropylbenzoic acid (34 % vs both
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37 %). There was no product resulting from ~-hydroxylation of the primary CH; of
4-n-propylbenzoic acid. This can be rationalised by the higher bond strength of a
methyl C—H bond compared to a methylene, in combination with the lower Fe=0-C,
angle and closer position of the Csz to the O=Fe (Table 18).

In the crystal structure of CYP199A4 bound with 4-cyclopropylbenzoic acid, the
a-carbon and one of the [-carbons (designated (,) of the cyclopropyl group are in
similar positions to the equivalent carbons of 4-isopropyl- and 4-ethyl-benzoic acids
(Figure 103). The cyclopropyl moiety is held with the a-carbon 4.9A from the heme
iron (Table 18), the same distance as the a-carbon in 4-isopropylbenzoic acid. The (3,
carbon is also held at an equivalent distance to the S-carbon of 4-isopropylbenzoic acid
(3.7A). The dihedral angle the carbon makes with the benzene ring is smaller (54.8°
vs 72.0°).

The other [-carbon of 4-cyclopropylbenzoic acid, designated [y, is closer to the
heme iron than that of 4-isopropylbenzoic acid (4.2 A vs 5.0 A), due to the constrained
nature of the cyclopropyl moiety. Despite the proximity of both S-carbons to the heme
iron, there was no oxidative activity at these positions, from either hydroxylation or de-
saturation. Cyclopropyl rings have stronger C—H bonds making hydrogen abstraction
more difficult, although cyclopropyl cations are aromatic and thus are stabilised. 181220
The lack of desaturation could also be rationalised due to ring strain in the expected
alkene product. As with the 4-isopropylbenzoic acid structure, the a-hydrogen of 4-
cyclopropylbenzoic acid would be pointing away from the heme iron, but must be more
readily abstracted by Cpd I due to its benzylic nature. The angle to the modelled Cpd
I Fe=0 of the cyclopropyl moiety carbons were less than that of 4-ethylbenzoic acid («,
155.5° and ,, 157.3° vs «, 161.6° and 3, 162.1°; Table 27). The angle made by the 3,
carbon was significantly smaller (121.0°). The distance from the Cpd I oxygen to the
cyclopropyl carbons was comparable to the equivalent carbons in the 4-ethylbenzoic

acid structure (o, 3.4 A, B, 214, By, 29A, vs a, 3.5A, 3, 2.04).
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(b) Overlay with 4-isopropylbenzoic acid

Figure 103. Comparison of the active site of the 4-cyclopropyl- with the 4-ethyl- and 4-
isopropyl-benzoic acid-bound forms of CYP199A4. 4-Cyclopropylbenzoic acid (yellow) is
overlaid with (a) 4-ethylbenzoic acid (cyan) and (b) 4-isopropylbenzoic acid (magenta). The
water molecule is shown as a red sphere and the chloride ligand is a green sphere. The labels
(W, Cl) point to those bound in the 4-cyclopropylbenzoic acid structure. The insets show
the orientation of the cyclopropyl moiety relative to the heme iron.
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In the crystal structure of 4-cyclohexylbenzoic acid, the cyclohexyl group adopted
a chair conformation within the active site of CYP199A4. The benzoic acid moiety of
4-cyclohexylbenzoic acid occupied an equatorial bond (Figure 105). The a-carbon was
held 5.4 A away from the heme (compared to 4-ethyl, 4.7 A; 4-n-propyl, 5.1 A). The
3 carbon is the closest carbon to the heme iron at 4.0 A (compared to 4-ethyl, 3.2 A;
4-n-propyl, 3.8 A), and the ~ carbon was further away (4.2 A, compared to 4-n-propyl,
3.9 A). Due to the additional steric bulk of the cyclohexyl ring, the F298 residue
occupied a different conformation in the active site of CYP199A4 (Figures 100d, 105).
The closest cyclohexyl carbon to the F298 residue was 71, (4.1 A). If this distance was
measured to the location of the equivalent atom of F298 in the 4-ethylbenzoic acid
structure, it would be 1.7A which would result in a steric clash of the large F298
residue. The movement would minimise potential steric clashes with the cyclohexyl
ring. All other active site amino acid residues are otherwise found in identical positions.
Hydroxylation at both the a- and S-carbons was observed, with S-hydroxylation being
the major product (66 %). This was rationalised by the fact that the S-carbon is the
closest to the heme iron. Both the axial and equatorial hydrogens would be held close
to the heme iron, thus abstraction by Cpd I would be favoured. The axial hydrogen
would be closest (Figure 104, 3.5 A), although NMR analysis showed that there was
a trans relationship between the benzoic acid and hydroxyl groups. The cyclohexyl
ring would be conformation-locked due to the bulky benzoic acid moiety,'®' which
would place the hydroxyl group in an equatorial position (Figure 94, Appendix C.4).
Hydroxylation at the benzylic a-carbon was ob-
served in a lower yield (33 %). The a-carbon
hydrogen points axially towards the roof of the
enzyme active site, and it is further away from
the heme iron compared to the other alkylben-
zoic acids, which would make abstraction of the
hydrogen more difficult (Figure 104). Despite
the secondary y-carbon being only 0.2 A further
from the heme iron than the -carbon (4.2A),
and the equatorial hydrogen of the y-carbon be-
ing only 3.5 A from the heme (Figure 104), there

was no vy-hydroxylation observed. This is similar

Figure 104. Distances of the cyclo-
to the results for 4-n-propylbenzoic acid, where hexyl group hydrogens to the heme iron

hydroxylation was also at the secondary a- and (See Figure 105).

p- carbons and not at the primary ~-carbon. The angles made by the Cpd I Fe=0O
to the cyclohexyl carbons were lower than 4-ethyl- and 4-n-propyl-benzoic acids; for
Cq it was 156.1° (4-ethyl-, 161.6°; 4-n-propyl-, 156.2°), for Cg, 156.5° (4-ethyl-, 162.1°;
4-n-propyl-, 165.6°). For the cyclohexyl C, it was 156.5° which was higher than that of

4-n-propylbenzoic acid (138.8°). These carbons, however, were held further from the
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Figure 105. Comparison of the active site of the 4-cyclohexyl- with the 4-ethyl- and 4-n-
propyl-benzoic acid-bound forms of CYP199A4. 4-Cyclohexylbenzoic acid (yellow) is over-
laid with (a) 4-ethylbenzoic acid (cyan) and (b) 4-n-propylbenzoic acid (green). The water
molecule is shown as a red sphere and the chloride ligand is a green sphere. The labels (W,
Cl) point to those bound in the 4-cyclohexylbenzoic acid structure. The V295 residue has
been removed for clarity. The inset in (b) shows the cyclohexyl group from above, emphasis-
ing the similar positions of several of the cyclohexyl carbons when compared to the n-propyl
carbons.

Cpd I oxygen than those of 4-n-propylbenzoic acid (4-cyclohexyl-, a, 3.9 A, B, 254,
v, 2.8 A, vs 4-n-propyl-, o, 3.7TA, 5, 2.3A, ~, 2.6 A).
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In the CYP199A4 crystal structure with 4-n-heptylbenzoic acid bound, the orien-
tation of the para-heptyl group in the active site was different to those of the ethyl
or n-propyl moieties (Figure 100e). The a-carbon of 4-heptylbenzoic acid was held
closer to the heme iron than either of those from 4-ethyl- and 4-n-propyl-benzoic acids
(Figure 106, 4.5A vs 4.7A and 5.1A). The B-carbon was further away than the o
(4.7A), compared to both 4-ethyl- and 4-n-propyl-benzoic acids (4-ethyl-, 3.2 A; 4-
propyl-, 3.8 A). The longer alkyl side chain is orientated such that the « carbon is held
at a distance of 6.2 A compared to 3.9 A with 4-n-propylbenzoic acid. To accommo-
date the four remaining carbons, the F298 residue has moved into a similar orientation
to that observed in the 4-cyclohexylbenzoic acid bound structure (Figure 105). The
remainder of the heptyl group occupies the space vacated by F298 (Figure 106). In
this orientation, the w-1-carbon is 3.5 A from the closest carbon of the F298 residue.
The terminal methyl carbon of the n-heptyl group is 3.2 A from the F185 residue.

The angle formed between the C,, and the modelled Fe=0 was 158.7°, similar to that
of 4-ethylbenzoic acid (160.1°, Table 18). For the Cg, it was significantly lower (136.3°).
The four remaining carbons each formed an angle to the Fe=0O which increased down
the n-heptyl chain (9, 126.8°%; ¢, 130.5% w-1, 132.0% w, 139.5°)."" The a-carbon was
closer to the Cpd I oxygen than the 4-ethylbenzoic acid a-carbon (3.5 A vs 3.1 A), but
the 8- and all subsequent carbons were held further away (3, 3.5 A, v, 4.9A).

The activity of CYP199A4 with 4-n-heptylbenzoic acid resulted predominantly
in oxidation at the a- and f-carbons (4-(1-hydroxyheptyl)- and 4-(2-hydroxyheptyl)-
benzoic acids respectively). The major product was a-hydroxylation (60 %). There was
a smaller amount of S-hydroxylation and «,(-desaturation (both 13 %). The observed
product distribution can be rationalised by the a-carbon being closer to the heme iron
and the fg-carbon being further away than those of the 4-ethyl- and 4-n-propyl-benzoic
acid structures. Overall, the crystal structures of these alkylbenzoic acids provided a
rationale for the binding and product selectivity observed in the substrate turnovers.
They will also provide valuable data for future experimental and theoretical studies

into the mechanism and selectivity of these enzymes.

ViThe w-1 and w positions could alternatively be referred to as ¢ and 7 respectively.
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Figure 106. Comparison of the active site of the 4-n-heptyl- with the 4-ethyl- and 4-n-
propyl-benzoic acid-bound forms of CYP199A4. 4-n-Heptylbenzoic acid (yellow) is over-
laid with (a) 4-ethylbenzoic acid (cyan) and (b) 4-n-propylbenzoic acid (green). The water
molecule is shown as a red sphere and the chloride ligand is a green sphere. The labels (W,
Cl) point to those bound in the 4-n-heptylbenzoic acid structure. The V295 residue has
been removed for clarity. The inset highlights the orientation of the n-heptyl group, which is
located in the space vacated by the F298 residue.
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5.2.4 Meta-substituted 4-isopropylbenzoic acids as mechanistic probe sub-

strates

The mechanism of the P450-catalysed desaturation pathway is not fully characterised.
After the initial hydrogen abstraction step, it is unclear whether the alkene forms
formed by a second H atom abstraction or by electron transfer followed by proton re-
moval (Chapter 5.1). In Chapter 3, data was presented demonstrating that CYP199A4
substrates can accommodate additional small functional groups at the benzene ring
meta-position. To further probe the factors controlling the partition between the hy-
droxylation and desaturation products, meta-substituted para-alkylbenzoic acids con-
taining various electron-withdrawing and electron-donating groups could be employed.
The ratio of alcohol to alkene product would determine the impact of each meta func-
tional group. The electron withdrawing or donating properties of each substituent
would impact the relative stabilities of a cation or radical species at the benzylic C,
carbon. If desaturation proceeds via a cationic mechanism, an increase in alkene for-
mation would be expected for electron donating groups with a corresponding decrease
for electron withdrawing groups.

A series of 3-X-4-isopropylbenzoic acids (Figure 107, X = Cl, Br, OH, NO,, NH,,
NHAc) were synthesised by the research group of James J. De Voss, University of
Queensland (Chapter 2.1). Substrate binding assays (Chapter 2.3) were performed
and in vitro turnovers (Chapter 2.4) were analysed using GC-MS (Chapter 2.1) to

determine the hydroxylation and desaturation products.

OOH OOH OOH
Cl Br OH

3-chloro- 3-bromo- 3-hydroxy-

4-isopropylBA 4-isopropylBA 4-isopropylBA

OOH OOH OOH
o}

NO, NH, Nk

H
3-nitro- 3-amino- 3-acetamido-
4-isopropylBA 4-isopropylBA 4-isopropylBA

Figure 107: 3-X-4-isopropylbenzoic acid substrates investigated with CYP199A4.

The spin state shift of CYP199A4 was determined to be high on addition of the
majority of these substrates (3-chloro-, 3-bromo- and 3-amino-, all > 95 %; 3-hydroxy-,
70 %, 3-nitro-, 80 %). The 3-acetamido substrate gave only a 20 % spin state shift
(Figure 108 and Appendix C.1). This suggested that the 3-acetamido group could be
too large for the active site of CYP199A4 (Chapter 3.2.3), or may interact with the

heme iron (potentially in a similar manner to 4-acetamidobenzoic acid, Chapter 4.3).
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Table 19. Binding and turnover parameters determined for 3-X-4-isopropylbenzoic acid
(3-X-4-iBA) substrates investigated with CYP199A4. Shown are spin state shift and dis-
sociation constant analyses (% HS and Kg, Chapter 2.3), NADH oxidation rates (Chapter
2.4), product formation rates (PFR, Chapter 2.5) resulting coupling efficiency (%) and par-
tition of hydroxylation (OH), desaturation (D) and epoxidation (E) products. Rates are
mol (molCYP) ! min—1.

Substrate HS (%) Kqg (1M) NADH* PFR’ Coupling® OH:D:E4
4-isopropylBA | > 95 029 +£0.01 325 +£36 221 +£27 68+ 1 63:37
3-chloro- > 95 0.49 +0.04 90.1 £2.2 486 +42 53+£6 77:20:3
3-bromo- > 95 027 £0.04 951 +25 344441 38+3 89:11
3-hydroxy- 70 52 + 4 98.5+ 1.0 21.4+33 2144 77:16:7
3-nitro- 80 35 £ 2 459+6.1 624+13 14+1 94:6
3-amino- > 95 34 +2 294 + 32¢ -/ - -
3-acetamido- | 20 n.d.9 133 £ 10° -f - -

@NADH oxidation rate. °PFR: product formation rate. % of NADH consumed that led to formation of substrate
metabolite. ?Partition of turnover products - a-hydroxylation (OH):«,B8-desaturation (D):epoxide (E). *These NADH
oxidation rates were significantly higher than the other 3-X-4iBA substrates. Turnover mixtures with the P450
removed were able to oxidise NADH at a rate much higher than the usual leak rate (= 9min~!). These were:
3-amino-, 251 min—!; 3-acetamido-, 115min—!. /no detectable levels of product formation. Significant levels of H,O0,
were detected in these turnovers: 3-amino-, 37 %; 3-acetamido-, 54 %. In the turnovers with no P450, this changed to:
3-amino-, 100 %; 3-acetamido-, 41 %. 9Not able to be determined due to low absorbance change upon addition of
substrate aliquots.
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(a) 3-chloro-4-isopropylbenzoic acid (b) 3-acetamido-4-isopropylbenzoic acid

Figure 108. Spin state shifts of several 3-X-4-isopropylbenzoic acids with CYP199A4. Black
shows CYP199A4 in its resting state, red shows the maximum absorbance shift obtained upon
addition of substrate.

This was reinforced by the inability to determine a dissociation constant, due to the
low change in absorbance upon addition of this substrate to CYP199A4. The binding
affinity of CYP199A4 for the other substrates varied considerably (Figure 109 and
Appendix C.2). The chloro and bromo substrates bound with high affinity (0.49 nM
and 0.27 pM, respectively), while the hydroxy, nitro and amino substrates bound two
orders of magnitude less tightly (52 pM, 35 pM and 34 pM, respectively), inferring that

there may be clashes with active site residues or an altered binding position.

The NADH oxidation rate with each substrate was lower than that induced by 4-
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Figure 109. Dissociation constant determination of (a) 3-bromo- and (b) 3-hydroxy-4-
isopropylbenzoic acids investigated with CYP199A4. The inset image shows the UV-Vis
response to successive addition of substrate aliquots. Shown in brackets are the wavelengths
of the trough and peak, and the enzyme concentration used for dissociation constant analysis
(trough, peak, pM-P450).

isopropylbenzoic acid, which was 325min~!. GC-MS analysis of the TMS-derivatised
turnovers of each substrate with CYP199A4 showed there were products for the 3-
chloro-, 3-bromo-, 3-hydroxy- and 3-nitro-containing substrates (Appendix C.3). De-
spite displaying higher NADH oxidation activity than the other substrates, no products
were observed in the turnovers of the amino or acetamido substrates. Significant levels
of H,O, formation were detected in both of these turnovers, and when CYP199A4 was
removed the H,O, levels increased (Table 19). This suggested the substrate could be
accepting an electron from the ferredoxin and was able to reduce oxygen in the aerobic

turnover mixture, as has been described for other aromatic substrates.??!

In each case where products were observed, the para-isopropyl group was oxi-
dised. 3-X-4-(1-methyl-1-hydroxyethyl)benzoic acid was the major product (via a-
hydroxylation), as identified by masses which were larger than the substrate mass
(substrate + 16 + 72, derivatised OH, or substrate + 16, underivatised OH). The
alkene products, 3-X-4-(prop-1l-en-2-yl)benzoic acid («,(-alkene) were identified by
the substrate - 2 mass peak. In each case, the alkene was lower yielding than in
4-isopropylbenzoic acid (Figure 110, Appendix C.3). In the cases of 3-chloro- and
3-hydroxy-, there was a small amount of epoxide product from further oxidation of
the alkene, identified by a mass of substrate + 14 (3 % and 6 % of total products
respectively). The product formation rate and the coupling efficiency of CYP199A4-
catalysed oxidation for each of the 3-X-4-isopropylbenzoic acids were lower than 4-

isopropylbenzoic acid (Table 19).

The product standards of these meta-substituted benzoic acids were unavailable. In
order to estimate the product coupling and the ratio of hydroxylation to desaturation,

calibration factors were determined using a library of similar compounds. Namely, 4-
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ethyl-, 4-(1-hydroxyethyl)-, 4-vinyl-, 4-isopropyl- and the 3-X-4-isopropyl-benzoic acids
themselves. The impact of each moiety of the substrate was then assumed to be linear
in determining the calibration slopes of the products (Chapter 2.5, Table 2). An
epoxide standard was unable to be obtained, so the relevant substrate was used to
estimate the amount of epoxide in turnovers where it was observed. In the cases of
3-hydroxy- and 3-nitro-4-isopropylbenzoic acids, the alkene product coeluted with the
substrate (Figure 110b, Appendix C.3), and as such the integration of the alkene peak
was likely to be less accurate. Additionally, in each GC-MS chromatogram, there were
peaks corresponding to partially underivatised hydroxy products, as well as incomplete
derivatisation of the meta-hydroxy, amino and acetamido groups. This suggested that
these meta-substituted substrates were difficult to derivatise for GC-MS analysis. The
hydroxylated isopropyl moiety must be difficult for the derivatisation agent to access

in these substrates, complicating the analysis.
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Figure 110. GC-MS analyses of TMS-derivatised in vitro 3-bromo- and 3-hydroxy-4-
isopropylbenzoic acid turnovers with CYP199A4. In (b), an impurity peak (present in sub-
strate controls) is marked with an asterix. Mass spectra of the products are presented in
Appendix C.3.
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Both the chloro and bromo ligands would be expected to withdraw electron den-
sity by induction, and would be resonance donating. 3-Chloro-4-isopropylbenzoic acid
displayed the highest product formation rate and coupling of the substrates tested
(48.6min~t, 53 %), and the distribution of products was 77 % hydroxylation, 20 %
desaturation and 3 % epoxidation (Table 19, compared to 63 % and 37 % for 4-
isopropylbenzoic acid, with no epoxide product). 3-Bromo-4-isopropylbenzoic acid
generated a large excess of hydroxylation product (89 % OH, 11 % alkene) but the
product formation rate and coupling efficiency were lower than the 3-chloro substrate
(34min~1, 38 %). A hydroxy substituent would be strongly electron donating by res-
onance to the isopropyl group, but withdrawing by induction effects. The 3-hydroxy-
4-isopropylbenzoic acid substrate with CYP199A4 also generated an excess of hydrox-
ylation product over the desaturation product (77 % OH, 16 % alkene, 7 % epoxide).
However there was a minimal level of product generated, and the coupling efficiency of
the reaction was low (21.4min~!, 21 %). A nitro substituent would be strongly electron
withdrawing. Turnovers of 3-nitro-4-isopropylbenzoic acid showed a greater proportion
of hydroxy product (94 % OH, 6 % alkene) relative to the 3-chloro-, 3-bromo- and 3-
hydroxy- substrates as well as 4-isopropylbenzoic acid itself. This is in line with the
electron withdrawing properties of the nitro group. The coupling efficiency was low,
resulting in a very slow rate of product formation (6.2min~!, 14 %).

These results provided evidence that the meta-substitutions were detrimental to
enzyme activity. The same P450 oxidations as 4-isopropylbenzoic acid were observed
(hydroxylation and desaturation), along with an epoxide product with the 3-chloro- and
3-hydroxy-4-isopropylbenzoic acids. The product formation rate was, in some cases,
an order of magnitude lower than 4-isopropylbenzoic acid, and correspondingly the
coupling efficiency was reduced in all cases. There was no observable trend between
the desaturation-hydroxylation partition and the electronic properties of the meta-

substituent.

At this stage, it cannot be ruled out that the incorporation of a meta functional
group is changing the binding orientation of the isopropyl moiety relative to the heme
group in CYP199A4. A small change in the relative position of the isopropyl group
would affect the partition between hydroxylation and desaturation, masking the elec-
tronic effects of the substituents. X-ray crystal structures of CYP199A4 with these
substrates would provide important information on how any changes in the distance
and orientation of the isopropyl group to the heme iron would effect the partition. It
may be that the meta-substituted isopropylbenzoic acid substrates bind to the active
site of CYP199A4 in a similar orientation to 3,4-dimethoxybenzoic acid, which is itself
superimposible with 4-methoxybenzoic acid (Figure 111). The meta-methoxy group
points towards the F182 residue, which has moved to reduce any steric clashes. Addi-
tionally, 3,4-dimethoxybenzoic acid induced a lower spin state shift and bound more
weakly than 4-methoxybenzoic acid (70 % vs > 95 %; 30 pM vs 0.28 uM, Chapter 3).
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Figure 111. Comparison of the crystal structures of 3,4-dimethoxybenzoic acid-bound
CYP199A4 (yellow, PDB: 4EGN) with 4-methoxybenzoic acid (cyan, PDB: 4DO1).

Another approach to investigating the hydroxylation/desaturation partition of 4-
isopropylbenzoic acid is required. For example, isotopic substitution at the isopropyl

group could be employed (Discussion Chapter 5.3).
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5.2.5 Investigation of the carbonyl-containing substrates, 4-propionyl- and

4-(2-oxopropyl)-benzoic acids

COOH COOH P450 enzymes are known to be capable of catalysing
carbon-carbon bond cleavage reactions.?” This activity can
occur at a carbon adjacent to a carbonyl, 199222 between the

0 carbons of an a,3-hydroxycarbonyl, !*® or between an o, (3-
diol 311 (Chapter 1.4.4). The oxidation of 4-propionyl-
4-propionyl  4-(2-oxopropyl) and 4-(2-oxopropyl)-benzoic acids by CYP199A4 could

benzoicacid  benzoic acid
enzolc adt enzolc adt generate hydroxycarbonyl products. These could be used

0]

Figure 112. Carbonyl-
containing benzoic acids in-
vestigated with CYP199A4. reactions (Figure 112).

as substrates to investigate carbon-carbon bond cleavage

Table 20. Binding and turnover parameters determined for carbonyl substrates investigated
with CYP199A4. Shown are spin state shift and dissociation constant analyses (% HS and Kgy,
Chapter 2.3), NADH oxidation rates (Chapter 2.4), product formation rates (PFR, Chapter
2.5) and resulting coupling efficiency (%). Rates are mol (molCYP)~! min~!.

Substrate HS (%) Kq (M) NADH* PFR® Coupling®
4-n-propylBA 28 > 95 0.04 £0.02 688+24 5944+72 86+8
4-propionylBA Type IT (420nm) 9.1 + 0.4 282 +23 29+ 7 20 + 2
4-(2-oxopropyl)BA | 50 80 £ 3 151 +3 123+ 10 83+ 3

@NADH oxidation rate. °PFR: product formation rate. °% of NADH consumed that led to formation of substrate
metabolite. “The dissociation constant was determined using the trough at 414 nm and peak at 430 nm. An
absorbance maximum at 379 nm was also observed but was not used (Figure 113a).

4-Propionylbenzoic acid induced a type II spin state shift in CYP199A4 to 420 nm,
indicating that the carbonyl oxygen may be interacting with the heme iron (Ta-
ble 20, Figure 113). A type I, 50 % shift to was observed upon addition of 4-(2-
oxopropyl)benzoic acid. The binding affinity of these substrates differed by an order
of magnitude (Figure 113); 4-propionylbenzoic acid bound tightly (9.1 pM) while 4-(2-
oxopropyl)benzoic acid bound much less tightly (80 pM). Both substrates bound with
significantly lower affinity than 4-n-propylbenzoic acid (> 95 %, 0.04 uM).

The rate of NADH oxidation by CYP199A4 with these substrates was lower than 4-
n-propylbenzoic acid. The NADH oxidation rate observed with 4-propionylbenzoic acid

1 and 4-(2-oxopropyl)benzoic acid was slower than 4-propionylbenzoic

was 282 min~
acid at 151 min~!. With both substrates, HPLC analysis of the in wvitro turnovers
showed a single oxidation product (Figure 114). In vivo cultures were grown (Chap-
ter 2.6) and the products were purified using semi-prep HPLC (Chapter 2.1). NMR

characterisation was then used to identify the oxidation product of each.
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Figure 113. Spin state shift and dissociation constant determination of 4-propionyl and
4-(2-oxopropyl)benzoic acids investigated with CYP199A4. Left column: spin state shift
analysis; black shows CYP199A4 in its resting state, red shows the maximum absorbance shift
obtained upon addition of substrate. Right column: dissociation constant determination; the
inset image shows the UV-Vis response to successive addition of substrate aliquots. Shown
in brackets are the wavelengths of the trough and peak, and the enzyme concentration used
for dissociation constant analysis (trough, peak, pM-P450).

The product of the 4-propionylbenzoic acid turnover was identified as 4-(2-
hydroxypropanoyl)benzoic acid (Figures 114a; 115, left; Appendix C.4). The product
formation rate was slow compared to 4-n-propylbenzoic acid (29 min~! vs 594 min—?,
Table 20) and the resultant coupling efficiency was low (20 %). This would be ex-
pected if the substrate a-carbonyl group reduced the oxidation activity of CYP199A4
by inteferring with dioxygen binding through its interaction with the heme iron. It is
significant that a product was generated in the turnover, given that type II binding
typically results in P450 catalytic cycle inhibition. 202223

The in wvitro reaction of 4-(2-oxopropyl)benzoic acid generated a single product
arising from hydroxylation at the substrate a-carbon, which was identified using NMR
as 4-(1-hydroxy-2-oxopropyl)benzoic acid (Figures 114b; 115, right; Appendix C.4).
The product formation rate (123 min~!) was higher than that of 4-propionylbenzoic
acid but lower than CYP199A4 oxidation of 4-n-propylbenzoic acid. The coupling
efficiency of NADH towards product formation was high (83 %).
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Figure 114. HPLC analysis of in vitro CYP199A4 turnovers of (a) 4-propionyl- and (b)
4-(2-oxopropyl)-benzoic acids. In both, black, in vitro turnover; green, 4-formylbenzoic acid
control, RT = 17.9min; pink, terephthalic acid control, RT = 15.6 min. The gradient used
was 0-50 % H,0:ACN. The chromatograms were collected at 254 nm.

In (a): blue, substrate control, RT = 18
acid control, RT = 14.9 min.
In (b): blue, substrate control, RT = 22.0
acid control, RT = 15.8 min.

.1 min; red, isolated 4-(2-hydroxypropanoyl)benzoic

min; red, isolated 4-(1-hydroxy-2-oxopropyl)benzoic

Below is shown the reaction scheme of each.
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Figure 115. A portion of the 'H NMR spectra of (left) 4-(2-hydroxypropanoyl)- and (right)
4-(1-hydroxy-2-oxopropyl)-benzoic acids. The two hydroxycarbonyls can be clearly distin-
guished by their splitting patterns.

The expected products of carbon-carbon bond cleavage, 4-formylbenzoic acid and
terephthalic acid, could arise from further oxidation of the generated hydroxy products
(Figure 116). 4-Formylbenzoic acid and terephthalic acid were not detected in the in

vitro or in vivo turnovers of either of the carbonyl substrates (Figure 114).
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Figure 116. Proposed mechanism for possible carbon-carbon bond cleavage of CYP199A4
substrates.3?115:224 Top shows the formation of terephthalic acid that would result from C-C
cleavage of 4-(2-hydroxypropanoyl)benzoic acid while the bottom shows the formation of 4-
formylbenzoic acid from oxidation of 4-(1-hydroxy-2-oxopropyl)benzoic acid. The mechanism
proceeds via attack of the carbonyl by the nucleophilic ferric peroxy species, followed by
homolytic O-O bond breaking to yield an oxygen radical species. This species undergoes C-C
bond cleavage and generates the terephthalic acid and acetaldehyde.
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The hydroxylation products could be generated in larger amounts and used as
substrates to further investigate carbon-carbon bond cleavage reactions.

In both turnovers, the hydroxylation products would be chiral, and these may form
with a preference towards one enantiomer. Further analysis would be required to
establish the enantioselectivity of these reactions, and different enantiomers may be
able to undergo C-C bond cleavage with P450 enzymes. There was no hydroxylation

at the primary ~-carbons, similar to the turnovers of 4-n-propylbenzoic acid.
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5.3 Discussion

Benzoic acid substrates with para-alkyl moieties that were longer or more highly sub-
stituted than 4-ethylbenzoic acid were able to be accommodated in the active site of
CYP199A4. The chain length did not adversely affect the substrate binding affinity,
however the degree of substitution had an effect, as seen with 4-t-butylbenzoic acid,
which bound ~ 100-fold less tightly than the other substrates.

The GC-MS or HPLC analysis of all of the CYP199A4-substrate turnovers showed
formation of at least one hydroxylation product at the a- or S-carbon. The amount
of f-hydroxylation product generated from primary methyl groups was low when a
suitable benzylic C—H bond was available. Desaturation of the a- and S-carbons
to form an «,(-alkene was observed in the turnovers of all substrates, except for 4-

cyclopropylbenzoic acid and 4-t-butylbenzoic acid (Table 21).

Table 21. Product distribution of the alkylbenzoic acids. Each product is shown as a % of
the total. If there was only a single product, this was considered 100 %. In brackets, the %
is shown when further oxidation products, which arise from this product, are included. A
dash (-) means there was no formation of this product, and fields marked "N/A" mean that
formation of a particular product was not possible.

Substrate a-OH  B-OH «,(B-alkene ~-OH
4-ethylBA 42 (43) 3 37 (54) N/A
4-isopropylBA 63 - 37 N/A
4-n-propylBA 40 26 34 -
4-t-butylBA N/A 100 N/A N/A
4-cyclopropylBA | 100 - - N/A
4-n-butylBA 46 - 50 4
4-isobutylBA 54 41 5 -
4-cyclohexylBA 33 66 <1 -
4-n-heptylBA (*) | 60 12 13 (16) -

(*) The «,B-diol product could potentially have arisen from further oxidation of any of the a-OH, 8-OH or «,(-alkene
products. The «,B-epoxide was presumed to have arisen from the «,3-alkene.

The strength of C—H bonds is known to decrease with the degree of substitution
(Table 22), and the reactivity of a C—H bond adjacent to a benzene ring (benzylic)
is also lower than that of an aliphatic C—H (methyl C—H, 439kJ mol~!; secondary
C—H, 404kJ mol™!; benzylic C—H, 377kJmol1).53?% This provided a rationale for
the preference towards oxidation at the benzylic a-carbon with most of the alkylbenzoic
acids. This is despite the closer proximity of the [-carbon to the heme iron in the
majority of the crystal structures (4-n-heptylbenzoic acid was the exception; the a-
carbon was closest). The higher degree of substitution could contribute to the increased

levels of -hydroxylation with 4-isobutylbenzoic acid (Table 21).
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Table 22. Experimentally derived C-H bond dissociation energies (BDE) of alkanes and
cycloalkanes. The bond-breaking energies were all determined experimentally in the gas
phase at 298 K.53:22

C—H bond type BDE (kJmol ™)
Primary 53 (H;C—H) 439
Secondary®® (H;C—CH,—H) 423
Tertiary >3 ((CH;);C—H) 404
Benzylic®® (Ph—CH,—H) 377
Allylic (H,C=CH-CH,—H) 372
Cyclopropane??® (C—H) 456
Cyclohexane?? (C—H) 418

Hydroxylation at a y-carbon was observed in the turnover of 4-n-butylbenzoic acid
but only as a further oxidation product of the alkene metabolite. Many of the hy-
droxylation products formed by CYP199A4 were chiral, however the enantioselectivity
of each needs to be determined. The stereoselectivity of the CYP199A4 catalysed
turnover of 4-ethylbenzoic acid was determined (as discussed in Chapter 4.2.3) which
revealed that the 4-(1-hydroxyethyl)benzoic acid (S)-enantiomer was formed in excess:
S, 87 %; R, 13 % (Appendix B.3). The determination of the enantioselectivity of the
other hydroxy metabolites would be of significant interest, especially if these could be
related to the position of the substrate in the crystal structure.

In the turnovers of 4-isopropylbenzoic acid by CYP199A4, the oxidation occurred
predominantly at the benzylic a-carbon. Despite the close proximity of one of the
isopropyl moiety [-carbons to the heme iron in the crystal structure (3.7 A), there
was no (-hydroxylation product. There was also no evidence of S-hydroxylation with
4-n-butylbenzoic acid. With these substrates it is possible that the initial hydrogen
abstraction, and thus alkene formation, may arise from the a-carbon. Alternatively, /-
abstraction may occur, and the rate of radical rebound is slow in comparison to either
a second hydrogen abstraction or loss of an electron, accounting for the lack of (-
hydroxylation product (Figure 81). In the CYP199A4 turnovers of 4-isobutylbenzoic
acid, there was a greater amount of [-hydroxylation product compared to the less
substituted substrates (Table 21). However, there was still a larger amount of hydrox-
ylation at the a-carbon compared to the S-carbon («, 54 %; 3, 41 %). The lower levels
of alkene formation with 4-isobutylbenzoic acid (5 %) suggests that radical rebound
in this substrate is faster than the loss of an electron or second hydrogen abstraction.
Despite this, the low coupling efficiency suggested that 4-isobutylbenzoic acid binds
in an orientation that is not ideal for C—H bond abstraction. The crystal structures
of CYP199A4 with 4-n-butylbenzoic acid, 4-isobutylbenzoic acid and their products
would provide additional insight into the factors controlling these reactions. It may also

provide a rationale for the seemingly sluggish rate of radical rebound in the turnovers
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of 4-n-butylbenzoic acid, which leads to increased alkene formation.

Cycloalkyl functional groups were able to be oxidised by CYP199A4. In the
turnovers of 4-cyclopropylbenzoic acid, there was no evidence of any [-hydroxylation
or desaturation activities. The major product of 4-cyclohexylbenzoic acid oxidation
was secondary [-hydroxylation rather than the benzylic a-carbon. This was the only
substrate where there was a greater amount of S-hydroxylation than a-hydroxylation.
There was also only a minimal amount of «,f-alkene product. P450 desaturation

226 suggesting their

metabolites of cyclohexane rings have been reported previously,
formation is not disfavoured by the strain imposed of forming a double bond.

Cyclohexane C—H bonds are comparable in bond energy to secondary C—H bonds
(418 kJ mol™! vs 423 kJmol~!, Table 22), and in the crystal structure the S-carbon is
significantly closer to the heme iron than the a-carbon (4.0A vs 5.4 A), rationalising
the observed product distribution. Cyclopropane C—H bonds are stronger than methyl
C—H bonds, suggesting they would be harder for Cpd I to abstract (456 kJmol™! vs
439kJ mol~!, Table 22).%32% The dissociation energy for a benzylic C—H bond is
377kJmol™t, and this would presumably be higher for a benzylic cyclopropyl C—H
bond. The lowered bond strength at this position relative to the cyclopropyl Cg bonds
must contribute to formation of the a-hydroxylated cyclopropyl as the sole turnover
product.

A small amount of an «,B-epoxide and an «,3-diol were formed in the 4-n-
heptylbenzoic acid turnovers by CYP199A4 (Table 21). As with other turnovers of
similar substrates the epoxide would result from alkene epoxidation. The diol may
have arisen from further oxidation of either the a- or S-hydroxylated products, or al-
ternatively by hydrolysis of the epoxide. In the in vivo turnover of 4-n-heptylbenzoic
acid, there appears to be a reduced amount of the alkene product with a corresponding
increase in the «,3-epoxide and an «,3-diol products.

The only instance of oxidation of a ¥ C—H bond in the substrate turnovers was the
further oxidation of the «,-alkene product of 4-n-butylbenzoic acid, which generated
(E)-4-(3-hydroxybut-1-en-1-yl)benzoic acid. The «,f-alkene may tightly bind to the
active site of CYP199A4 in an orientation where the -carbon is close to the heme
iron, favouring hydroxylation over double bond epoxidation. Allylic C—H bonds have
lower bond dissociation energy than secondary C—H bonds, which may account for the
formation of this unusual product (allylic, 372kJmol™!; vs secondary, 423 kJmol™!;
Table 22). The alkene metabolites of 4-n-butyl- and 4-n-heptyl-benzoic acids could
be good substrates for CYP199A4. Turnover experiments employing these alkenes as
substrates would enable this sequence of steps to be elucidated.

In the crystal structures of 4-cyclohexyl and 4-n-heptylbenzoic acids, the orien-
tation of the F298 residue was comparable to that observed in the structure of 4-
ethylthiobenzoic acid (Chapter 4). The F298 residue seems to possess more confor-

mational flexibility than the other nearby phenylalanine residues, and thus larger sub-
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strates can be accommodated in the active site. Other benzoic acid substrates, such as
those possessing para-phenyl moieties, could be trialled as substrates for CYP199A4.
The results of the meta-substituted 4-isopropylbenzoic acids indicated that the ster-
ics of the meta moiety may impact the binding and turnover efficiency of CYP199A4.
This could affect the position of the isopropyl group and distort the hydroxyla-
tion/desaturation partition. Therefore, the electronic effects of the substituent are
negated. An alternate approach is required in order to investigate the factors control-
ling the partition between hydroxylation and desaturation. A series of enantiomeric
4-isopropylbenzoic acid analogues, containing mono- or tri-deuterated methyl groups,
have been synthesised by the research group of James J. De Voss, University of Queens-
land (Figure 117). Investigation of the desaturation products in the CYP199A4-
catalysed turnovers of these substrates, and the resulting kinetic isotope effect (KIE),
should reveal whether hydrogen abstraction is stereospecific from one methyl group,
and thus if this process is enzyme mediated. The results would also determine if the

initial hydrogen abstraction is from the a- or S-carbon.

COOH COCOH

GOOH E ECHZD E "CH,D

mono-deuterated

COOH COOH

CHs i ;
CDs “'CDg

tri-deuterated

Figure 117. Mono- and tri-deuterated isopropylbenzoic acids developed as probe substrates.

Both 4-propionyl- and 4-(2-oxopropyl)-benzoic acids were regioselectively hy-
droxylated by CYP199A4, with the a-hydroxylation of 4-(2-oxopropyl)benzoic acid
proceeding with higher coupling efficiency than the [-hydroxylation activity of 4-
propionylbenzoic acid. Of note is that in the turnovers of 4-propionyl- or 4-(2-
oxopropyl)benzoic acids there was no evidence of any further oxidation reactions, aris-
ing from carbon-carbon bond cleavage. It is possible that these hydroxycarbonyl prod-
ucts may be poor substrates for CYP199A4, or that the binding orientation of these
compounds in the active site may prevent carbon-carbon bond cleavage. The study
of these hydroxycarbonyl compounds as substrates for CYP199A4 turnovers and crys-
tallography could establish the potential of this enzyme for catalysing carbon-carbon
bond breaking reactions. An example of another system where carbon-carbon bond
cleavage might be anticipated is the oxidation of fatty acids by P450gy3. These reac-
tions typically yield hydroxylated metabolites as well as a-hydroxycarbonyl metabo-
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lites, however, no products could be detected which resulted from carbon-carbon bond
cleavage of the hydroxycarbonyl moiety.??" 2 The P450 enzymes which have evolved
to catalyse these reactions, such as P450g;,; (CYP107H1),1314 may have very specific
requirements which are not replicated in the CYP199A4 or P450g)3 systems with their
substrates. For example, P450g;,r requires an acyl carrier protein-bound substrate. 23!

Overall, the results demonstrated that CYP199A4 can oxidise a wide range of
alkyl substituents. Both the degree of substitution and the proximity of the carbon
to the heme iron play a role in controlling the partition between the hydroxylation
and desaturation products. The degree of desaturation could possibly be controlled
by employing highly substituted substrates. CYP199A4 preferentially oxidises the
benzylic a-carbon, however there exist conditions under which the S-carbon can be
favoured. The hydroxylation of «-carbons may require careful substrate selection, such
as alkenes. Alternatively, mutagenesis of CYP199A4 active site residues, such as F298,
could be employed to modify the substrate selectivity and product distribution of the

enzyme.
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Chapter 6  Investigation of molecular oxygen
activation in CYP199A4

6.1 Introduction

The mechanism of oxygen activation in P450 enzymes implicates a proton relay system
(Chapter 1.3). The peroxo-anion (Figure 1, Species V) accepts a proton to form the hy-
droperoxy intermediate (Cpd 0, Species VI), which upon a second protonation, triggers
heterolytic O—O cleavage to form the iron(IV)-oxo species (Cpd I, Species VII). Upon
formation, Cpd I reacts rapidly with the substrate to generate hydroxylated product

via a radical rebound mechanism?3%-3%5456 (Figure 118).

o _OH _'j/_R
R—H O H R—H O H* O
_%em_ N P
S l H20 l
\Y, Cpd 0, VI Cpd |, VII
i
H-0) H—(+)—R H,0 OH,
_FeIV_ —_— _Felll_ %' _Felll_
l l R—OH l
Cpd i

Figure 118. Generation of Cpd I and oxidation of substrate (R—H) via radical rebound.
The protonation steps are highlighted in red.

The protonation steps are controlled by a highly conserved pair of residues found
in the I-helix, most commonly an acid residue (aspartate or glutamate) and an alco-
hol residue (threonine or serine). In P450..m,, the best studied system, these residues
are Asp251 and Thr252.3% The roles of both residues have been investigated by mu-
tagenesis to elucidate the mechanism of oxygen activation in P450s. Wild-type (WT)
P450cam displays a fast turnover rate (> 1000 min~!) with nearly 100 % coupling effi-
ciency for the conversion of camphor to 5-ezo-hydroxycamphor. The Thr252 — Ala252
mutant (T252A) displayed 95 % uncoupling to H,O, although the NADH oxidation
rate remained comparable to that of the WT P450.,y,.4"*? Other mutants investigated
include Thr252MeO-Thr,* Thr252-Asn and Thr252-Ser333? which all displayed cam-
phor hydroxylation activity albeit at a reduced level compared to the WT enzyme.
It was proposed that Thr252 stabilises the hydroperoxy intermediate (Cpd 0) via a

hydrogen bond with the heme-bound oxygen species. 454748
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The Asp251 — Asn (D251N) mutant of P450.,, displayed turnover activity that
was two orders of magnitude lower than the WT, but the coupling efficiency of the
product formation remained high?® (Chapter 1.3). The proposed role of Asp251 in
P450cam is proton delivery to the heme-bound dioxygen, facilitating protonation of the
peroxy intermediate, and subsequently the hydroperoxy intermediate®® (Figure 118,
Species V and VI). The equivalent mutation in other P450s has been shown to have a
similar effect on catalytic activity.?3?

The structural studies of P450.., have provided a wealth of structural informa-
tion on the P450 catalytic cycle. P450..,, has been shown to exhibit gating which is
controlled by substrate binding,2%3232 as has CYP199A4, although other mechanisms

d.2%* Furthermore, P450 enzymes have been identified in which the

have been propose
transfer of protons does not strictly require the acid-alcohol pair, emphasising the dif-
ferences between individual systems. For example, P450..,+ does not contain the con-
served alcohol residue; it is replaced by an alanine (A245). It was proposed that the
substrate hydroxyl group performs the same role as the threonine residue in P450.ap,,
permitting transfer of protons to a catalytic water molecule in the active site, and thus

233-235 Further evidence for the importance of the alcohol

enabling substrate oxidation.
residue in P450s was provided by mutation of the P450q,,r A245 residue: the A245S2%
and A245T 7 mutants enabled P450., ¢ to hydroxylate substrates without a hydroxyl
group.

Like P450c.m, CYP199A4 contains a pair of acid-alcohol residues, Asp251 and
Thr252. As such these residues are expected to play an important role in the ac-
tivation of molecular oxygen by this enzyme. CYP199A4 supports an extensive
range of mono-oxygenase reactions on benzoic acid substrates with regioselectivity
for the para-substituent. Examples include the demethylation of 4-methoxy- and 4-
methylaminobenzoic acids, sulfoxidation of 4-methylthiobenzoic acid, and the hydrox-
ylation and desaturation of 4-ethyl- and 4-isopropylbenzoic acids (Chapters 3, 4 and 5).
While Cpd 1 is accepted to be the reactive species in the majority of P450 oxidations,
there is the potential that other oxidants, such as the nucleophilic Cpd 0, play a role
in certain reactions including sulfoxidation (Chapter 1.4.1).3969.71,76

Due to its substrate specificity, CYP199A4 provides a ideal platform to investigate
different P450 mono-oxygenase activities while making minimal changes to the size
and shape of the substrate. Dealkylation of alkoxy groups is believed to proceed via
hydrogen abstraction (HAT) by Cpd I from the carbon adjacent to the oxygen (Chap-
ters 1.4.2, 3.1). Nitrogen dealkylation can occur via HAT or can have an alternative
first step of single electron transfer (SET) from the nitrogen (Chapter 4.1). Sulfoxi-
dation has been hypothesised to proceed by several mechanisms. The first proceeds
by direct two-electron transfer of the Cpd I oxygen to the sulfur atom. Alternatively,
the sulfoxide product can form by single electron transfer from the sulfur, yielding a

sulfur radical cation, followed by transfer of the ferryl oxygen to the substrate.® It
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has been shown computationally that the Fe(III)-H,O, intermediate should be able to

facilitate sulfoxidation.?38

It has also been hypothesised that the ferric hydroperoxy

species (Cpd 0) plays a role in sulfoxidation reactions.” For the alkylbenzoic acids,

the partition between hydroxylation and desaturation is thought to be controlled after

the initial hydrogen abstraction, by the relative rates of radical rebound versus loss of

an electron to form a carbocation or a second H abstraction (Chapter 5).

The activity of each of the substrates de-
scribed above with WT-CYP199A4 are well char-
acterised (Figure 119). FEach of these will be
investigated using T252A (Thr252 — Ala252)
and D25IN (Asp251 — Asn251) mutants of
CYP199A4. This will allow the effect of mu-
tating the acid-alcohol pair to be determined for
the binding, turnover efficiency, and product dis-
tribution of each substrate (Figure 119). The
crystal structures of these mutant CYP199A4 iso-
forms will also be explored in order to determine
the role of each of these residues in comparison
to other P450 systems.

SN

4-methoxyBA 4-methylaminoBA  4-methylthioBA

COOH COOH

4-ethylBA 4-isopropylBA

Figure 119. Substrates investigated
with T252A and D251N mutants of
CYP199A4.
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6.2 Results

6.2.1 Substrate binding of the T252A and D251N mutants

The T252A and D251N mutants of CYP199A4 were expressed in F. coli and puri-
fied using the same methodology as the WT enzyme (Chapter 2.2). There was no
discernable difference in the yield of each mutant P450. The ferrous CO spectum for
each CYP199A4 mutant was recorded»!36 (Chapter 2.2.1), and the near complete shift
from resting state Fe(Ill) (=~ 419nm) to the CO-bound Fe(Il) (~ 450 nm) indicated
that each P450 was a viable mono-oxygenase (Figure 120).
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Figure 120. Carbon monoxide binding assays of CYP199A4 mutants. Black shows resting
state, Fe(III) CYP199A4, blue shows the reduced Fe(II) form after reduction by sodium
dithionite, and red shows the characteristic Soret shift upon binding of CO. The wavelength
maximum of each state are in brackets (ferric, ferrous, ferrous-CO). For the WT enzyme,
these maxima were: 418, 414, 450 nm.

The spin state shift induced by the selected substrates with each CYP199A4
mutant was analysed, followed by determination of the binding affinity (Chapter
2.3). In most cases, the spin-state shifts of the substrate bound T252A and D251N
CYP199A4 variants were comparable to that observed with the WT CYP199A4 (Ta-
ble 23). 4-Methoxybenzoic acid induced a > 95 % spin-state shift with wild-type
(WT) CYP199A4 as well as the T252A and D251IN mutants, as did the 4-ethyl and
4-isopropylbenzoic acid substrates. With 4-methoxy and 4-ethylbenzoic acids, the sub-
strate binding was tighter with both mutants compared to the WT (Table 23). In
contrast, the binding affinity of 4-isopropylbenzoic acid was marginally lower with the
two mutated variants than with the WT CYP199A4.

The spin state shift of the T252A mutant with 4-methylaminobenzoic acid
was higher than the WT enzyme (90 % vs 70 % respectively), but that of the
D251IN mutant was only 55 %. However, with both mutants the binding affin-
ity for 4-methylaminobenzoic acid was higher than with the WT (Table 23). 4-
Methylthiobenzoic acid shifted 70 % of the heme iron to high spin with the T252A

isoform, the same as the WT enzyme. In contrast, the D25IN mutant induced a
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Table 23. Spin state shift and dissociation constant analyses (% HS and Kq4, Chapter 2.3) for
several benzoic acid (BA) substrates with mutants of CYP199A4 (Wild-Type, WT; T252A,
Thr252 — Ala252; D251N, Asp251 — Asn251).

Substrate HS (%) Kgq (1M)
4-methoxyBA WT > 95 0.28 £+ 0.01
4-methoxyBA T252A > 95 0.22 £ 0.02
4-methoxyBA D251N > 95 0.17 £ 0.01
4-methylaminoBA WT 70 1.6 &= 0.07
4-methylaminoBA T252A | 90 0.83 £+ 0.08
4-methylaminoBA D251N | 55 0.73 £ 0.05
4-methylthioBA WT 70 2.3+0.3
4-methylthioBA T252A 70 1.4+ 0.1
4-methylthioBA D251N 20 0.83 £ 0.08
4-ethylBA WT > 95 0.34 £ 0.02
4-ethylBA T252A > 95 0.15 + 0.01
4-ethylBA D251N > 95 0.08 £ 0.03
4-isopropylBA WT > 95 0.29 4+ 0.01
4-isopropylBA T252A > 95 0.33 £ 0.07
4-isopropylBA D251N > 95 0.37 £ 0.09

significantly smaller shift (20 % vs WT, 70 %). In line with the majority of the
other substrates, the binding affinity for 4-methylthiobenzoic acid was highest with
the D251N mutant followed by the T252A mutant, which were both higher than the
WT CYP199A4 (Table 23).

Overall, the spin state shifts of the T252A mutant of CYP199A4 were similar to
the wild-type, which suggested that mutation of the conserved threonine does not
greatly perturb the substrate binding environment of CYP199A4. The D251N mutant
displayed reduced spin state shifts with 4-methylamino and 4-methylthiobenzoic acids.
The binding affinity of each substrate was similar across the three CYP199A4 isoforms,
although with most substrates the tightest binding was observed with the D251N mu-
tant. With 4-isopropylbenzoic acid, the WT displayed slightly tighter binding than the
D251IN mutant. This suggested that mutation of the conserved aspartate has subtly
changed the active site environment of CYP199A4, and this may alter the substrate

binding or the spin state preference of the system.
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Figure 121. Spin state shifts of 4-methylamino- and 4-methylthiobenzoic acids with mutant
isoforms of CYP199A4. Black shows CYP199A4 in its resting state and red shows the

maximum absorbance shift obtained upon addition of substrate.
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Figure 122. Dissociation constant determination of various substrates with the CYP199A4
mutants. The inset image shows the UV-Vis response to successive addition of substrate
aliquots. Shown in brackets are the wavelengths of the trough and peak, and the enzyme
concentration used for dissociation constant analysis (trough, peak, pM-P450).
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6.2.2 Turnover activity of T252A-CYP199A4

In vitro turnovers of each substrate with the T252A and D251N mutant P450s were then
performed (Chapter 2.4). The NADH oxidation activity of T252A-CYP199A4 with the
majority of substrates was lower than that of the WT enzyme (Table 24). The exception
was 4-isopropylbenzoic acid, where the NADH oxidation rate of T252A-CYP199A4
(605mol (molCYP) ™! min~!, henceforth abbreviated to min™') was nearly double that
of the WT enzyme (325 min~!, Figure 123a). The most significant reduction in rate was
with 4-methylaminobenzoic acid which decreased by a factor of three (WT, 923 min—;
T252A, 273min~!). This was in spite of the spin state shift of this mutant being
higher than that of the WT enzyme. In the case of 4-methoxybenzoic acid, the NADH
oxidation rate of the T252A mutant was 62 % of the rate observed with the WT (Figure
123b), while it was 95 % for 4-ethyl- and 74 % for 4-methylthiobenzoic acid (Table
24). These results contrasted with the T252A-P450c,,, mutant, where no reduction in

NADH consumption compared to the WT was reported. 4142
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Figure 123. NADH oxidation assays with (a) 4-methoxy- and (b) 4-isopropyl-benzoic acid,
employing mutant CYP199A4s. In each is shown: black, wild-type; blue, T252A; red,
D251N.

Turnovers of each substrate with T252A-CYP199A4 showed formation of the same
products as with the WT enzyme, however the turnovers were less efficiently coupled,
resulting in lower levels of product formation (Table 24). The most dramatic decrease in
the coupling efficiency with the T252A mutant was observed with 4-methylthiobenzoic
acid, which dropped to 42 % from 83 % with the WT enzyme. The largest de-
crease in product formation rate was 4-methylaminobenzoic acid, which dropped from
669 min~! to 99 min~! with the T252A mutant. 4-Isopropylbenzoic acid resulted in
the smallest reduction in the T252A mutant coupling efficiency (58 % vs WT, 68 %).
As a result of the increased NADH oxidation activity, the product formation rate
of 4-isopropylbenzoic acid increased over the WT enzyme (T252A, 361 min—!; WT,
221 min~!, Table 24). With all other substrates, the product formation rate decreased

due to lower coupling efficiency and NADH oxidation activity.
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Table 24. Kinetic and turnover parameters determined for benzoic acid (BA) substrates
with CYP199A4 (Wild-Type, WT; T252A, Thr252 — Ala252; D251N, Asp251 — Asn251).
Shown are NADH oxidation rates (Chapter 2.4), product formation rates (PFR, Chapter 2.5),
resulting coupling efficiency (%) and amount of hydrogen peroxide uncoupling (%, Chapter
2.7). Rates are given as mol (molCYP)~! min—1.

Substrate NADH® PFR? Coupling® H,0,?

4-methoxyBA WT 1340 £ 28 1220 + 120 91 £ 2 1.7+ 0.2
4-methoxyBA T252A 833 + 8 472 £56 55+ 5 42 £ 3

4-methoxyBA D251N 73+08 40+10 5943 2.9 £0.1
4-methylaminoBA WT 923 £200 669 £15 64 42 2.6 + 0.4
4-methylaminoBA T252A | 278 £ 12 99 + 7 35+ 4 12 £ 0.2
4-methylaminoBA D251N | 32 + 3 73+15 2243 0.5+ 0.1
4-methylthioBA WT 1430 £ 178 1180 + 133 83 + 3 1.6 & 0.4

4-methylthioBA T252A 1060 £ 18 433 + 29 42 £ 2 381
4-methylthioBA D251N 103 £ 0.3 3.5 £0.1 34 £ 2 1.4 £0.1

4-ethylBA WT 812 £ 7 515 £ 32 64 £ 4 20+ 0.1
4-ethylBA T252A 774 £+ 12 352 £+ 52 46 £ 7 38 +£1

4-ethylBA D251N 14+ 4 3.4£0.7 24 £1 0.4 £0.1
4-isopropylBA WT 325 £ 36 221 £ 27 68 £ 1 1.5 £ 0.2
4-isopropylBA T252A 605 £+ 20 361 £+ 37 58 £ 5 21 £0.5
4-isopropylBA D251N 20 £1 10,0 £ 1.0 34 +4 0.7 £ 0.1

aRate of turnover of NADH during the reaction. ?Product formation rate. <% of NADH consumed that led to

formation of substrate metabolite. ?% of NADH consumed that led to formation of H,0, via the peroxide uncoupling

pathway.
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Figure 124. HPLC analysis of 4-methoxybenzoic acid turnover with mutants of CYP199A4.
Black, wild-type; blue, T252A; red, D251N. The gradient was 20-95 % H,0:ACN. The
chromatogram was monitored at 254 nm.
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The turnovers with the T252A mutant showed elevated levels of H,0, formation,
which accounted for the majority of uncoupled NADH equivalents (Table 24, Chapter
2.7). In the cases of 4-methoxy- and 4-methylthiobenzoic acids, the remaining NADH
equivalents were almost all channelled into H,O, generation (42 % and 38 % respec-
tively). For the remaining substrates, H,O, was observed but in insufficient quantities
to account for all the NADH consumed (NADH unaccounted for: methylamino, 53 %;
ethyl, 16 %; isopropyl, 21 %).V" In these cases, it is likely that the oxidase pathway is
involved (Figure 1). These results contrast with that of T252A-P450.,,, where there
was > 95 % uncoupling due to H,O, for camphor hydroxylation. The increased levels
of product formation in these T252A-CYP199A4 turnovers relative to T252A-P450..m
suggests the effect of the Thr — Ala mutation is different in CYP199A4 and P450.a,.
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Figure 125. HPLC analysis of 4-methylaminobenzoic acid turnover with mutants of
CYP199A4. Black, wild-type; blue, T252A; red, D251N. The gradient was 0-50 % of
H,0:ACN and the chromatogram wavelength was 254 nm.
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Figure 126. HPLC analysis of 4-methylthiobenzoic acid turnover with mutants of
CYP199A4. Black, wild-type; blue, T252A; red, D251N. The chromatogram is offset along
the x and y axes for additional clarity. Several substrate impurities that appeared in the
turnovers are denoted (*). The gradient was 20-95 % H,O:ACN, monitored at 254 nm.

Vii[n the wild-type enzyme, the % of NADH equivalents unaccounted for: methoxy, 7 %; methy-
lamino, 33 %; methylthio, 15 %; ethyl, 34 %; isopropyl, 30 %.
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There was no change in the products observed with 4-methoxy-, 4-methylamino-
and 4-methylthio-benzoic acids with the T252A-CYP199A4 mutant. In the turnovers
of 4-ethylbenzoic acid, the product distribution showed a reduced proportion of the de-
saturation metabolite, 4-vinylbenzoic acid, and its further oxidation product 4-(oxiran-
2-yl)benzoic acid. There was a compensating increase in the levels of the further
oxidation metabolite, 4-acetylbenzoic acid (Table 24, Figure 127). The turnovers of
4-isopropylbenzoic acid with T252A generated a higher yield of the hydroxylation prod-
uct, 4-(1-methyl-1-hydroxyethyl)benzoic acid compared to the desaturation product,
4-(prop-1-en-2-yl)benzoic acid (T252A, 75:25 %; WT, 63:37 %; Table 25, Figure 128).

Table 25. Product distributions for 4-ethyl- and 4-isopropylbenzoic acids with CYP199A4
isoforms.

Substrate C,—OH C3—-OH C,=Csg C,=0 epoxide

4-ethylBA WT 42+1 3+£01 3703 1+£01 17+£1.3
4-ethylBA T252A 37+01 704 26+£16 2534 6=+09

4-ethylBA D251N 48+ 05 3£03 38+01 5£01 504

4-isopropylBA WT 63 + 1 37T+ 1

4-isopropylBA T252A | 75 4+ 0.2 25 £ 0.2

4-isopropylBA D251N | 77 £ 5 23+£5

6.2.3 Turnover activity of D251N-CYP199A4

The NADH oxidation activity of the D251N mutant with each substrate was several
orders of magnitude slower than the WT enzyme. 4-Methoxy-, 4-methylthio- and 4-
ethyl-benzoic acids consumed NADH at a rate comparable to the passive NADH leak
rate (% 9min~!, Table 24). 4-Methylamino- and 4-isopropyl-benzoic acids displayed
slightly higher rates (32min~! and 29 min~!), although both of these were more than
an order of magnitude slower than the WT.

The overall coupling efficiency of NADH oxidation towards product formation was
reduced with every substrate, the most significant being 4-methylaminobenzoic acid
(D251N, 22 % vs WT, 64 %). 4-Methoxybenzoic acid displayed the highest coupling
efficiency of the substrates investigated although it was still lower than the WT (D251N,
59 % vs WT, 91 %).
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The same products were observed for the D251N variant with each substrate al-
though the 4-ethyl- and 4-isopropyl-benzoic acid metabolites were formed in slightly
different ratios (Table 25). In the case of 4-ethylbenzoic acid, there was a decrease in
the amount of epoxide product relative to the WT turnovers (D25IN, 5 % vs WT, 17
%), with a slight increase in the yield of 4-(1-hydroxyethyl)benzoic acid (D251N, 48 %
vs WT, 42 %) and 4-acetylbenzoic acid (D251N, 5 % vs WT, 1 %). The turnovers of
D251N with 4-isopropylbenzoic acid also displayed a small change in the partition of
the hydroxylation and desaturation metabolites: 4-(1-methyl-1-hydroxyethyl)benzoic
acid was 77 % of total product (compared to WT, 63 %), and 4-(prop-1-en-2-yl)benzoic
acid was 23 % of total product (WT, 37 %; Table 25).
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Figure 127. HPLC analysis of 4-ethylbenzoic acid turnover with mutants of CYP199A4.
Black, wild-type; blue, T252A; red, D251N; green, turnover of 4-vinylbenzoic acid showing
epoxide product peak at 10.2 min;3? , 4-acetylbenzoic acid control. The inset shows
the relative amounts of 4-vinylbenzoic acid formed in each CYP199A4 turnover. Control
chromatograms of the hydroxy products can be found in Figure 86 (Chapter 5.2.2). A 20-95
% gradient of H,O:ACN was used and the chromatogram was monitored at 254 nm.
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Figure 128. HPLC analysis of 4-isopropylbenzoic acid turnover with mutants of CYP199A4.
Black, wild-type; blue, T252A; red, D251N. An x-axis break has been applied and the
chromatogram has been offset along the x- and y-axes for clarity. A 20-95 % gradient of
H,0:ACN was used, and the chromatogram was monitored at 254 nm.
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The formation of HyO, in the turnovers of each substrate with the D251N variant
was low and comparable to the amounts observed with the WT enzyme (< 3 % of
total NADH equiv., Table 24). This indicated that other uncoupling pathways were
consuming the remaining NADH. One possibility is air oxidation of the ferredoxin. Due
to the drastically reduced rate of turnover with the D251N variant, air oxidation can
compete with the catalytic cycling of the enzyme. The results for D251N-CYP199A4
were comparable to D251N-P450.,,, where product was still formed but there was a
significant decrease in NADH and product formation activity. #1495 It is important to
note that the high coupling efficiency reported in the D251N-P450.,,, system was de-
termined at pH 5.9, as the low NADH oxidation and product formation rates were even
slower when the turnovers were performed at pH 7.0.%* Additionally, the rates reported
were corrected for background NADH oxidation, which was similar in magnitude to
the NADH oxidation rate by the enzyme itself.

The results suggest that mutation of the threonine has less of an effect on product
formation in CYP199A4 than in P450.,,,, where camphor hydroxylation is effectively
abolished. The most notable change with D25IN-CYP199A4 was the considerably
lower oxidation of NADH when compared with wild-type CYP199A4 (Table 24). This
implicates a role in proton delivery for the aspartate residue in CYP199A4 in agreement

with the results from the P450..,, system.



6.2 Results 161

(c) D25IN
Figure 129. Turnover parameters for CYP199A4 mutants. Shown are (a) gre n, wild-
type; (b) blu T252A nd (c) red, D251N The total b ( olid + t ripes) represents the
NADH xidation rate (mol (mo lCYP) min~!, which has b shortened to min ), while
the p ed por f the bar p the p oduct formation rate (same units). The H O2
((7) l shown for h All are shown th ame y-scale f compar
The n (c) sh cale d y-axis highli gh ing the d ama reductlon in act1v1ty.
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6.2.4 Crystal structures of the T252A and D251N mutants

In light of the different behaviour of T252A-CYP199A4 compared to the equivalent
variant of P450..m, both the D251N and T252A mutants of CYP199A4 were investi-
gated in more detail using X-ray crystallography. Both isoforms of CYP199A4 were co-
crystallised with 4-methoxybenzoic acid and structures were obtained (Chapter 2.10).
Crystals were obtained in 2 weeks from a 500 pL reservoir solution containing 0.2 M
magnesium acetate tetrahydrate, 20-23 % w/v PEG-3,350 and 0.1 M Bis-Tris pH 5.25.
High resolution data (T252A, 1.42A; D251N, 1.59 A) were obtained at 100K on the

147,148

MX1 beamline at the Australian Synchrotron and deposited online in the ww-

PDB7158 (Table 26).
The crystals of the T252A and D251N mutants of CYP199A4 both had P12;1 cell

symmetry and contained a single molecule in the asymmetric unit, similar to the WT

Table 26. Structural refinement and data collection statistics for CYP199A4 mutants
(T252A, D251N) with 4-methoxybenzoic acid. Wild-type (WT) CYP199A4 (PDB: 4DO1) is

shown for comparison. 13!

WT 31t T252A D251N
PDB code 4DO1 5KDZ 5KDY
X-ray wavelength (A) | 0.9796 0.9537 0.9537
Unit cell (a/b/c) 107.0/143.5/172.8 41.3/51.3/79.5 44.7/51.4/78.3
(a/B/7) 90/90/90 90/91.9/90 90/93.1/90
Space group P2,2,2; P12;1 P12;1
Molecules per unit cell | 4 1 1
Resolution range® 50 - 2.0 25.31 — 1.42 39.08 — 1.59

(2.03 — 2.00) (145 - 1.42)  (1.62 - 1.59)
<I/o(I)>" 28.5 (5.2) 13.0 (4.0) 12.6 (4.0)
Unique reflections 179187 62253 47965
Completeness® 100.0 (100.0) 95.9 (79.9) 97.8 (83.2)
Multiplicity® 7.1 (6.1) 4.9 (4.1) 4.8 (3.9)
Rmergea’b (%) 9.8 (31.9) 6.3 (23.8) 6.6 (25.0)
Rpim®? (%) N/A¢ 3.2 (12.7) 3.3 (13.7)
C01/2a7d (%) N/A¢ 99.8 (91.6) 99.7 (89.6)
Riwork 0.154 0.135 0.185
Riree® 0.189 0.178 0.248
Ramachandran plot/
Most favoured 98.5 97.5 97.4
Allowed 1.5 2.5 2.6

aHighest resolution shell is shown in parentheses where applicable. Pall I+ and I-. “Not reported in previous work.

dHalf-correlation coefficient. 182,183 €5 9% of total reflections, randomly selected. f% of all amino acid residues. 184

There were no Ramachandran outliers.
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CYP199A4s presented in previous chapters (Chapter 3.2.4 and others). The overall
topology of each CYP199A4 mutant was similar to that of the 4-methoxybenzoic acid-
bound wild-type structure (PDB: 4DO1).!3! The solvent content of each crystal was
comparable (T252A, 34.98 %; D251N, 39.07 %). The positions of the peptide backbone
of all residues were functionally superimposable to the WT (D251N: rmsd = 0.542 A;
T252A: rmsd = 0.527 A, both aligned over 392 of 393 residues; Appendix D.3). This
indicated that the mutations were not disruptive to the fold of the enzyme. In the active
site of each mutant CYP199A4, there was positive electron density corresponding to
the 4-methoxybenzoic acid substrate. In the T252A structure, the electron density map
confirmed the presence of the alanine residue at the 252 position (Figure 130). The
electron density of the 251 residue could plausibly be either an aspartate or asparagine,
however the altered position of this residue compared to the WT and T252A variants
suggested that it was likely to be the mutated asparagine.

(a) T252A (b) D251N

Figure 130. Composite omit maps of 4-methoxybenzoic acid-bound forms of the mutant
CYP199A4 enzymes. The electron density of the substrate and the mutated residue are
shown contoured as a grey mesh at the 1 o level using a reduced bias 2mF,-DF, composite
omit map. %4

The positions of the 4-methoxybenzoic acid in the mutant CYP199A4 structures
were comparable to that of the wild-type (Figures 131 and 132). In each structure the
chloride anion that caps the active site from solvent access was also found in an nearly
identical position, as was the water molecule that is part of the substrate carboxylate

hydrogen bonding network. 3!

In order to make observations on the likely orientation
of the substrate relative to the active oxidant, a Cpd I oxygen was modelled at 1.62 A
from the heme iron in the structures of both CYP199A4 mutants'®® (Chapter 2.10). It
was found that the angle of the methoxy group Cy to Fe=0O was comparable to that
of the wild-type (Table 27). There was a small change in the distance from the Cpd I

oxygen to the methoxy group Cyge or O in either of the mutant CYP199A4s (< 0.2 A).
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Cl

Figure 131. Overlay of the active site and oxygen binding groove of 4-methoxybenzoic
acid bound T252A-CYP199A4 with WT CYP199A4. Wild-type CYP199A4 with 4-
methoxybenzoic acid (cyan) is overlaid with T252A-CYP199A4 (yellow). The water molecules
are shown as spheres in the same colour of their respective structures. The chloride anion is
a green sphere.

In the T252A-CYP199A4 crystal structure, the oxygen binding groove from A248
to T252 was slightly narrower than in the wild-type due to a movement of the A248
backbone (Table 28). This was determined by taking measurements between: the
G249 N atom to the 252 N atom; the A248 carbonyl to the 252 N atom; and the
A248 carbonyl to the 252 side-chain S-carbon (Table 28). Another structural change
was the breakage of the A248-T252 hydrogen bond, which allows a water molecule to
bind in the space generated by the absence of the threonine hydroxyl group (Figure
131, W176). This water forms hydrogen bonds to the carbonyls of both A248 (2.6 A)
and A249 (3.0A), and was 3.4 A from the A252 C, and 3.3 A from the side chain Cg
(Table 27). The water was 6.6 A from the heme iron and 7.8 A from the methyl group
of 4-methoxybenzoic acid.

In WT-P450cam, there is a single water molecule bound in the O, binding groove
(A248 to T252). In the T252A-P450c., structure, there are two water molecules in
the groove. The additional water also replaces the threonine hydroxy group but is in a
different position compared to that in CYP199A4. It is 5.9 A from the heme iron and
4.1 A from the closest methyl of camphor (Figure 4a,b). There are other structural
changes as a result of this mutation, and the O, binding groove of T252A-P450.,,, has
widened compared to the WT*7 (Discussion Chapter 6.3).
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Table 27. Distances of key structural features of 4-methoxybenzoic acid-bound mutant
CYP199A4s. The 4-methoxybenzoic acid methoxy group atoms are referred to as Cyge and
Ope. A ferryl Cpd T oxygen was modelled 1.62 A from the heme iron (denoted O=Fe).

Distance (A) WT  T252A D251IN
Che - Fe 41 4.0 4.0
Che - O=Fe 2.7 25 2.6
One - Fe 52 5.1 5.2
Onte - O=Fe 36 34 3.6
A248 - T252 (H-bond) 2.6 - 2.5
New H,O - A248 (H-bond) | - 2.6 -
New H,O - Fe - 6.6 -
New H,0O - O=Fe - 6.2 -
Angle (°)

Fe=0-Cyje 140.7 140.3  143.4
Fe=0-Ope 158.3 161.1  161.1

Table 28. Analysis of the O, binding groove in CYP199A4. Shown is a generalised schematic
of the loop region from 248 to 252. 1, 2 and 3 denote the key measurements from one side
of the loop to the other (Red denotes atom labels and distances). The label next to each
residue indicates the one-letter code and residue number.

COOH  p/N251
L1250

G249

Cﬁ T/A252
. , -

ZT

S
Measurement | WT  Thr — Ala (*) Asp — Asn
N--1--N | 5.8 5.5 (-0.3) 5.7
O--2--N | 42 3.6 (-0.6) 43
0--3--Cs| 35 3.5 (0) 3.6

(*) The difference between the WT and Thr — Ala mutant is shown in brackets. Distances are A. In the case of Asp
— Asn, the difference was always < 0.1 A.
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