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ABSTRACT
The biohydroxylation potential of the mutant enzyme, cytochrome P-450cam Y96A
monooxygenase (Y96A), has been investigated with a series of substrates which
differ structurally from that of the natural substrate, D-(+)-camphor. Design of
substrates essentially consisted of coupling an aromatic side-chain with an alicyclic
moiety via an ester, ether or amide link. Assays have been performed with Y96A in
order to obtain data on key factors of the biohydroxylation reaction such as substrate
binding and turnover to give hydroxylated products. Y96A research has been
complemented by a thorough investigation of the biohydroxylation capability of
bacterium, Rhodococcus rhodochrous NCIMB 9703. Compounds found to be
inactive with Y96A were reacted with this whole cell system, and positive results
have been achieved in all cases.
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Chapter One.
INTRODUCTION

1.1 CLASSES OF BIOTRANSFORMATION REACTIONS

The vast array of reactions which constitute the field of biocatalysis has much to
contribute to organic synthesis. Oxidation, reduction, hydrolysis, condensation,
carbon-carbon bond forming and isomerisation reactions are all catalysed by a wide
number of micro-organisms." 2 The first three of these processes listed have been
'3

most often utilised in preparative applications in the pharmaceutical industry.' Table
1.1 categorises the classes of enzymes known,' together with their catalytic function.

Reaction

Enzyme Class
OXIDOREDUCTASES

Oxidation-reduction of C-C, C=C bonds; oxygenation of C-H
bonds; overall removal or addition of hydrogen atom
equivalents.

TRANSFERASES

Transfer of aldehydic, ketonic, acyl, sugar, phosphoryl, and
methyl groups

HYDROLASES

Hydrolysis-formation of esters, amides, lactones, lactams,
epoxides, nitriles

LYASES

Addition-elimination of small molecules on C=C, C=N, C=O
bonds

ISOMERASES

Isomerisations eg racemisation, epimerisation

LIGASES

Formation-cleavage of C-O, C-S, C-N, C-C bonds with
concommitant triphosphate cleavage

Table 1.1

1.1.1 Advantages of Biocatalysts

A reaction carried out within the microbial environment has several distinct
advantages over its chemical counterpart. Firstly, the majority of enzyme-catalysed
reactions can be performed at a temperature of around 30°C, under neutral pH
conditions.' Also, the rate by which an enzyme accelerates a given reaction (usually
by a factor of 10810i0) matches, and in most cases, supersedes that of a chemically
catalysed process.' ,'

1

In terms of asymmetric chemical synthesis, biocatalytic reactions are of particular
interest as they are chemoselective, regioselective and stereoselective in nature. Such
control arises from the interactions between the substrate and the enzyme active site
which restrict substrate movement. Consequently, the reactive species is only able to
access the most proximal carbon centres to it, and the closest carbon centre is
normally the one which consistently undergoes reaction. Thus, regioselectivity and
enantioselectivity are introduced. A high degree of enantioselectivity can be expected
from biocatalytic reactions, in general, as the enzyme catalysts, being constructed of
L-amino acids, are themselves chiral.'

In contrast, current chemical strategies for asymmetric synthesis rely on the use of
chiral auxiliaries7a and catalysts' which can introduce complexity and expense to a
reaction. Another strategy, utilising available, optically pure natural products' such as
carbohydrates, amino acids, terpenes and steroids - commonly termed the chiral pool
- as starting materials can greatly restrict synthetic methodologies.

Chemo selectivity is pre-determined in a biocatalytic reaction since the action of an
enzyme is naturally designed to target a particular functional group of a substrate,
leaving other more reactive groups intact. A chemical reaction, on the other hand, is
largely influenced by the order of reactivity of the functional groups present in the
reactant. A significant advantage of using enzyme catalysis therefore is that less
reactive groups can be selectively targeted in the presence of more activated
functionalities.

Considering these points, the potential value of biocatalysis to chemical synthesis can
be fully appreciated. Design of chemical processes and reagents is still largely based
upon activation by a functional group, and as such, performing a reaction at a nonactivated carbon centre, particularly with regio and stereoselective control, remains a
difficult challenge.

2

However, some drawbacks also exist at present when microbial reactions are applied
to chemical synthesis.' One of the main concerns is that the media which enzymes
function best in is water. Obvious problems arise from this, for example, when
substrates are very hydrophobic. Although much research is being conducted towards
utilising enzymes in organic solvents,' it appears that similar results to those obtained
in aqueous media will not be achieved for some time.' °

It is also worth considering that what is an advantage on the one hand, may be
disadvantageous in another context. For example, because enzymes are chiral
catalysts, there is no readily accessible, enzymatic route to the enantiomer which is
not produced in the biocatalytic reaction.' Furthermore, the limited reaction

parameters within which a biocatalytic process operates greatly restricts any options
for optimisation - temperatures above 40°C normally lead to deactivation of
enzymes, as do changes in pH varying beyond the region of pH 58.8

1.2 APPLICATIONS OF MICROBIAL HYDROXYLATION

1.2.1 Biohvdroxvlation of Steroids

A classic application of biocatalysis, where chemical methods have so far failed to
provide a viable route, has been in the synthesis of steroids.' In the adrenal cells,
steroid hormones are biosynthesised from cholesterol, via successive hydroxylation
steps catalysed by P-450 enzymes." Figure 1.1 illustrates one biosynthetic pathway
for corticosterone and aldosterone.' 2

Up until the mid-1950s, attempts were made to achieve this process chemically,
beginning with the oxidative degradation of the cholesterol alkyl side-chain.
However, the reaction was so low-yielding that it was largely abandoned upon the
discovery of a more efficient, alternative route starting with the naturally occurring

3

material, diosgenin. 2 " 3 Progesterone could be produced in four simple, chemical steps
from diosgenin (Figure 1.2).

H3 C

H3 C —-

H3C

H3C

CH3
side-chain hydroxylations and
cleavage(microsomal) (P450)

HO&

HO
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0

CH
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0

HO

____
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Figure 1.1 : A pathway for conversion of cholesterol to steroid hormones

However, by the late 1950s, particularly after the reaction mechanism had been
elucidated,' 4 the use of microbial systems to perform selective hydroxylations on the
cholesterol skeleton as a route to steroids, became widespread.' It is now thought to

4

be possible to hydroxylate every carbon centre in the steroid nucleus, simply by
selecting the correct micro-organism for biocatalysis.' 5

4 steps

~

HO"'(

0
Diosgenin

e
a

H

Progesterone

Figure 1.2

1.2.2 Biohydroxylation of Terpenes

Another important application of microbial hydroxylation has been in the synthesis
of hydroxylated terpenes.' 6 In the pharmaceutical industry, these compounds are
highly valued as optically active starting materials. They are also sought after in the
flavour and perfume industries where many active components, such as the ones in
cedarwood and patchouli oil," are terpene derivatives.

• Attempts to produce these compounds chemically have met with similar problems
encountered in steroid synthesis, in that the key reaction consists of hydroxylation at
an unactivated carbon centre. However, microbial hydroxylations using preparations
of Pithomyces chartarum and Pithomyces niger' 7 were able to tranform pre-cursor,

patchoulol, into 1,10-patchoulidiol in 50-60% yield. Upon elimination of methanol,
1,1 0-patchoulidiol yielded nor-patchoulenol, the constituent of patchouli thought to
be responsible for its olfactory properties (Figure 1.3).

5
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Figure 1.3

Microbial hydroxylation of 1 ,4-cineole, a widely distributed, natural monoterpene,
has also been successfully performed.' 8 Using Bacillus cereus and Streptomyces
griseus as biocatalysts,' 9 2-exo-hydroxy- 1,4-cineole was obtained, which is a synthon
for the herbicide, cinmethylin (Figure 1.4).

HO
B. cereus
or S. griseus

I .4-cineole

IR

2-exo-hydroxy-1,4-cineole

Cinmethylin

Figure 1.4

1.2.3 Biohydroxylation of Non-steroidal or Terpenoid Compounds by
Rhodococcus Microorganisms

Actinomycetes are a group of prokaryotic microorganisms that are widely distributed
in soil and aquatic environments. 20 '2 ' Rhodococcus organisms, which belong to the
actinomycetes family, are known to catalyse a variety of biotransformations, ranging
from steroid modification, to the transformation of nitriles to amides and acids. 22
Their substrates include short-chain, long-chain, and halogenated hydrocarbons, and
numerous aromatic compounds such as halogenated and other substituted aromatics,
heteroaromatics and poly-aromatic structures. 22 Many of their oxidative processes are
thought to be catalysed by P-450 enzymes.

6

For example, Rhodococcus sp.

is known to oxidise camphor to 6-endo-

hydroxycamphor, in a reaction which is thought to be P-450 dependent (Figure 1.5).
Comparisons can be made between this enzyme system and the much studied P450cam monooxygenase which catalyses the hydroxylation of camphor to the 5-exohydroxy product (Section 1.4).

Rhodococcus sp.
or S. griseus

O
OH

Figure 1.5

6-endo-Hydroxylation of camphor is also catalysed by the actinomycete,
Streptomyces griseus (Figure 1.5). The P-450 enzyme responsible for camphor
hydroxylation in S. griseus was isolated and named as cytochrome P-450soy, since it
is induced upon growing S. griseus in soybean flour-enriched medium .21 P-450soy is
a soluble protein which has a very broad substrate specificity. In this respect, it
differs from other prokaryotic P-450 enzymes and resembles more, its mammalian
counterparts.

Substrates of P-450soy include compounds such as aniline, biphenyl and
cyclohexane (Figure 1.6). The reactions catalysed by P-450soy include aromatic and
alicyclic hydroxylations, oxidation, dealkylation, epoxidation, and N-acetylation. 24
The P-450soy hydroxylation of aniline, biphenyl, camphor and cyclohexane are
shown in Figure 1.6.

7
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1.2.3.1 Rlwdococcus rhodochrous NUMB 9703

In nature, the bacterium, Rhodococcus rhodochrous NCIMB 9703 (also known as
ATTC 19067), is found to transform n-octane to 1-octanol. 25 Investigation of this noctane hydroxylation 16 identified the hydroxylating system as being two inducible,
protein fractions, one containing a cytochrome P-450 (referred to as P-450oct) and
the other, a soluble flavoprotein. NADH and oxygen were also required for catalytic
activity. Although the cell free extract of this P450 enzyme was purified by
chromatographic methods, the particulate nature of the enzyme did not allow it to be
fully isolated. However, evidence of its role in mediating n-octane hydroxylation was
obtained through a number of experiments with the cell free extract.

27

8

Firstly, growing the whole cell organism on acetate instead of n-octane resulted in a
lower concentration of P-450 protein, as detected by electronic spectroscopy of the
cell free extract. This implied that production of the P-450 enzyme was being
induced by n-octane. Secondly, hydroxylation was not observed in the presence of
carbon monoxide. Since carbon monoxide is a well-known irreversible inhibitor 28

' 29

of P-450, the cessation of hydroxylating activity could be correlated to inhibition of
the P-450 enzyme.

Similarities between this reaction and the one catalysed by n-octane w-hydroxylase
in P. oleovorans (Section 1.3.1) were noted. However, researchers discounted the
possibility of this co-hydroxylase being responsible" for n-octane degradation in R.
rhodochrous NCIMB 9703, as this enzyme would not be sensitive to carbon
monoxide.

Although other Rhodococcus organisms grown on n-octane have been used to carry
out biohydroxylations, 3° the NCIMB 9703 strain has not been investigated since
these findings in 1969 and 1970 by Cardini and Jurtshuk, to our knowledge.

1.2.4 Biohydroxylation of Non-Steroidal or Terpenoid Compounds by Beauveria
bassiana

In contrast, microbial hydroxylation with the fungus, Beauveria bassiana (formerly
designated as Beauveria sulfurescens, and Sporotrichum sulfurescens) has been
intensively studied over the past three decades. Although P-450 enzymes are also
thought to be responsible for these processes, isolation of such an enzyme has proved
difficult to achieve from a fungal source.' 5

B. bassiana has been found to transform a diverse range of substrates such as
alcohols, benzamides, lactams, carbamates, azides, and sulfonamides." Three
examples are given in Figure 1.7 of B. bassiana biotransformation, where N-

9

methyl,6-azatwistane, 32 a tricyclic 13-lactam, 33 and 1-benzoyl piperidine 3436 were
hydroxylated to the products shown.
HO H
B. bassiana

Ph

Ph
N-methyl,6-azatwistane
A tricyclic( beta)-lactam:

major product (5 8%)

HO

B. bassiana
'1 H

H"

H"
Ph

0

11 H

0
major product (65%)
OH

0

B. has stana

N

O Ph
1-Benzoyl piperidine

Ph
major product (2 5-60%)

Figure 1.7

CYCLIC SYSTEM
CH
ELECTRONRICH
GROUP

LIPOPHILIC
SYSTEM

5.5 angstroms

Figure 1.8' s

A model of the hydroxylating active site in B. bassiana was proposed" in 1967
which predicted that substrate binding to the putative hydroxylase enzyme was

10

induced by the presence of an electron-rich group (such as an alcohol, amide or
urethane group) in the substrate, and that the site of hydroxylation would be 5.5

A

from this electron rich moiety (Figure 1.8).

Throughout the 1980s, Furtoss et al modified this active site model such that the
distance between the hydroxylation site and the electron rich moiety became less
stringent, ranging from 3.3

A to 6.2 A, depending upon the substrate. As the range of

this distance was now much larger, the model could no longer be used as a predictive
tool. 384°

Furstoss and co-workers further proposed that once the substrate was bound to the
active site, the anchoring group of the substrate would be able to undergo a number
of binding orientations, which would lead to different hydroxylation sites being
exposed to the active hydroxylating species. Thus, this would account for the number
of hydroxylation products obtained from the B. bassiana biotransformation. However
recently, Pietz et al disputed this theory. 3 ' Instead, these researchers proposed a
further refinement to the active site model based upon their experimental
observations with the B. bassiana hydroxylation of N-phenyl carbamates.

In this latest active site model, binding of the substrate to the putative hydroxylase
enzyme active site was suggested, as before, to be governed by the electron rich
anchoring group, and its ability to induce substrate "fit". If the availability of an
electron rich anchoring group was the only requirement of substrate binding with this
enzyme, it would explain why such a diverse range of substrates, from alcohols to
azides to sulfonamides, are tolerated by B. bassiana. Secondly, once substrate
binding had occurred, positioning of the hydrocarbon moiety with respect to the
hydroxylating species of the enzyme would dictate the position of the hydroxylation
reaction. Thus, this suggested that the selectivity of the hydroxylating event was
strongly dictated by the size and conformation of the hydrocarbon unit, and not by
different binding orientations adopted by the substrate in the active site, as proposed
by Furstoss et al.

11
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Furthermore, it was proposed that the site of hydroxylation was set at a consistent
distance from the anchoring moiety, a view which was held in the original active site
model (Figure 1.8) but subsequently called into question when this distance was
found to vary between 3.3-6.2

A.

With the active site model proposed by Pietz and

co-workers however, the distance between the hydroxylation site and the anchoring
group of the N-phenyl carbamate substrates was measured from the oxygen atom
attached to the hydrocarbon ring system to a position on the hydrocarbon ring. Thus,
this distance was not expected to vary with the orientation of the anchoring group
which could change with bond rotation. For example, the substrate, cyclohexyl-Nphenyl carbamate, was hydroxylated by B. bassiana at the C4 position of the
cyclohexyl ring. The distance between the oxygen atom of the anchoring group and
the C4-H was determined to be 5.3

A (Figure 1.9).

From performing a number of B. bassiana hydroxylations with N-phenyl carbamate
substrates, a general trend appeared, where only H atoms with a distance of greater
than 5

A

from the oxygen atom could undergo abstraction and subsequent

substitution with a hydroxyl group. The fact that cyclopentyl-N-phenyl carbamate
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was not transformed by B. bassiana, for example, was rationalised on the grounds
that this compound did not possess H atoms which were at the required distance from
the oxygen atom.
Recently, Flitsch, Turner and co-workers reported 41 that the selectivity of B. bassiana
hydroxylation was also affected by the nature of the group employed to provide the
electron rich anchor in the substrates. In their study of N-benzyloxycarbonyl
piperidines as substrates for B. bassiana hydroxylation, they found that the
hydroxylation of the Cbz-protected piperidines occurred with greater regioselectivity
than the equivalent biohydroxylation of the benzoyl-protected analogues, which was
previously investigated by Johnson" et al (Figure 1.10).
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From these results obtained with the N-benzyloxycarbonyl alkyl piperidines, Flitsch
et al suggested that the active site of the B. bassiana hydroxylating system was very
sensitive to relatively small changes in the nature of the protecting group. Since the
distance between the electron rich anchor (carbonyl group) to the putative site of
hydroxylation was unchanged with the substrates in Figure 1.10, whether a Bz or
Cbz protecting group was employed, it was proposed that the more critical
characteristic for selective hydroxylation of N-protected piperidines was the distance
from the carbonyl group to the aromatic group providing the electron rich anchor,
which may be occupied in an aromatic binding pocket of the putative hydroxylase
active site.

1.2.4.1 Mechanism of B. bassiana Hydroxylation

In 1989, Furstoss and co-workers proposed that B. bassiana biohydroxylation was a
stepwise, and not a concerted, process

.
40

The evidence for this theory was derived

from the B. bassiana hydroxylation of deuterated, bridged bicyclic amides 1 and 2
which gave the deuterated, 5-exo-hydroxy amide as the major product in both cases
(Figure 1.11).
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To account for the products from B. bassiana hydroxylation of amides 1 and 2 being
able to retain the deuterium label in the endo-position, abstraction of the C5-endo
hydrogen followed by hydroxylation at the C5 centre with inversion of
stereochemistry was rationalised to occur. Thus, it was proposed that B. bassiana
hydroxylation was not a concerted process but, rather, involved two steps.
Furthermore, the researchers suggested that the stepwise whole cell hydroxylation
proceeded via a radical mechanism, similar to that proposed for the P-450cam
monooxygenase enzyme which hydroxylates camphor to 5-exo-hydroxycamphor,
regio- and stereospecifically (Section 1.4).

1.3 MONOOXYGENASES

The enzymes responsible for catalysing biohydroxylation reactions such as the ones
described above are called monooxygenases. Monooxygenase enzymes can be
broadly sub-divided into the cytochrome P-450 enzymes, which are haem-dependent
iron proteins, and the non-haem dependent proteins. This second type of
monooxygenase includes the widely studied methane monooygenase (MMO), and
the omega (o) hydroxylases. The net reaction catalysed by all monooxygenase
enzymes is a redox process, where molecular oxygen is reductively cleaved to
produce hydroxylated substrate and water.

1.3.1 Methane Monooxygenase and Omega Hydroxylase

The role of MMO as the catalyst of the hydroxylation reaction which transforms
methane to methanol is well documented, 4244 and crystallographic data has recently
been obtained regarding its structure ' However, the o-hydroxylases are less well.4

defined, particularly with respect to their structure.
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Omega-hydroxylases catalyse hydroxylation of the terminal methyl group (the (ocarbon) of straight-chain hydrocarbons. 42 One of the best studied enzymes of this
type is the n-octane )-hydroxylase of Pseudomonas oleovorans.46

' 47

The activity of

this hydroxylase is dependent on the contribution of a three component system : a
soluble NADH:rubredoxin reductase complex, a soluble rubredoxin protein, and an
integral-membrane bound, w-hydroxylase. 485° Mossbauer studies" recently
performed with this particular o-hydroxylase revealed, interestingly, that the active
site contains an exchange-coupled, dinuclear iron cluster, similar to the type present
in soluble di-iron proteins such as hemerythrin, ribonucleotide reductase, and MIMO.

1.3.2 Cytochrome P-450 Monooxygenases

Cytochrome P-450 proteins are ubiquitous in nature, and are known to catalyse a
wide variety of processes, including hydroxylation, dehalogenation, dealkylation, Noxide reduction, N-oxidation, epoxidation, deamination, desulfuration, and
sulfoxidation. 4 - Substrates for cytochromes P-450 are also diverse, ranging from
hydrocarbons to fatty acids, steroids, and xenobiotics.

In general, mammalian P-450 enzymes are less specific in their substrate range and
are involved in biosynthesis as well as in detoxification processes .12 Drugs and other
xenobiotics are hydroxylated by P-450 enzymes in the liver, in order to make them
more water soluble, and thereby facilitating their excretion from the body. However
in recent years, this very action of P-450 enzymes has been held responsible for the
activation of carcinogens, mainly poly-aromatic hydrocarbons, in viv0. 53

' 54

As a

result, current P-450 research reflects the need to find inhibitors of these enzymes, as
well as to develop processes which mimic and promote P-450 biocatalysis.

Cytochromes P-450 in prokaryotic species tend to be more specific for their natural
substrate. Much of the research into P-450 enzymes has focused on prokaryotic
species since the isolation of eukaryotic P-450 enzymes has proved a difficult task.
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In particular, the enzyme, cytochrome P-450cam monooxygenase (P-450cam), has
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been the subject of intense interest over the past thirty years" and has become in
many ways, a prototype for P-450 research. Detailed mechanistic studies of this
protein have revealed much information with regards to the catalytic cycle, which is
now thought to be common to all P-450 enzymes. 56 This will be discussed further in
the following section.

1.4 CYTOCHROME P-450cAM MONOOXYGENASE

First isolated from the soil bacterium, Pseudomonas putida, P-450cam was found to
catalyse the regio and stereospecific hydroxylation of its natural substrate, D-(+)camphor, to 5-exo-hydroxycamphor 57 (Figure 1.12). Subsequent steps to this reaction
involve the oxidation of 5-exo-camphor to 5-keto-camphor, followed by 1,2 and 4,5
lactonisations and finally, ring-opening of the lactone. 58
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As shown in Figure 1.12, P-450cam catalysed hydroxylation requires two electrons.
The electrons are donated by the pyridine nucleotide co-factor, NAIDH, and are
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transported through the flavoprotein, putidaredoxin reductase 59 (PdR), and an ironsulfur protein, putidaredoxin 6° (Pd), to P-450cam. These components therefore
comprise an electron transfer chain (Figure 1.13), which is essentially the active
monooxygenase system. The electrons are known to be delivered separately, at
discrete stages of the catalytic cycle.

1.4.1 P-450cam Catalysis
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The P-450cam crystal structure was first elucidated in 1985.61 In 1987, a higher
resolution structure of the enzyme, this time co-crystallised with D-camphor, was
obtained, 62 which was seminal in revealing the interactions between the enzyme and
substrate. The first two steps of the catalytic process were clarified from the data

18

obtained, and will be discussed below. At present, this catalytic cycle can be
represented as in Figure 1.14. The intermediates which have not yet been isolated are
indicated.

1.4.2 Substrate Entry into Active Site

The first step of the catalytic cycle involves the entry of substrate to the P-450cam
active site. Since the active site is buried within the protein, the substrate does this
via a diffusion process from the protein surface. A substrate access channel was
proposed" '62 to be located just above the active site, consisting of a hydrophobic
network of the amino acids, argenine-186, aspartate-251, and lysine-178. These
amino acids form a bifurcated salt bridge 61 which mediates substrate access, as it has
to undergo substantial movement in order to accommodate the steric bulk of the
camphor molecule.

The crystal structure of the camphor-bound P-450cam protein showed the haem iron
to be pentacoordinate and in the high spin state. 62 In the absence of substrate
however, as shown by the first crystal structure obtained, 6 ' the haem iron was low
spin and hexacoordinate. It was therefore deduced that the configurational changes
undergone by the metal cation, which were readily detected by electronic
spectroscopy, had been induced by the binding of substrate' 61 (Figure 1.15).

SUB
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Sub

I
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Pentacoordinate
A391nm

Low spin
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\A=417nm

Figure 1.15
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In its resting, hexacoordinate state, the four, equatorial ligands of the haem iron are
donated by the porphyrin through the nitrogen atoms, while the axial ligand above
the porphyrin ring is a weakly bound water, 6 ' and the one below is a sulfur ligand
from a cysteine residue of the protein. 28 The change to the pentacoordinate state is
achieved by loss of the axial water ligand upon entry of substrate (Figure 1.15).
Indeed, this event dehydrates the active site completely, with the expulsion of all six
water molecules present .62

These changes to the haem iron are accompanied by an increase in the reduction
potential of P-450cam, from -300 mV to -170 mV! 4,66 The ultimate aim of the
configurational changes is therefore to ensure that the subsequent one electron
reduction by putidaredoxin - which has a reduction potential 36 of -200 mV - is facile.

1.4.3 Electron Transfer. Activation of Oxygen, and Hydroxylation

The first electron reduction is therefore dependent upon the high spin population of
ferric ion. This is maintained by controlling water access to the active site which, in
turn, is regulated by the presence of substrate in the active site. Camphor is able to
block off the access channel to water when situated in the binding pocket, and
consequently, is able to produce a 95% high spin state conversion in the ferric ion. 55

Oxygen binding is initiated" when the iron cation is reduced to the ferrous oxidation
state, in the first electron transfer. The binding of di-oxygen has been studied in
detail using carbon monoxide in a ternary complex with substrate-bound P-450cam. 67
This complex was preferentially used for studies as it was more stable than the
equivalent complex with di-oxygen, due to carbon monoxide being an irreversible
inhibitor of P-450cam. 28

The second electron reduction of the iron centre by putidaredoxin, which is the rate
limiting step of the catalytic cycle '21,11 produces the proposed, ferric-superoxide
intermediate. 69' Recently, Sligar and co-workers 69t' were able to observed this species
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in a single mutant of P-450cam - Asp252Asn - where aspartic acid was replaced with
aspargine. The point mutation was able to slow down the 0-0 bond cleavage step,
and thus, spectroscopic characterisation of the kinetically stabilised intermediate
could be performed. This proposed intermediate is thought to undergo di-oxygen
bond cleavage producing water and a highly reactive, high valent iron-oxo
intermediate 21,11 which has not been isolated, at the present time. Implicit in the dioxygen bond cleavage process is the availability of two protons (Figure 1.14). These
protons are supplied by a water molecule on the protein surface, and are delivered to
the protein core via a distal charge relay mechanism. 70

' 7 '

The highly reactive, iron-oxo species is proposed to be responsible for carrying out
the hydroxylation event, by inserting the oxygen atom into the nearest available
substrate C-H bond. Such a reaction would be favourable as it would allow the iron
cation to return to a more stable oxidation state. Although many theories have been
suggested, most of which involve abstraction of a hydrogen atom from the substrate
C-H bond by the iron-oxo intermediate (Figure 1.7), the mechanism for this reaction
has still to be proven

. 7274

In the natural substrate, the most readily accessible C-H

bond is the C5-exo-H bond, and 5-exo-hydroxycamphor is produced exclusively.

The final step of the catalytic cycle allows release of the hydroxylated product (SubOH) with concomitant re-entry of water into the active site. Thus, the iron cation
returns to its resting state, ready for the next substrate molecule.

1.4.4 Uncoupling Reactions

In Figure 1.14, alternative routes 75 are shown at three consecutive stages of the
catalytic cycle, which are initiated upon binding of molecular oxygen. These
reactions compete with catalytic turnover for the reducing equivalents of NADH,
utilising them to produce superoxide, 75 hydrogen peroxide, 76 or water. 77 Such
reactions are often called "uncoupling", referring to the fact that the products
obtained from the reduction of di-oxygen are not "coupled" to the substrate.
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However, uncoupling reactions do not compete significantly with P-450cam
hydroxylation unless the efficiency of the catalytic cycle reactions is compromised.
This is usually brought about by poor substrate binding, leading to water access to
the active site (which compromises the high spin population of the haem iron), or by
mutations to the P-450 enzyme, which may destabilise any one of the reaction
intermediates. 78 Uncoupling reactions are not observed in the native P450camcamphor system, with NADH activity being coupled 100% to substrate
hydroxylation. 79 NADH uncoupling will be discussed in greater detail in Chapter 5.

1.4.5 Role of Tyrosine96
F87

I
139

D297

*7

247

85

V396

I,

TIOI

.

Figure 1.16 Camphor in P-450cam Active site

In order to understand why camphor is hydroxylated so specifically by P-450cam, the
binding of the natural substrate should be considered. In the active site, camphor is
stabilised by Van der Waals contacts with residues, valine-295, valine-247, leucine244, and phenylalanine-87, and by a single, formal hydrogen bond between the
camphor carbonyl moiety and the tyrosine-96 hydroxyl side-chain ' This bond, in
. 6
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particularly, is regarded as being highly influential in controlling the mobility of
camphor in the active site.

Restriction of substrate mobility directly affects the regio- and stereospecificity of the
reaction, as the rigid orientation of camphor in the binding site means that only the 5exo-C-H bond is accessible to the activated haem centre. Mutation of Tyr96 to
phenylalanine79 resulted in a dramatic decrease in the efficiency of camphor binding
and loss of selectivity in the subsequent reaction, which produced 4-endohydroxycamphor (1%), 6-exo-hydroxycamphor (2%), and 9-hydroxycamphor (<1%)
in addition to the expected 5-exo-hydroxy product (92%) (Figure 1.17). This clearly
demonstrated the importance of Tyr96 in camphor binding, the nature of which
subsequently affects catalytic turnover and the selectivity of the reaction.
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Similarly, removal of the carbonyl moiety from the substrate structure lead to much
reduced binding efficiency with wild type P-450cam. 79 Atkins and Sugar showed that
the equilibrium dissociation constant (KD) for the camphane-P-450cam complex (46
.iM) was much higher than that for the camphor-P-450cam complex (1.6 LM)
(Figure 1.18). The subsequent hydroxylation of camphane by P-450cam operated
with only 8% of NADH oxidation being coupled to monooxygenase activity
(compared with 100% NADH activity coupled to the hydroxylation of camphor),
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thus reflecting the detrimental effect of very poor substrate binding upon substrate
turnover to hydroxylated product. The inefficiency of the binding and hydroxylation
of camphane compared with camphor was attributed to the loss of the hydrogen bond
between Tyr96 and the substrate. Again, this example demonstrates the importance
of the hydrogen bond for restraining substrate mobility, which is a major contributing
factor to the efficiency of the subsequent hydroxylation of D-camphor.

Y-~
camphane

Camphane

Camphor

46

1.6

8

100

K0 (with P-450cam) (riM)
NADH coupled to hydroxylation

(%)

Figure 1.18

1.4.6 Role of Potassium Cations

The process of substrate binding in P-450cam was also found to have a dependence
on metal cations .61 Potassium has the greatest affinity for the P-450cam protein, with
increasing concentrations of potassium salt leading to increases in the fraction of
high spin ferric ion. 11,8' The presence of metal cations promotes the interaction
between Tyr96 and the camphor molecule and is therefore involved in mediating
substrate binding. 80'8 ' Typically, 100-150 mM of KC1 is required in the reconstituted
monooxygenase system to ensure that the maximum high spin configuration is
obtained. 8 '

1.4.7 Applications of P-450cam Catalysed Hydroxylation

While the reaction catalysed by P-450cam would be highly valuable to organic
synthesis, the specificity of this monooxygenase for its natural substrate renders it
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less amenable to development as a biocatalyst for chemical reactions. Determined
efforts have therefore been made to diversify the substrate specificity of this enzyme.
One of the main strategies employed for doing so involves introducing mutations to
the active site.

In 1994, Flitsch, Wong and co-workers 82 demonstrated that, by using a single mutant
of P-450cam known as Y96A, the novel substrate, diphenylmethane, could be turned
over catalytically to give 4-hydroxydiphenylmethane (Figure 1.19).
Diphenylmethane was not, however, a substrate for the wild-type enzyme.

Y96A
HO
Diphenylmethane

Figure 1.19

The mutation, where tyrosine-96 had been replaced by the much smaller, alanine
residue, was designed to alter substrate specificity of the enzyme by modification of
the binding pocket. Residue Tyr96 was an obvious choice for mutation as it was
thought to be crucial for the binding of camphor (Section 1.4.5).

It was hypothesised that in removing Tyr96, an aromatic pocket would be created
between residues phenylalanine-87 and phenylalanine-98 (Figure 1.16) which would
enhance binding of hydrophobic substrates, particularly those containing phenyl
rings. The diphenylmethane example appeared to corroborate this theory. Further
confirmation was obtained with the Y96A-catalysed hydroxylation of
phenylcyclohexane t3 (Figure 1.20).

Two interesting points could be derived from this biohydroxylation. Firstly,
hydroxylation was only observed on the cyclohexyl ring. This supported the theory
that an aromatic pocket was present in the Y96A active site, in which the phenyl ring
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of the substrate was occupied. Since the aromatic pocket was envisioned to be remote
from the activated haem centre, the phenyl ring would therefore not be accessible for
hydroxylation. Similarly, no reaction was observed at the more reactive benzylic
position, as this carbon centre would probably also be oriented away from the haem.
In this way, the chemo selectivity of the reaction could be explained.
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Secondly, only the 4- and 3-positions of the alicycle were hydroxylated, indicating a
high level of regioselectivity and stereoselectivity. This can be filly appreciated
when considering that only three alcohol products were obtained from a possible
sixteen. These results suggested that phenylcyclohexane was tightly bound to the
mutant active site, such that only the C4-H and C3H equatonai bonds were accessible to
the hydroxylating haem centre.
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Figure 1.21
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The regioselectivity of the P-450cam catalysed hydroxylation with
phenylcyclohexane could be altered however, using the Y96F (tyrosine-96 replaced
by phenylalanine) single mutant (Figure 1.21). With the Y96F mutant,

3-cis-

hydroxyphenylcyclohexane was the major product, produced in 81%, as opposed to
only 40% by Y96A (Figure 1.20). Meanwhile, the major product from Y96A
hydroxylation 4-cis-hydroxphenylcyclohexane (45%) was only produced in 13%
yield by Y96F.

Thus, it appeared that the regioselectivity of P-450cam hydroxylation could be
altered or "tuned" by point mutations to the active site. Wong and co-workers
investigated this idea further 14 by using double mutants of P-450cam : Y96F-V247A
(where the second mutation involved replacing valine-247 with alanine) and Y96FV247L (where the second mutation involved replacing valine-247 with leucine). It
was proposed that the selectivity for aliphatic C-H bond activation in the reaction
with phenylcyclohexane resulted from, in part, the preferential Van der Waals
interaction between the cyclohexyl ring and the aliphatic side-chain of the active site
residue, valine-247. Thus, the use of mutants where Va1247 was replaced by a
smaller (alanine) residue and by a larger (leucine) residue, were designed to examine
the effect upon the selectivity of phenylcyclohexane hydroxylation.

In the event, the result of Y96F-V247L catalysed hydroxylation of
phenylcyclohexane was most impressive with regioselectivity of the reaction altered
to producing 4-trans-hydroxyphenylcyclohexane, as the major isomer in 83% yield
(Figure 1.22). This isomer was produced in only 7% yield from Y96F hydroxylation
and 19% yield from Y96A hydroxylation.

Meanwhile, the Y96F-V247A mutant gave 91% of the 3-hydroxy product which,
although demonstrating the same regioselectivity as the single Y96F mutant, could
be regarded as being more selective, as Y96F gave 81% of this product, in
comparison. Furthermore, the Y96F-V247A hydroxylation was found to be more
enantioselective than the Y96F reaction, as 3-cis-hydroxyphenylcyclohexane was
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produce in 42% enantiomeric excess (ee) compared with only 20% ee from the Y96F
reaction.
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Thus, it was demonstrated that the regioselectivity, and to a more minor extent,
enantioselectivity, of the P-450cam hydroxylation of phenylcyclohexane could be
manipulated by rational protein design.

A range of different compounds" -" have been reacted with the Y96A and Y96F
mutant enzymes since these earlier examples of diphenylmethane and
phenylcyclohexane, by Wong et al. Most notably, linear and branched alkanes, 85

' 86

were also found to be substrates for Y96F and Y96A. For example, hexane" was
hydroxylated by Y96A to give 2-hexanol (47%) and 3-hexanol (53%) only, and by
Y96F to give 2-hexanol (37%), 3-hexanol (60%) and 2- and 3-hexanone (3%)

(Figure 1.23).

Although the wild type P-450cam was also capable of hydroxylating hexane, it was
found that the single mutants demonstrated much higher product formation rates, by
approximately 100-fold. This, in turn, was a result of higher NADH turnover rates,
and increased coupling efficiencies of the mutant Y96A and Y96F, in comparison
with the wild type. This is shown in the table of Figure 1.23.
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t NADH turnover rate defmed as nanomoles of NADH consumed per nanomoles of P-450cam per
minute.
Product formation rate defmed as the total amount of alkane oxidation products formed (nmol) per
nanomole of P-450cam per minute. The coupling efficiency is the ratio of the total amount of
products formed to the amount of NADH consumed, expressed as a percentage.

Figure 1.23

Similarly, the Y96A and Y96F hydroxylation of styrene to styrene oxide" was also
improved, compared to the result of styrene oxidation by wild type P-450cam. Again,
determination of the product formation rate showed that the hydroxylation reaction
catalysed by the mutant enzymes was more efficient, in terms of NADH
consumption, which was also more coupled to product formation (Figure 1.24).

In these examples, Wong and co-workers have demonstrated how the substrate
selectivity of P-450cam may be altered by introducing mutations to the active site.
By using mutants such as Y96A and Y96F, a number of molecules that are
structurally dissimilar to camphor have been hydroxylated.
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(I) Y96A, Y96F, or Wild Type

Enzyme

NADH consumption rate

Styrene oxide formation rate

Coupling efficiency

Y96A

260

34

13%

Y96F

310

100

32%

Wild Type

54

4

7%

NADH consumption rate, product formation rate, and coupling efficiency are as defined in Figure
1.15.

Figure 1.24

1.5 ISOLATED ENZYMES versus WHOLE CELL SYSTEMS

The inherent difficulties with using an isolated enzyme system, such as P-450cam,
arise from having to reconstitute the monooxygenase system outwith the cell, as any
auxiliary electron transport proteins, as well as co-factor, must be externally
supplied. Without recycling of co-factor, the reaction can become a costly exercise,
particularly in scale-up processes. 89 As a result, the majority of industrial
applications, at present, tend to favour whole cell preparations,' particularly if a cofactor is required but recycling is not an option.

Although whole cell biohydroxylations such as those performed by Rhodococcus
organisms (Section 1.2.3) and B. bassiana (Section 1.2.4), by definition, contain the
biological material required to perform the biotransformation, other drawbacks
exist. 89 Firstly, the hydrophilic environment of the micro-organism restricts the use of
very hydrophobic substrates, as these may not be able to diffuse into the cells.
Similarly, organic solvents can only be used in small quantities. The work-up of the
reaction may also be tedious, in comparison with the isolated enzyme process, as
large volumes of biomass often have to be extracted. Finally, many by-products can
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be obtained from a whole cell biotransformation, since other enzymes are active
within the organism. These last two disadvantages may be limited if resting cells,
rather than a growing culture, is used for the reaction. However in their favour,
growing cultures are known to have higher activities."

1.6 BIOCATALYSIS versus CHEMICAL METHODS

Existing chemical methods for the functionalisation of non-activated carbon centres
are limited and remain inferior to microbial processes in terms of selectivity and
yields. This is particularly true for chemical hydroxylation procedures. However in
recent years, significant attempts have been made to develop chemical reagents
which mimic the action of hydroxylase enzymes. Some notable efforts in this area of
research will be discussed in the following section.

1.7 GIF OXIDATION

Over the past fifteen years, the group of Sir Derek H. R. Barton has focused upon
developing the "Gif' reaction, so called after the place - Gfsur-Yvette - where this
research began. Gif oxidation essentially involves combining an iron catalyst with an
electron source and an oxidant, in a solvent containing a suitable N-heterocyclic base
and carboxylic acid, to generate a system which is capable of performing oxidations
at unactivated hydrocarbon centres."'

OH
(i)

)go+ ZKf + ib
1.6%
5.9%

(i) Fe(0), pyridine-acetic acid, 1 1S, 02, H20

Figure 1.25
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The first practical Gif system" utilised iron metal dissolved in pyridine-acetic acid
(with hydrogen sulfide to aid dissolution) and molecular oxygen, to oxidise
adamantane to adamantanone (the major product), 1-adamantanol, and 2adamantanol (Figure 1.25). The oxidising system was named Gif".

System

Oud i nt

Electron

Catals st

Source

Gif"

Fe(II)

Fe(0)

02

Gil"

Fe(II)

Zn(0)

02

GO

Fe(II)

Cathode

02

GOAgg'

Fe(II)

K02 / Ar

GOAgg"

Fe(III)

H202

GOAgg"

Fe(III)/ picolinic acid

H207

GOChAgg

Cu(II)

H202

Cu(0)I 02

Cu(I)?

Cu(0)

02

Table 1.2

Subsequent to this, other systems 9° were developed, as summarised in Table 1.2. The
systems were named after the location of research, that is, "0" for Orsay, "Agg" for
Aggieland (Texas A&M), and "Ch" for Chernogolovka, in Russia.

Gil" and GOAgg" were found to be the most efficient systems. 9° The use of zinc
instead of iron metal in Gif' improved the reaction turnover" from around 30 cycles
to over 2000. Similarly, GOAgg" was an improvement" on its sister system,
GOAgg". This was brought about by the addition of a catalytic amount of picolinic
acid" (Figure 1.26) which increased the rate of reaction, dramatically.
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1.7.1 The Gif Reagent

-..
NCO2H
a
CO2H

picolinic acid

2

Figure 1.26

The active species central to Gif chemistry is an iron cation complex. 96 This complex
has ligands donated by the carboxylic acid 97 and the N-heterocyclic base"
components, which are crucial for activity. Picolinic acid, as previously mentioned,
as well as isoquinoline-l-carboxylic acid 1 and isoquinoline-3-carboxylic acid 2,
greatly accelerated the rate of reaction. 95 Meanwhile, the N-heterocyclic base
component was found to be best provided by a catalytic amount of pyridine, 99 3methylpyridine, 4-methylpyridine, or 4-t-butylpyridine (Figure 1.26) in
acetonitrile. 10°

1.7.2 Selectivity of the Gif Reaction

Gif reactions have a demonstrated selectivity for secondary, over tertiary, carbon
centres. 101,102 This was determined experimentally by calculating the ratio C 2/C3

,

where C 2 was the total of the products oxidised at the secondary position and C 3 , the
total of products from oxidation at the tertiary position. 9° In the Gif reaction with
adamantane, the C 2/C3 value" was in the region of 22, indicating that the secondary
carbon centre was reacting preferentially. It appeared therefore that Gif oxidation did
not proceed via a radical mechanism as attack by an alkoxide radical on adamantane
had previously been performed, and the C 2/C3 ratio was determined as 0.15.b03 The
stereoselectivity of the Gif reaction was also investigated with

trans-1,4-

dimethylcyclohexan& °' (Figure 1.27).
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CH3 pyridine-acetic acid H3C
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+
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+

OH
H3C/I

7

CH3

trace

Figure 1.27

This again showed that the reaction was highly selective for secondary, rather than
primary or tertiary, carbon centres. The ketone was the major product. Preferential
attack of the equatorial C-2-H gave the alcohol product, with only a trace amount of
the C-2-axial-OH conformer obtained.

The selectivity of Gif oxidation therefore differs from P-450cam catalysed
hydroxylation, in that the enzymatic process is widely thought to proceed via a
radical mechanism (Section 1.4.3). Thus, if a tertiary carbon centre of a substrate is
available to the active hydroxylating centre of P-450cam, within the substrateenzyme complex, this position will preferentially undergo hydroxylation, over
reaction at any secondary or primary positions.

1.7.3 Mechanism for Gif Oxidation

As previously mentioned, an activated iron complex is responsible for the oxidation
of saturated hydrocarbons observed in the Gif reaction. This complex was proposed
to be an oxygen-bound di-nuclear Fe(III) species" and as such, has lead to much
comparison with the non-haem iron hydroxylases. In particular, researchers have
highlighted an interesting similarity with IVIMO, which has an oxo-di-iron species in
its active site, complexed with carboxylate ligands provided by glutamate residues. 45

34

0- 0

/ OO\

Fe(III) ic

[2(Pic) (I11)Fe

H202

(pic)2 (111)Fe

F(III) (pic)2
O\

Pic = picolinic acid
H

/ OO\

(pic)2 (111)Fe
[]

Fe(III)-OH(pic)2

Fe(V) (pic)2

+(

II

/ CH2

Fe(III)-014(pic)2

o(pic)(III)Fe

(c

/ OO\

2(pic) (III)Fe

(, Fe(V) (pic)2

7C

0H

H

Figure 1.28

The Gif reaction leading to the formation of ketone and alcohol occurs via a Fe"'-Fe"
manifold'"' (Figure 1.28). The Fe"-Fe" species responsible for the attack of
substrate is produced via reaction of the initial Fe"-Fe" species with hydrogen
peroxide. It is interesting to note that an activated ferryl-oxo intermediate is proposed
to be responsible for attacking the substrate which eventually leads to oxidation at
this position. In P-450cam catalysed hydroxylation, a highly activated ferryl-oxo
species is also though to be responsible for initiating the hydroxylation event (by
abstraction of a substrate hydrogen radical) although this intermediate has yet to be
isolated (Section 1.4.3). Evidence of a Fe-C sigma bond formed in the reaction
intermediate was obtained by trapping with phenylselenide. PhSe inserts into the FeC sigma bond, giving rise to alkyl selenide derivatives as products, which could be
isolated."
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1.8 PROJECT AIMS

The aims of this project can be outlined as follows:

• Firstly, to design and prepare a number of novel substrates which could probe the
hydroxylation reaction catalysed by the mutant P-450cam enzyme, Y96A. The
motivation behind this research was largely based upon the results obtained from
Y96A catalysed hydroxylation of diphenylmethane 92 and phenylcyclohexane. 93
To achieve this, assays with the Y96A enzyme were utilised to assess substrate
binding and turnover. These were performed following protocols previously
investigated within the group, in conjunction with the group of Dr. Luet Lok
Wong, at the University of Oxford, Inorganic Chemistry Laboratories.

• To assess substrate binding, a UV-VIS assay was employed as the absorbance of
the substrate-bound P-450cam enzyme differs characteristically from that of the
substrate-free P-450cam enzyme. Substrate turnover was to be assessed by
performing the Y96A catalysed hydroxylation, and monitoring the formation of
products by gas chromatography. In addition to this, an attempt was to be made at
product isolation such that product characterisation could be performed by NMR
analysis. To our knowledge, the P-450cam catalysed hydroxylation has rarely
been utilised on a preparative scale such that product isolation, leading to
characterisation of the hydroxylated product, has been achieved.

• Secondly, to investigate the whole cell biohydroxylation performed by the
microbial system, Rhodococcus rhodochrous NCIMB 9703. The motivation for
this research was provided by the initial resultt with the compound, 1benzyloxycarbonyl piperidine, which was transformed to the 4hydroxybenzyloxycarbonyl piperidine by the R. rhodochrous NCIMB 9703
organism (Figure 1.27).

36

OH

0

0, _ 0

R. rhodochrous
NCIMB 9703
Ph

6
OO

Ph

Figure 1.27

t Unpublished results by G. Grogan, Edinburgh Centre for Protein Technology, University of
Edinburgh, The King's Buildings, West Mains Road, Edinburgh EH9 3JJ.
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Chapter Two. DESIGN AND PREPARATION OF SUBSTRATES FOR Y96A

Novel substrates for the mutant P-450cam enzyme, Y96A, were designed by
coupling two distinct moieties, an aromatic group and an alicyclic or heterocyclic
group, together, to give structures not dissimilar in size to phenylcyclohexane 83 and
diphenylmethane. 82 These two compounds were previously found to be substrates for
Y96A but not for the wild-type P-450cam. Based upon the result with
phenylcyclohexane, hydroxylation was predicted to occur away from the aromatic
group. It was hoped that the aromatic group would enhance substrate binding by
occupying the putative hydrophobic pocket in the mutant active site, and thus, act as
an "aromatic handle". This is depicted by the cartoon in Figure 2.1.

ether, ester, or amide link

aromatic handle

1-0

substrate for
hydroxylation

Figure 2.1

2.1 Protecting Group Strategy for the Aromatic Handle

To provide the aromatic handle necessary for binding and regioselectivity of
hydroxylation, it was decided to use an aromatic protecting group as these could be
readily coupled to the cyclic moiety by way of an ether, ester, or amide linkage
(Figure 2.1). A wide choice of aromatic protecting groups exist for oxygen and
nitrogen functionalities.' °4 However, the benzyl, benzoyl and benzyloxycarbonyl
groups (Figure 2.2) were selected, so that a systematic investigation of the structure
of the aromatic handle, with respect to its effect on substrate binding, could be
conducted.

Firstly, the benzyl protecting group was selected as a continuation of the
investigation begun with diphenylmethane. Through comparison with the benzyl

handle, the benzoyl group would allow examination of the effect of the carbonyl
moiety. This functionality would alter the electronic distribution of the substrate
molecule as well its conformational structure and steric bulk. The benzyl ethers and
their benzoyl ester analogues would therefore be expected to interact quite differently
with the amino acid residues of the Y96A active site. This was investigated by
molecular modelling (Chapter 5).

Oxygen and Nitrogen Protecting Groups

Benzyl (Bn)

Benzoyl (Bz)

RXJj

'

J

RX

RX io
Benzyloxycarbonyl (Cbz)
where X = 0 or N

Figure 2.2

Furthermore, as mentioned in Chapter 1, there was precedence for such electron rich
substituents having a directing influence upon the site of reaction in Beauveria
bassiana hydroxylation. 34 Extensive work on this theory lead to the development of a
model for the active site of the monooxygenase enzyme in which, the presence of an
electron rich substituent, such as the carbonyl group, was crucial (Chapter 1, Section
1.2.4).

The benzyloxycarbonyl group was selected in order to increase the distance between
the phenyl handle and the cyclic system by a further CH 2 unit. This would allow
investigation of the space between the aromatic binding domain and the
hydroxylating haem centre, within the active site. Again, Cbz protected molecules
would be expected to behave differently in the Y96A active site than either the Bn-
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or Bz-protected substrates, due to the increase in steric bulk and the difference in
conformation and electronic structure.

A further advantage of using a protecting group to provide the aromatic handle was
that removal of this group after biohydroxylation had taken place, would be
facilitated. O-Benzyl and benzyloxycarbonyl protecting groups can be removed by
hydrogenation while deprotection of benzoyl groups can be achieved using strong
acid such as HC1.

The compounds which were tested with Y96A have been divided into three
categories based on their structures, for convenience of discussion.

2.2 Cyclohex(en)vl Benzvl Ether and Benzoyl Ester Substrates (1-6)

The first six substrates, shown in Figure 2.3, were benzyl ether or benzoyl ester
derivatives of cyclohexanol and cyclohexenols.

Ph

Ph

O.. Ph

ci-0
-.---

Ph

3

aOY Ph ~aoy Ph

Figure 2.3

Hydroxylated cyclohexane derivatives have significant importance as pre-cursors in
the synthesis of natural products such as the conduritols and cyclitols. This will be
discussed in more detail in Section 2.4. Therefore, should P-450cam (Y96A)
catalysed hydroxylation proceed with the cyclohexyl derivatives

1-6, a possible

biocatalytic route may be developed to produce such precursors, in one step.
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The presence of a double bond in some of the substrates was primarily to investigate
whether the, double bond would have a directing effect on the site of hydroxylation. If
so, it could be argued that the chemoselectivity of the reaction was not entirely
controlled by the enzyme. Furthermore, in the presence of a double bond, there was
the possibility that epoxidation of this functionality would compete with the
hydroxylation reaction at a saturated carbon centre. Both processes are known to be
catalysed by P-450cam m000xygenase.' °5 In particular, if the preferred site of
hydroxylation was unsaturated, then epoxidation at this centre would be favoured.' 05

2.2.1 Synthesis of Cyclohex(en)yl Benzyl Ethers and Benzoyl Esters (1-6)

In the synthesis of the cyclohex(en)yl benzyl ether compounds 1-3, three different
benzylating procedures were investigated in order to find the optimum route (Table
2.1). The first method, where potassium hydroxide as base was used to produce the
alkoxide ion from the cyclohex(en)ol, followed by benzylation with benzyl chloride,
was less efficient than the similar reaction with sodium hydride as base, benzyl
bromide and a trace amount of tetrabutylammonium iodide. This was attributed to
the use of a more reactive benzylating iodide species produced via exchange between
the iodide anion of Bu 4NT, in catalytic quantity, and the bromide. While the benzyl
trichloroacetimidate method improved the yield of the benzoyl ester over the benzyl
chloride/potassium hydroxide method by 10%, the yields were still poor compared
with benzylation using NaH/BnBr/Bu 4NI. This latter method was therefore adopted
for other benzylation reactions. Typical yields are quoted for the different procedures
in Table 2.1.

Benz0atint, -5 gtiit

Rase" Acid

\ichI

Benzyl bromide! Bu 4NI

NaH

81%

Benzyl 2,2,2 -trichioroacetimidate

CF3 SO3H

29%

Benzyl chloride

KOH pellets

19%

Table 2.1
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Benzoylation of cyclohexanol, 2-cyclohexen-1-ol and 3-cyclohexen-1-ol was
performed using benzoyl chloride and triethylamine, with no problems encountered.
This benzoylation method gave typical yields of 40-60% on a one gram scale.

2.3 Pyrrolidine, Piperidine and Tetrahydropyran Derivatives as Substrates

The next eight substrates which were designed and prepared are shown in Figure 2.4.
These mainly consisted of nitrogen and oxygen heterocycles, in contrast to the
carbocyclic substrates discussed above, coupled with the three selected aromatic
protecting groups. The only acyclic substrates, namely, the benzoyl esters of cis- and
trans-2-hexen-1-ol, 13 and 14 respectively, also appear in this group.

0

CY

,

K Ph

N 1Ph

CT
Ph

Ph

0

0

)~ 0 ~1~

a oy Ph

0

(:'T

10

11

0

Ph

12

Ph

Ph

14

13

Figure 2.4

Optically active, hydroxylated piperidine, pyrrolidine and pyran derivatives are often
pre-cursors to natural products and pharmacologically important compounds. As
such, facile routes to providing these materials have significant application in
asymmetric synthesis. For example, esters of 1-methylpiperidin-3-ol (Figure 2.5)
were found to possess marked cholinergic or anticholinergic properties,"' while the
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structure of the natural product, anisomycin, consists of an optically active,
functionalised pyrrolidinol (Figure 2.5). Functionalised, pyran derivatives on the
other hand are particularly useful for the preparation of acyclic precursors to
macrocyclic antibiotics. ' °7 For example, the pyran precursor shown in Figure 2.5, was
used in the synthesis of rifamycin S.' °8

OH
1.

0

OH

MeO
AcO
H

Me
I -methylpiperidinol

anisomycin
Me Me

Me Me

Me Me

several steps

Me

PhS )

00

0 ~( O

OBn

Me Me
rifamycin S

Figure 2.5

2.3.1 Synthesis of 1-Benzoyl Pyrrolidine

7,

1-Benzovl Piperidine 8, 1-

Benzyloxycarbonyl Pyrrolidine 9 and 1-Benzy1oxycarbonyl Piperidine 10

Protection of the nitrogen atom of pyrrolidine and piperidine with benzoyl chloride in
the presence of triethylamine, in THF under anhydrous conditions, afforded 1benzoyl pyrrolidine 7 and 1-benzoyl piperidine 8. To obtain the Cbz-protected
pyrrolidine 9 and piperidine 10, each amine was treated with benzyl chloroformate in
the presence of potassium carbonate, in T1{F. Typical yields for this reaction were
>90%.

2.3.2 Synthesis of 2-(Phenylmethoxy)-tetrahydropyran 11, 2-(Benzoyloxy)tetrahydropyran 12, (cis)-2-Hexenyl benzoate 13 (trans)-2-Hexenyl benzoate 14
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Protection of benzyl alcohol and benzoic acid with 3,4-dihydro-2H-pyran, in DCM
under anhydrous conditions, gave the 2-(phenylmethoxy)-tetrahydropyran 11 and 2(benzoyloxy)-tetrahydropyran 12, respectively. The reaction was initiated by
protonation at the 3-position using p-toluenesulfomc acid as the acid catalyst, thus
producing the oxonium intermediate, which was activated towards nucleophilic
attack at the 2-position, as shown in Figure 2.6, with benzyl alcohol as the
nucleophile. The yields obtained from this reaction were typically 35%.

C),

p-tosic acid

Figure 2.6

Finally, cis- and trans-2-hexen-1-ol were protected as the benzoyl esters, 13 and 14,
using benzoyl chloride and triethylamine, as before. (Cis)-2-Hexen-1-ol 13 was
produced in 78% yield and (trans)-2-hexen-1-ol 14 in 68%.

With all substrate syntheses described above, product purification was carried out by
flash column chromatography. Although reactions were not particularly high yielding
apart from the Cbz-protection of pyrrolidine and piperidine (giving 1benzyloxycarbonyl pyrrolidine 9 and 1-benzyloxycarbonyl piperidine 10), it must be
remembered that only sufficient amounts of substrate were required to allow
biological assays to be undertaken. For the binding assay microgram quantities were
needed, while the turnover assay used around 1-8 milligrams. Despite some low
yields therefore, sufficient product was obtained for these purposes without further
optimisation of the reaction procedures.

2.4 Epoxy Ester, Cyclic Carbonate and Benzylidene Acetal Substrates
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The most obvious difference between the substrates shown in Figure 2.7 and the
previously described substrates, was the increase in steric bulk. The aim of this last
group of substrates was to investigate the amount of space that was available within
the Y96A active site cavity. Thus, in addition to the benzoyl group, functionalities
such as the epoxide ring, cyclic carbonate or benzylidene acetal groups were
incorporated as the means to increasing steric demand. Furthermore, the greater
number of oxygen atoms was expected to alter significantly the electronic structure
of these molecules compared to the previous substrates.
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Figure 2.7

Syn-2,3-Epoxy-cyclohexyl benzoate 16, anti-2,3-epoxy-cyclohexyl benzoate 17, 4(benzoyloxy)-hexahydro-benzo- 1 ,3-dioxol-2-one 19 and 4-(benzoyloxy)-2-phenylhexahydrobenzo-1,3-dioxole 20 (Figure 2.7) were designed after the initial screening
of substrates 1-14. Interpretation of these results led to the conservation of the
benzoyl protecting group as the aromatic handle of choice. The reasons for this are
discussed in Chapter 3.
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As mentioned in Section 2.2, in the discussion of the cyclohex(en)yl benzyl ether and
benzoyl ester compounds (1-6), there is significant interest in polyhydroxylated
cyclohexane rings, as pre-cursors to natural products such as the conduritols
(cyclohexenetetrols) and cyclitols (cyclohexanehexols).

The conduntols (Figure 2.8) are a family of natural products, members of which have
been isolated from the bark of Marsdenia Condurango'°9 (Conduritol A)and from
Chrysanthemum leucanthenutum" ° (Conduritol F or leucanthemitol).

OH

OH

OH

OH HO*,:H HO

HO

H

OH
Conduritol A

Conduritol B
OH

OH
HO
OH Ho/,
OH
Conduntol D

OH

cC

Conduritol C
OH

0 H HoO:H

OH
Conduritol E

OH
Conduritol F

Figure 2.8

These compounds are of interest as their derivatives, such as the
epoxycyclohexanetetrols, aminoconduritols and bromoconduritols, have been found
to possess interesting biological properties, as glycosidase inhibitors," for example.
Conduritols are also useful precursors in the preparation of cyclitols and
pseudosugars." 2

Cyclitols are of interest as natural product intermediates and also for their biological
properties. For example, pinitol was identified as a pharmaceutically interesting
target as it demonstrated significant hypoglycaemic and anti-diabetic activity in
mice.

" 3
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Although these compounds have been prepared by total synthesis, these syntheses
can be multi-stepped and laborious. 114 However, interestingly, by incorporating a
microbial oxidation of benzene as the initial step, Ley"' et al demonstrated that (+)
and (-)-pinitol, could be synthesised in five steps from diene diol (2) (Figure 2.9).
Similarly, conduritol F could be produced in four steps from (2)."

With this in mind, in the event of 2,3-epoxy cyclohexyl beuzoates 16 and 17, cyclic
carbonate 19 and benzylidene acetal 20 being selectively hydroxylated by Y96A,
cyclohexanetetrol compounds could be produced upon deprotection of the benzoyl,
carbonate and acetal protecting groups, and opening up of the epoxides with a
hydroxide nucleophile.

2.5 Synthesis of 2.3-Epoxy Cyclohexyl Benzoates (16 and 17), Cyclic Carbonate
(19) and Benzylidene Acetal (20)

The epoxy cyclohexyl benzoates 16 and 17, cyclic carbonate 19, and benzylidene
acetal 20, were synthesised following the reaction strategy outlined in Figure 2.10,
beginning with commercially available, 2-cyclohexen-1-ol.
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Figure 2.10
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2.5.1 m-CPBA Epoxidation

In the route to epoxy cyclohexyl benzoates 16 and 17, the key reactions involved mCPBA epoxidation of 2-cyclohexen- 1-01 and 2-cyclohexenyl benzoate 5. It is known
that epoxidation of allylic alcohols by peroxide reagents such as m-CPBA has a
selectivity for producing the syn-epoxide as the major product. This is the result of
hydrogen bonding between the free hydroxyl and an oxygen atom of the peroxide,"'
as shown in Figure 2.11 for 2-cyclohexen- 1 -ol.

Mechanism for syn-epoxide formation:

Cl

CI

6y
FI"O'

_
H

dL(OH
+ 0

OH 0

Oi

Figure 2.11

However, when hydrogen bonding is not possible, as with 2-cyclohexenyl benzoate
5, the major product formed is the anti-epoxide, as a result of steric interactions.
Calvani and co-workers"' previously performed these reactions described and
determined experimentally, by GC analysis, that epoxidation of racemic 2cyclohexen-1-ol gave the syn-2,3-epoxy cyclohexanol 15 in a 96:4 excess, while
epoxidation of racemic 2-cyclohexenyl benzoate 5 gave the anti-epoxy ester in a
73:27 ratio.

It was therefore possible to bias the epoxidation reaction to obtain either the synepoxy ester 16 or the anti-epoxy ester 17 predominantly, by selecting either the 2cyclohexen-1-ol or 2-cyclohexenyl benzoate 5 as the starting material. In this way,

49

anti-2,3-epoxy cyclohexyl benzoate 17 was synthesised in one step from 2cyclohexenyl benzoate 5. Meanwhile, syn-2,3-epoxy cyclohexyl benzoate 16, was
prepared from 2-cyclohexen-l-ol in two steps. Firstly, m-CPBA epoxidation was
performed to obtain syn-2,3-epoxy cyclohexanol 15, followed by treatment with
benzoyl chloride and base to afford the desired epoxy benzoyl ester.

In the epoxidation of 2-cyclohexenyl benzoate 5 [Figure 2.10 (i)], the minor product,
syn-epoxy ester 16, was separated by silica gel chromatography. Purification of 2,3epoxy cyclohexanol 15 prior to benzoylation was not necessary however as NIVIR
analysis of crude 15 did not detect the presence of the minor product, anti-2,3-epoxy
cyclohexanol. A purification step was carried out after syn-2,3-epoxy cyclohexyl
benzoate 16 had been produced from epoxy alcohol 15. The syn and anti epoxy esters
16 and 17 could be differentiated by 'H NMR through examination of the coupling

constant for the C proton, particularly in relation to the C6-Haxial (Figure 2.12).
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I-H is axial 3IH,6HaX 8

1-11 is equatorial 3lH6Hax 5

All J values quoted in Hertz

Figure 2.12

Inspection of the proton and carbon NMR spectra of anti-2,3-epoxy cyclohexyl
benzoate 17 collected after chromatographic purification indicated that the sample
was contaminated with a very minor impurity which was identified as 2-benzoyloxy1,3-cylcohexanediol 23 (Figure 2.13). By performing further silica gel
chromatography, this impurity was separated.
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Figure 2.13

OH
OH

I

-!"'

/~)&
`- 0

17

NaOHJH2O

(

4

17a

HO

O=b

23

Figure 2.14

The most likely mechanism by which the 1,3-diol ester 23 was produced from anti2,3-epoxy cyclohexyl benzoate 17,would be via migration of the benzoyl group to
the C2-position. This would result directly from nucleophilic attack of the epoxide at

7
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the C2 centre by the carbonyl oxygen, giving intermediate 17a (Figure 2.14). Since
this process would be dependent upon the presence of aqueous base, it was most
likely to have occurred during work-up of the reaction, when 5% aqueous sodium
hydroxide solution was used.

The mechanism shown in Figure 2.14 would explain why the syn-2,3-epoxy
cyclohexyl benzoate 16 was stable to such a rearrangement, as it would not be able to
adopt the trans orientation of the C1-OBz bond, in relation to the epoxide ring, which
facilitates the S N 2 attack by the carbonyl oxygen.

2.5.2 Epoxide Opening of 23-Epoxy Cyclohexanol (15) by Benzoic Acid

(OR3)
..TiOH

OH

J
(4

0
Ph

1!
Figure 2.15

\iekI of IS

Ph(O,l-I

Ti(FV(i-01)r),

Reaction

Fqtii aknts

Equivalents

Fi III e Days)

0.5

1.0

4

2

1.1

1.2

2

l6mg(<1%)t

3

1.1

1.2

4

12%
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5

3.3

3.6
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18%

Entry

(

From one-pot synthesis of 18 (discussed below). Yield was based on 2-cyclohexen-lol.

Table 2.2

The route to cyclic carbonate 19 and benzylidene acetal 20 was dependent upon the
preparation, firstly, of the benzoate diol 18. This was achieved using benzoic acid as
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a nucleophile to open up epoxide 15 selectively at the C3 position (Figure 2.15),
following a previously described procedure ." 8 " 9 The regioselectivity of this reaction
was found to be dependent upon the use of a metal alkoxide catalyst, such as titanium
isopropoxide, in stoichiometric quantity, with certain external nucleophiles,
including benzoic acid. 121

The first two attempts at this reaction were entirely unsuccessful (Table 2.2, entry 1).
Upon increasing the mol equivalents of benzoic acid and titanium isopropoxide, to
1.1 and 1.2 equivalents, 120 however, 3 -berizoyloxy- 1 ,2-cyclohexanediol 18 was
isolated from reaction. Successive increases of the amount of benzoic acid and
titanium isopropoxide in the reaction, as well as of the reaction time, lead to a small
improvement of the product yield from 12% to 18% (entry 3-5).

6

OH
(ii)

0

18

15

Sharpless epoxidation : Ti(IV)(OPr')4, t-Bu-COOH, L-(+)-DET
Epoxide opening: PhCO 2H, Ti(IV)(OPr54

Figure 2.16

The reaction described in Table 2.2, entry 2 was the only attempt at a one-pot
synthesis of 3-benzoyloxy-1,2-cychexanediol 18 from 2-cyclohexen-1-ol (Figure
2.16). In this, the Sharpless epoxidation method using tert-butylhydroperoxide
instead of m-CPBA as the oxidising agent, and catalytic titanium isopropoxide, was
adopted to epoxidise 2-cyclohexen-1-ol. 2,3-Epoxy cyclohexanol 15, produced insitu, was then ring-opened with benzoic acid and titanium isoproxide (in
stoichiometnc quantity to the nucleophile) as previously described, to give 3benzoyloxy- 1 ,2-cyclohexanediol 18.
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Although 16 mg of 18 was produced from this one-pot reaction, this worked out as
an extremely low yield (<1% : Table 2.2, entry 2) from 2-cyclohexen-.1-ol. Thus, this
method was not further investigated, and diol 18 was produced via isolated 2,3-epoxy
cyclohexanol 15 (Table 2.2, entries 3-5).

2.5.3 Preparation of Cyclic Carbonate (19) and Benzvlidene Acetal (20)

3-Benzoyloxy-1,2-cyclohexanediol 18 was next reacted with triphosgene, to give
cyclic carbonate 19 (Figure 2.17) and with benzylidene dimethyl acetal, to give
benzylidene acetal 20 (Figure 2.18).

Reaction with triphosgene:

OH

cI,I IJ'

OH

O

+ CCI.CCb

cIIIIr0
"OBz

"OBz

19

18

Figure 2.17
Reaction with benzaldehyde dimethyl acetal:
Ph
OH

Ph

0H

OH
+

MeOOMe
' OBz

"OBz
20

18

Figure 2.18

Acetal formation is a reversible process, and thus, removal of the protecting group
can be readily achieved by acid hydrolysis. However in practice, the equilibrium of
this reaction was driven towards acetal formation by the continuous distillation of
methanol under reduced pressure. This was carried out on a rotary evaporator.
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2.6 BIOLOGICAL ASSAYS WITH SUBSTRATES 1-20

Once substrates 1-20 had been successfully prepared, biological assays were
performed, firstly, with the mutant P-450cam enzyme, Y96A, and then later with the
whole cell organism, R. rhodochrous NCIMB 9703.

The first stage of testing with Y96A involved determining whether these compounds
would be capable of inducing a shift in spin state to the haem iron, from low spin to
high spin, (which could be detected by UV-VIS spectroscopy) upon addition to the
Y96A enzyme. The change to high spin state haem iron is necessary for initiating the
P-450cam catalytic cycle, and thus, for the hydroxylation reaction to occur. This
work will be described in the following chapter (Chapter 3). In the next stage of
screening, compounds which were able to induce the required spin state shift to the
enzyme were reacted with the P-450cam Y96A reconstituted monooxygenase system
in an effort to determine whether they were able to undergo Y96A catalysed
biohydroxylation to give alcohol products. This work is discussed in Chapter 4.
Finally, compounds that were regarded as substrates for the Y96A monooxygenase
system were subjected to a preparative scale Y96A catalysed hydroxylation. The aim
of this was to facilitate product isolation such that product characterisation by
spectroscopic analysis could be performed. This again is discussed in Chapter 4.

After screening of substrates 1-20 with Y96A had been completed, most of those
compounds that were unsuccessful as substrates for Y96A were assayed with the
whole cell organism, R. rhodochrous NCIMB 9703. This microbial system is also
capable of performing biohydroxylations which are proposed to be dependent upon
P-450 monooxygenase (Chapter 1, Section 1.2.3). This work is described in Chapter
6.
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Chapter Three.

DETERMINATION OF
SUBSTRATE BINDING WITH Y96A
USING A UV-VIS ASSAY

Chapter Three. DETERMINATION OF SUBSTRATE BINDING WITH Y96A - UV-VIS ASSAY

3.1. CHANGE IN UV-VIS ABSORPTION OF Y96A AS AN INDICATION OF
SUBSTRATE BINDING

As discussed in Chapter 1 (Section 1.4) the iron cation in its resting state - in the
absence of substrate - is in the ferric oxidation state, and is low spin .61 It forms a
hexacoordinate complex, where the four equatorial ligands are provided by the
porphyrin ring system, the fifth axial ligand by a cysteine residue, 28 and the sixth
axial ligand by a loosely bound water molecule ' Five other water molecules are
. 6

coordinated to the active site in the absence of substrate. 6

'

The entry of the natural substrate into the P-450cam active site causes the expulsion
of all six water molecules, including the axial water ligand of the ferric ion ' Thus, a
. 6

change in coordination state of the metal complex is triggered, as the iron changes
from being hexacoordinate to pentacoordinate. Furthermore, the ferric ion undergoes
a change in spin state, from low spin to high spin, which is accompanied by an
increase in the redox potential of the haem complex.' 66 This facilitates the first
reduction by Pd, which commences the catalytic cycle.

In the native camphor-P-450cam system, the substrate induces a >95% conversion of
the iron cation spin state to high spin. 55 The high spin population of the haem iron is
maintained as long as water is expelled from the active site. However, re-entry of
water into the active site causes the ferric ion to return to the low spin state and thus,
compromise the high spin population. Water re-entry into the active site occurs
primarily through the inability of the substrate to block off the access channel to the
active site. This, in turn, may arise from poor substrate binding - if the substrate is
not tightly constrained in the active site, substrate mobility increases which may lead
to the exposure of the access channel to solvent molecules. Similarly, if the substrate
is too small to fully occupy the binding cavity, there will be space available for water
molecules to bind to the active site. When camphor occupies the active site of P450cam, it is bound in a rigid orientation which physically blocks off the access

channel. The result of this is the optimum high spin population (>95%) obtained for
initiating the catalytic cycle.

The changes undergone by the haem iron cation upon substrate binding and the
dehydration of the active site, are detectable by a change in absorption of the haem
complex in the UV-VIS region, from 417 nm (absorption of the substrate-free
enzyme) to 391 nm (absorption of the bound enzyme). In this way, a UV-VIS assay
was designed to probe the substrate-induced shift in iron spin state. The information
obtained would help to decide whether a given compound should be further
investigated as a substrate for Y96A, by assessing its ability to induce the spin state
shift, and thereby initiate the catalytic cycle.

It was important that the substrates designed for Y96A were also assayed for binding
to the wild type P-450cam, in order to determine whether substrate selectivity of P450cam had been altered by the mutation to tyrosine-96. It was hoped that the more
hydrophobic Y96A mutant would show greater selectivity for the novel substrates,
which were more hydrophobic than camphor.

3.2 PERFORMING THE UV-VIS BINDING ASSAY

In the assays performed here, the substrate was prepared as a 50 MM solution in
ethanol. Typically, 0.5-1.0 mM of substrate solution was required to saturate the
protein, and effect any shift in absorbance to the P-450cam solution (1 pM). The IJVVIS absorption spectrum was recorded with each addition of substrate. The shift in
high spin ferric ion was then qualitatively compared with the spectrum of the
unbound protein and also with spectra produced on addition of the same substrate to
the wild type P-450cam protein.

The shift in spin state undergone by the haem iron, however small, could be observed
by superimposing the spectrum of the substrate-free protein with that of the
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substrate-bound protein. This is demonstrated in Figure 3.1 for 1 -benzoyl piperidine
(8), upon addition of increasing concentrations (0.1-1.0 mM) of substrate (dashed
lines).

Y-axis is absorbance.

Figure 3.1

The percentage of high spin haem iron could be estimated from this assay by
saturating the protein with substrate and calculating the difference in absorbance at
391 nm and 417 nm (A391 -A4171 where A is the absorbance value) with reference to
the absorbance at 391 nm and 417 nm in the UV-VIS spectrum of the unbound
enzyme. This was not carried out, in practice, however. The reason for this was
because a qualitative comparison of UV-VIS spectra was able to provide sufficient
information to decide whether a compound should be further investigated with
Y96A.

The ability of a substrate to induce a spin state change indicates that turnover is
possible as the catalytic cycle has, in theory, been initiated. The quantification of the
high spin change does not contribute any further detail with regards to predicting
substrate turnover, which is dependent on other factors such as the efficiency of
NADH coupling. Ultimately, substrate turnover can only be assessed by performing
the biohydroxylation and examining product formation as, even when NADH
consumption rates are measured, there is no evidence that the NADH being
consumed in the reaction is linked to product formation. Substrate turnover and
NADH coupling will be discussed in greater detail in Chapter 4.
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3.3 SCREENING OF SUBSTRATES (1-20) IN UV-VIS BINDING ASSAY
WITH Y96A AND WILD TYPE P-450 cAM

3.3.1 Results of UV-VIS Binding Assay with Cyclohex(en)yl Benzyl Ethers (1-3)
and Benzoyl Esters (4-6)

The UV-VIS assay results for cyclohex(en)yl benzyl ethers 1-3 and cyclohex(en)yl
benzoyl esters 4-6 are given in Table 3.1. These results were interesting as there
seemed to be little selectivity by Y96A for either the benzyl ether or benzoyl ester
substrates. Both benzyl ethers and benzoyl esters induced a partial shift in the iron
spin state (UV-VIS spectra for cyclohexyl benzyl ether 1 and benzoyl esters 4-6 are
in Appendix 1). No such absorption shifts were obtained, however, in the
corresponding wild type P-450cam assay.
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3.3.2 Results of UV-VIS Binding Assay with Protected Pyrrolidines (1 and 9),
Piperidines (8 and 10) and Pyrans (11 and 12) and with (cis)- and (trans)-2Hexenyl Benzoates (13 and 14)
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The results of the UV-VIS assay with 1 -benzoyl pyrrolidine 7, 1 -benzyloxycarbonyl
pyrrolidine 9, 1-benzoyl piperidine 8, 1-benzyloxycarbonyl piperidine

10, 2-

phenylmethoxy-tetrahydropyran 11, 2-benzoyloxy-tetrahydropyran 12, and cis- and
trans-2-hexenyl benzoates 13 and 14 are shown in Table 3.2. 1-Benzoyl pyrrolidine
7, 1-benzyloxycarbonyl pyrrolidine 9, 1-benzyloxy carbonyl piperidine 10, 2phenylmethoxy-tetrahydropyran 11, and 2-benzoyloxy-tetrahydropyran 12 were
found not to induce a spin state change with either Y96A or the wild type protein.
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However, 1-benzoyl piperidine 8, was able to effect a partial shift (Figure 3.1), and
cis- and trans-2-hexenyl benzoates 13 and 14, produced a complete change in iron
spin state (UV-VIS spectra for 13 and 14 are in Appendix 1). Compounds 8, 13 and
14 did not cause a change in spin shift to the wild type protein, in the corresponding
assay.

3.3.3 Results of UV-VIS Binding Assay with 2,3-Epoxy Cyclohexyl Benzoates
(16 and 17), Cyclic Carbonate (19), and Benzylidene Acetal (20)

Haem Iron High Spin State Shift
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The UV-VIS assay results for syn- and anti-2,3-epoxy cyclohexyl benzoates 16 and
17, cyclic carbonate 19, and benzylidene acetal 20, are given in Table 3.3. These
compounds were unsuccessful in producing a spin state shift to either Y96A or the
wild type protein. Since 2,3-epoxy cyclohexyl benzoates 16 and 17, cyclic carbonate
19, and benzylidene acetal 20, were bulkier than previous substrates assayed, it was
possible that their structures were not compatible for binding to the Y96A active site.
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Subsequent molecular modelling studies of these substrates with the Y96A crystal
structure found this to be the case, and is discussed in more detail in Chapter 5.

3.4 DIFFERENCE IN SUBSTRATE SELECTIVITY BETWEEN WILD TYPE
AND Y96A, P-450cAM ENZYMES

As shown by the binding assay results with the cyclohex(en)yl benzyl ether and
benzoyl ester substrates, 1-6, 1-benzoyl piperidine 8, and (cis)- and (trans)-2-hexenyl
benzoate 13 and 14, where a spin state shift was not induced in the haem iron of the
wild type enzyme, the substrate specificity of P-450cam wild type enzyme differed
from that of Y96A. This was previously found to be the case with diphenylmethane 82
and phenylcyclohexane, 83 which were substrates for Y96A but not for wild type P450cam. The difference in substrate selectivity between wild type P-450cam and the
Y96A mutant for diphenylmethane and phenylcyclohexane was hypothesised by
Flitsch and Wong,"" (in the absence of crystallographic data for Y96A) to be the
result of increased hydrophobicity of the Y96A active site, brought about by
replacement of the polar tyrosine residue with a non-polar residue (alanine).

Using a similar UV-VIS assay, Wong and co-workers" determined a difference in
substrate binding, as exhibited by the change in haem iron spin state, between wild
type P-450cam and Y96A for the substrate, styrene. Styrene was less able to induce a
high spin shift with the wild type P-450cam complex, compared with the Y96A
mutant. The percentage of high spin iron cation induced by the binding of styrene
(calculated to within 5%) was found to be 15% with the wild type enzyme; 45% with
Y96A; and 55% with the Y96F mutant (where tyrosine-96 was replaced by
phenylalanine). Both Y96A and Y96F mutants were predicted to have more
hydrophobic active sites relative to the wild type, and thereby increased selectivity
for the more hydrophobic substrate.
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3.5 IMPLICATIONS OF THE PARTIAL SHIFT IN HAEM IRON SPIN
STATE

A mixture of high and low spin haem iron was observed in the UV-VIS assay with
the cyclohex(en)yl benzyl ether and benzoyl ester compounds 1-6 and with 1-benzoyl
piperidine 8, even upon substrate saturation of the P-450cam enzyme (registered as a
"partial" shift in spin change in Tables 3.1 and 3.2). This mixture of iron spin states
was mainly attributable to the presence of water in the active site which compromises
the high spin population, as discussed in Section 3.1.

Interestingly, a similar mixture of high and low spin forms was observed by Sligar 58
et al in the binding of 5-exo-bromocamphor (5-13C) with P-450cam, where the high
spin iron population induced by 5-13C was only 46% compared with >95% induced
by the binding of camphor. Detailed examination of the rate constants involved in the
binding of 5-13C to P-450cam suggested that the mixture of high and low spin forms
were in a facile equilibrium. 58 Subsequently, the reduction potential of the 5-BCbound P-450cam complex was measured as -246 mV, which was intermediate
between that of the substrate-free P-450cam enzyme (-300 mV) and of the camphorbound P-450cam enzyme (470 mV). Thus, it was suggested that such an equilibrium
between high and low spin states of the haem iron was capable of compromising the
optimum reduction potential of the substrate-P-450cam complex.

O

_
Br

P-450cam O
O2,2e

5-exo-bromocamphor

0
5-ketocamphor

Figure 3.2

The subsequent P-450cam catalysed hydroxylation of 5-exo-bromocamphor to 5keto-camphor (Figure 3.2), gave a much lower overall product yield, relative to the
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reaction with camphor as substrate. This suggested that the reducing equivalents
from NADH were not being exclusively coupled to the hydroxylation of substrate but
were instead being utilised in uncoupled side-reactions leading to the formation of
hydrogen peroxide and water. Uncoupled NADH activity will be discussed in greater
detail in Chapter 4, Section 4.7.

3.6 RELATIONSHIP BETWEEN SUBSTRATE BINDING AND IRON SPIN
STATE

Although the high spin state population induced by 5-exo-bromocamphor was
significantly lower than that induced by D-camphor (46% compared with >95%), the
equilibrium dissociation constanta,

KD,

of 5-exo-bromocamphor was 2.9 jxM,

comparable with the dissociation constant (2.5 tM) of the natural substrate. 58 This
implies that the percentage of high spin haem iron is not necessarily indicative of the
nature of substrate binding. Taking this observation to the extreme, it is possible for a
substrate to exhibit tight binding without inducing any shift to iron spin state.

Since 5-exo-bromocamphor was able to exhibit strong binding to the enzyme but
unable to induce the full spin state change to the haem iron, it was postulated 58 that
the orientation of this substrate in the P-450 active site was, simply, inferior to that
of the natural substrate. When camphor is in the active site of P-450cam, it is able to
induce a >95% conversion to the high spin state by efficiently preventing the re-entry
of water. It is unlikely that the orientation of 5-BC in the active site was able to do
the same despite being tightly bound. This was demonstrated by the mixture of high
and low spin shifts observed.

KD may be calculated from a quantitative analysis of substrate binding using the UV-VIS assay.
Titration of the substrate against the P-450cam enzyme while monitoring the absorption change from
417 nm to 391 nm, allows the saturation point of the enzyme to be determined. K 0 can then be
obtained by plotting the concentration of substrate-bound P-450cam against the concentration of free
substrate.
a
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Applying these discussions to our results, the UV-VIS assay should therefore be
carefully interpreted. The information obtained should be used as a measure of
substrate-induced iron spin state change, rather than as a measure of substrate
binding. Ultimately, the more important of these two factors for determining whether
substrate turnover will occur, is the change in spin state. Without the obligatory shift
in iron spin state, the catalytic cycle cannot proceed as the low spin P-450cam
complex is unable to undergo reduction by putidaredoxin.

With the cyclohex(en)yl benzyl ether and benzoyl ester substrates 1-6, and with 1benzoyl piperidine 8 it is likely that the binding of substrate to the Y96A active site
is not in an ideal orientation to effect the complete expulsion of water (like 5-exobromocamphor) as demonstrated by the partial shift to high spin state observed.
Nevertheless, substrate hydroxylation is possible, in theory, as the proportion of high
spin state haem iron induced may be sufficient to initiate the catalytic cycle. To
determine this experimentally, cyclohex(en)yl benzyl ethers (1-3), cyclohex(en)yl
benzoyl esters (4-6), and 1 -benzoyl piperidine, together with the cis-and trans-2hexenyl benzoate 13 and 14 (which produced a complete shift in absorption from 417
imi to 391 nm) were assayed further by reaction with Y96A (Chapter 4). Those
compounds which were unable to elicit any change in spin state, were not
investigated further as substrates for Y96A.

3.7 COMPATIBILITY OF SUBSTRATE STRUCTURE WITH Y96A

3.7.1 Comparison of Protecting Groups as Aromatic Handles

The results of this assay indicated that the benzyloxycarbonyl side-chain was least
compatible with Y96A as neither 1-benzyloxycarbonyl pyrrolidine 9 nor 1benzyloxycarbonyl piperidine 10 were able to induce a spin state change to the haem
iron. Comparing the Cbz group to the benzoyl and benzyl groups, we could speculate
that this may be due to the extra O-CH, unit in the aromatic handle, rendering these
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substrates too bulky for the mutant active site. Molecular modelling of 1benzyloxycarbonyl pyrrolidine 9 and 1-benzyloxycarbonyl piperidine 10 with the
Y96A crystal structure was carried out in an attempt to clarify this point, the results
of which, are discussed in Chapter 5.

3.7.2 Heterocyclic versus Carbocyclic Substrates

As a general observation from comparison of substrate structures, the inability of
pyrrolidine derivatives 7 and 9, 1-benzyloxypiperidine 10, and tetrahydropyran
derivatives 11, and 12 to cause a spin state change to Y96A, in comparison with the
cyclohexane-derived substrates 1-6, which brought about a partial spin state to the
haem iron, may be attributable to the presence of the heteroatom in the cyclic ring
system. It is noted that a conformational difference also exists between 1 -benzoyl
pyrrolidine 7 and 1-benzoyl piperidine 8 and the cyclohexane derivatives 1-6, as
these particular heterocyclic rings cannot adopt the chair conformation due to the
nitrogen atom being trigonal planar. 121 It is possible that this factor could also
adversely affect substrate binding, although 1 -benzoyl piperidine 8 was shown to be
able to induce a spin state shift in the haem iron.

In order to investigate these differences in substrate structures with respect to their
interactions with Y96A, molecular modelling studies with the Y96A active site were
performed (Chapter 5). It was hoped that a clearer picture of substrate-enzyme
interactions would be gained from this, which would help to rationalise the
experimental results obtained in the binding assay.

3.8 CONCLUSIONS

The UV-VIS assay was ideal as the first stage of substrate screening, as it required
little advance preparation, was easy to carry out, and used minimal amounts of
protein and substrate. Moreover, the desired information was obtained quickly.
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In terms of substrates for Y96A, a preference was definitely shown for
cyclohex(en)yl benzyl ethers 1-3, and benzoyl esters

4-6. Of the remaining

substrates, only 1 -benzoyl-protected piperidine 8, and cis- and trans-2-hexenyl
benzoates 13 and 14, were able to induce a shift in the iron spin state. These
substrates were assayed further with Y96A, in a small scale biohydroxylation
(Chapter 4).

A clear distinction was made between substrate binding and the change in haem iron
spin state. It is possible for a compound to be tightly bound to the Y96A active site
without inducing a change in spin state to the ferric ion, as the binding orientation of
the substrate may not be effective in displacing the water ligand of the low spin ferric
complex. As such, it is possible that those substrates which did not induce a spin
state change, were nevertheless binding to the Y96A enzyme. However, in terms of
biohydroxylation, the inability to produce the spin shift means that catalytic activity
is not promoted, as the low spin ferric ion cannot undergo reduction by
putidaredoxin. Thus, the main requirement of the substrate at this stage of screening
was that a shift in ferric ion spin state would result from addition of the compound to
the enzyme. Those compounds which were unable to meet this requirement were not
investigated further with Y96A.
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Chapter Four
Y96A CATALYSED HYDROXYLATION
WITH SELECTED SUBSTRATES

Chapter Four. Y96A CATALYSED HYDROXYLATION WITH SELECTED SUBSTRATES

4.1 GROWTH AND PURIFICATION OF Y96A

The expression of Y96A P-450cam protein in E. coli was carried out according to
literature methods.' 22 The Y96A P-450cam pAW7292 plasmid cloned into E. coli
JM109, putidaredoxin and putidaredoxin reductase protein stocks, were all generous
gifts from Dr. Luet Lok Wong at the University of Oxford, Inorganic Chemistry
Laboratory. Although the author did successfully express and purify Y96A (for
which, a procedure has been outlined in Chapter 7), it is acknowledged that the
expression and purification of the majority of Y96A used in the following reactions,
and in the UV-VIS assay, was undertaken by another postgraduate member of the
group, Adam Staines.

4.2 REQUIREMENTS OF THE MONOOXYGENASE REACTION

Hydroxylation of substrate by P-450cam requires the input of two electrons, and
oxygen (Chapter 1, Section 1.4). Oxygen to the reaction is supplied from the
atmosphere. In the reactions performed, a wide-necked reaction vessel was used, and
only a maximum of 20% of the flask volume was occupied by the reactants, to ensure
that there was sufficient oxygen without the need for an alternative supply.

The electrons for the P-450cam reaction are supplied by NADH. These are delivered
via the mediator proteins - putidaredoxin reductase, a FAD-containing protein, and
putidaredoxin, a 25-2Fe protein - to P-450cam. Research into this electron transport
system demonstrated that a binary complex was formed between NADH and the
reductase protein, 59
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which was responsible for reducing putidaredoxin - a one

electron acceptor - at two distinct stages of the catalytic cycle. Similarly, reduced
putidaredoxin formed a binary complex with oxidised P-450cam in order to effect
reduction of the P-450 enzyme. 12 ' The complex dissociated upon the formation of
reduced P-450cam.123

In addition to these four components, bovine liver catalase' 24

' 26

was required to

suppress the accumulation of hydrogen peroxide. Hydrogen peroxide is the product
of uncoupled reactions at two of the three specific branching points in the reaction
cycle. These will be discussed in more detail in Section 4.7. It is important that
peroxide concentrations are not allowed to accumulate within the reaction as this
oxidising agent has been found to react with the substrate, irrespective of the
monooxygenase reaction. For example, in the P-450cam catalysed hydroxylation of
styrene in the absence of catalase, benzaldehyde was produced from the oxidation of
styrene by hydrogen peroxide, generated in the uncoupling reactions."' The product
coupled to P-450cam activity was styrene oxide.

Potassium chloride was also added to supply K ions. The presence of potassium
cations in P-450cam has been found to increase and maintain the high spin
population of the haem iron." The maximum high spin configuration was achieved
using 100-150 mM of KC1 with the reconstituted P-450cam monooxygenase, while
the high spin configuration was enhanced by higher concentrations of KC1 (around
200 mM), with P-450cam mutants. 8

'

4.3 PERFORMING THE Y96A CATALYSED HYDROXYLATION

4.3.1 Analytical Scale Y96A Hydroxylation

The cyclohex(en)yl benzyl ethers 1-3 and benzoyl esters 4-6, 1 -benzoyl piperidine 8,
and cis- and trans-2-hexenyl benzoates 13 and 14 were assayed as substrates in this
small scale biohydroxylation. The aim of the experiment was primarily to determine
whether reaction of these compounds with Y96A would result in product formation.
Detection of reaction products was carried out by gas chromatography.
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The enzymes were defrosted from -80 °C in an ice-water slurry bath and purity was
checked by UV-VIS spectroscopy prior to use. The NADH used was of Grade 1 or 2
purity, bought pre-weighed in vials stored under nitrogen, and were kept in a
dessicator prior to use. To perform the reaction, the Y96A enzyme was mixed firstly
with its electron transfer proteins in a ratio of 1:1:10 (Y96A : PdR : Pd), in the
presence of catalase and potassium chloride. The final volume of 1 ML was made up
with Tris. buffer at neutral pH, and warmed to 30 °C. The reaction was then initiated
by addition of NADH and substrate.

The hydrophobic substrate was added as a 10 mM solution in ethanol. Although
some cloudiness was observed upon first contact with the aqueous buffer, this
disappeared rapidly, and solubility problems were never encountered on this scale of
reaction. The reaction was quenched after one hour, to ensure that all NADH had
been consumed." Very little sample preparation was required for gas
chromatography, involving analysis of the ethyl acetate extract of the reaction.

4.3.2 Preparative Scale Y96A Hydroxylation

The analytical reaction was scaled up by ten-fold (10 mL final volume) in the
preparative scale Y96A hydroxylation. The enzyme concentrations of the analytical
reaction were maintained. However, the concentration of NADH was increased from
2 mM to 14 mM, and was added in 50 tL aliquots, at the same time as the substrate.
The substrate was also added in 50 tL aliquots to the reaction mixture, every ten
minutes, so as to avoid possible inhibition of the enzyme.' In this way, substrate
solubility problems were also avoided until towards the end of reaction, when the
increased substrate concentration caused a more permanent cloudiness to the reaction
mixture. To combat this, and also to replenish depleting protein concentrations (loss
of colour to the reaction mixture indicated protein decomposition), more Y96A, PdR
and Pd, proteins were added towards the end of the reaction. The reaction was
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allowed to proceed typically for three hours (with reaction monitoring by GC), to
ensure all NADH had been consumed in the reaction. GC analysis was performed to
allow for comparison of results with the analytical reaction, and purification of the
crude material from biohydroxylation was performed using HPLC.

The main objective for scaling up the Y96A catalysed hydroxylation was to facilitate
product characterisation, with regards to establishing the site of hydroxylation and
the relative stereochemistry of the hydroxylated product, by NMR techniques. To our
knowledge, the only published result" for a large scale hydroxylation by the mutant
Y96A, to date, was carried out by Flitsch, Wong and co-workers, using
phenylcyclohexane as the substrate (Chapter 1, Section 1.4). The total product yield
obtained was 3 mg from 10 nmol of P-450cam, and the products were identified by
500 MHz proton NMR as three different hydroxy-phenylcyclohexane isomers. It was
hoped that, as the reaction performed here was on an identical scale, similar product
yields would also be obtained.

4.4 RESULTS OF THE ANALYTICAL SCALE Y96A HYDROXYLATION

The results of the 1 mL Y96A hydroxylation reaction with cyclohex(en)yl benzyl
ethers 1-3 and benzoyl esters 4-6, 1-benzoyl piperidine 8, and cis- and trans-2hexenyl benzoates 13 and 14, are shown in Table 4.1. None of the reactions went to
completion, as was indicated by the presence of starting material in the gas
chromatograms of the reaction extracts. In the absence of an available internal
standard for product quantification, approximate conversion yields were calculated
from the gas chromatograms by dividing the area of the product peak by the
combined area of the starting material peak and the product peak, and expressing as a
percentage:

b

The NADH consumption rate for such 1 mL hydroxylation reactions were previously calculated by
the group of Dr. L-L. Wong, at the University of Oxford. They found that 30 min. was sufficient time
for the 1 ml, scale reaction.
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Apro d uct peak
(A

start ing material peak

x 100 = approximate conversion yield %

+ A product peak)

where A denotes "area of'.

All chromatograms of the reaction mixtures were compared to the chromatograms of
the starting materials.

Substrate

No. of Product Peaks
from
Ph

(7C

Retention Time

Peak Area

(mm)

one

3.83

12%

none

-

-

Ph

none

-

-

Ph

one

2.41

8%

one

2.56

32%

two

2.16

19%

2.55

17%

0 P
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0
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LO

5

(y_OyPh

°

L)

6

0
Ph

one

5.30

none

-

none

-

8
0

13
0

Table 4.1

One peak attributable to product, by GC analysis, was obtained with cyclohexyl-1oxymethyl benzene 1 (12%), cyclohexyl benzoate 4 (8%), 2-cyclohexenyl benzoate 5
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5 (32%), and the 1-benzoyl piperidine 8 (30%) (Appendix 2). However, 3cyclohexenyl benzoate 6 showed two small peaks (19% and 17%) attributable to
products. These five compounds were further assayed in the preparative scale Y96A
reaction.

Reaction with (2-cyclohexenyl- 1 -oxymethyl) benzene 2, (3 -cyclohexenyl- 1oxymethyl) benzene 3, and (cis)-and (trans)-2-hexenyl benzoates 13 and 14,
however, did not give any products. The result with 2-hexenyl benzoates 13 and 14
was particularly surprising considering the UV-VIS assay results, which showed both
these compounds to induce a full spin state change to the haem iron (Chapter 3).

4.5 LOSS OF REACTION SELECTIVITY : Result With 3-Cyclohexenyl

Benzoate (6)
FID1A, (AMIDE\017F0201.D)
pA
60

70

60

50

40

30

20

8

Figure 4.1 : GC of 3-Cyclohexenyl benzoate (6)
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The presence of two product peaks obtained from the small scale hydroxylation of 3cyclohexenyl benzoate 6 (Figure 4.1) indicated a loss of selectivity in the
hydroxylation reaction. Loss of selectivity in the P-450cam hydroxylation is mainly
attributed to increased substrate movement within the active site. This arises either as
a consequence of the substrate structure being too small to fill the binding cavity, or
of mutations introduced to the active site. In both situations, substrate mobility is
increased since the number of favourable binding interactions that can form between
the substrate and the active site, are drastically reduced. Conversely therefore,
increasing the number of stabilising contacts between the active site residues and the
substrate, reduces substrate mobility. This is best illustrated in the native camphor P-450cam monooxygenase system.

.;,

F7

I
139
D2

T5
">:=a

r

247
L244

V396
V295.
.

Figure 4.2 : P-450cam active site with camphor

The P-450cam active site has evolved to be extremely specific for the camphor
molecule and as such, the natural substrate is afforded very little movement in the
active site. The residues which contribute to binding camphor include valine-295,
valine-247, leucine-244, and phenylalanine-87, which are all in close Van der Waals
contact, while the only formal bond is donated by the tyrosine-96 hydroxyl side-
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chain, in the form of a hydrogen bond to the camphor carbonyl (Chapter 1, section
1.4) (Figure 4.2).

As a result of the highly optimised fit of the substrate, water is excluded from the
camphor-bound active site, 12 as demonstrated by the >95% conversion to high spin
state (Chapter 3, Section 3.1). The lack of substrate mobility, ultimately, is
responsible for the hydroxylation event occurring regiospecifically and
stereospecifically at the C5-exo-H bond of camphor, as no other bond is accessible to
the activated iron-oxo species.

The specificity for the C5-exo-bond and the exclusive high spin iron population may
be altered, however, through the introduction of mutations to the active site residues.
Thus, mutation of Tyr96 to phenylalanine (Y96F) decreased the percentage of high
spin iron from the maximal 95% observed, to 59%, upon the binding of camphor. 79
Subsequent turnover gave rise to four other hydroxylated compounds, as well as the
expected product, 5-exo-hydroxycamphor (Figure 4.3) (Chapter 1, Section 1.4). This,
conceivably, occurred through the increased mobility of camphor in the mutant
active site, which allowed greater exposure of other C-H bonds to the activated
hydroxylating species.

s/ 9

010
2, i / 6

Y96F

0
+

02, 2&

OH

3L —j

OH

+

HO
4%

92%

2%

+

+

OH
1%

Oie OH
<1%

Figure 4.3 : Y96F Hydroxylation of D-Camphor
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Considering that a loss of selectivity had been shown in the Y96A hydroxylation of
3-cyclohexenyl benzoate 6, as indicated by the presence of two peaks attributable to
product by GC analysis, it is reasonable to suggest that this substrate has a degree of
mobility in the active site and therefore, is able to adopt multiple orientations which
contact the hydroxylating iron-oxo species, leading to the formation of a number of
products. The mixed spin state obtained from the UV-VIS assay of this compound
(Chapter 3), previously indicated that the binding orientation in the active site was
not ideal, resulting in the incomplete expulsion of water from the active site.

4.6 SHIFT IN SPIN STATE WITHOUT PRODUCT FORMATION : Results
with (2-Cyclohexenyl-1-oxymethyl) benzene (2), (3-Cyclohexenyl-1-oxymethyl)
benzene 3, cis-2-Hexenyl benzoate 13 and trans-2-Hexenyl benzoate 14

The UV-VIS assay indicated that all the cyclohex(en)yl benzyl ether 1-3 and benzoyl
ester substrates 4-6 were capable of inducing a partial shift in spin state to the haem
iron, while cis- and trans-2-hexenyl benzoate 13 and 14 induced a complete shift in
spin state. Therefore, theoretically, these substrates were also capable of undergoing
hydroxylation catalysed by Y96A. The results from the small scale hydroxylation of
substrates, (2-cyclohexenyl- 1 -oxymethyl) benzene 2, 3 -cyclohexenyl- 1 -oxymethyl
benzene 3, cis-2-hexenyl benzoate 13 and trans-2-hexenyl benzoate 14, however,
were incompatible with this view.

The fact that (2-cyclohexenyl-l-oxymethyl) benzene 2 and (3-cyclohexenyl-1oxymethyl) benzene 3 induced partial changes to the iron spin state but were unable
to undergo reaction with Y96A implies that the population of high spin iron
produced was not sufficient to initiate the catalytic cycle. If this was the case, it is
highly likely that the electrons being supplied to the reaction by NADH were
otherwise utilised in uncoupling reactions, to produce hydrogen peroxide and water
(Section 4.7.2).
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A similar situation was encountered by Atkins and Sugar," in the wild type P450cam hydroxylation of camphane. Although, the P-450cam UV-VIS assay with
camphane exhibited a 46% high spin population of the haem iron, only 8% of the
NADH consumed was found to be utilised for hydroxylation, in the subsequent
reaction with the monooxygenase system. The majority of the NADH consumed was
thought to have been used to produce hydrogen peroxide and water, although the
concentrations of these by-products were not determined.

From this result, Atkins and Sugar postulated that a threshold limit of high spin
conversion may be in operation in the P-450cam hydroxylation of a given substrate. 79
Below this level, the enzyme would become significantly less efficient in performing
the hydroxylation reaction. Considering the results obtained with (2-cyclohexenyl-1oxymethyl)methyl benzene 2 and (3-cyclohexenyl-1-oxymethyl) benzene 3 within
this context, it is possible that the percentage of high spin ferric ion induced by these
compounds was below the proposed threshold required to promote monooxygenase
activity towards substrate hydroxylation. As such, no products were observed, and
the electrons from NADH may be accounted for in producing hydrogen peroxide and
water (Section 4.7.2) although this was not determined experimentally with these
reactions.

In considering the very positive binding assay results with cis-2-hexenyl benzoate 13
and trans-2-hexenyl benzoate 14, however, where a complete shift in the haem iron
spin state had been observed, there had been expectations for an equally positive
result from biohydroxylation. However, only starting material was detected by GC at
the end of the reaction. This information gave rise to the suggestion that cis- and
trans-2-hexenyl benzoates 13 and 14 were ligands for the Y96A active site, with the
possibility of acting as reversible inhibitors although this has to be verified by
reaction kinetics studies.

Reversible inhibitors of P-450cam operate by competing with substrates for
occupancy of the active site, in three different ways. The first mode of reversible
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inhibition is simply to bind to the substrate's hydrophobic domain."' This has been
found to be optimal when the inhibitory substance is bound tightly to the active site
but is a poor substrate.' 28 The second mode involves coordination to the prosthetic
haem iron, and the third operates through the inhibitor participating in specific
hydrogen bonding or ionic interactions with specific active site residues.' 28 Examples
of inhibitors which coordinate to the ferric haem, include ionic ligands such as
cyanide,"' while ones which bind to ferrous haem include the neutral ligand, carbon
monoxide." Meanwhile, pyridine and imidazole derivatives such as metyrapone
(Figure 4.4), are very effective inhibitors of P-450cam as they are able to bind
simultaneously to the hydrophobic substrate domain and to the haem iron.' 28

OY

CH3
CH3

o

metyrapone
Figure 4.4

Inhibition by substances such as carbon monoxide, cyanide and metyrapone produce
a characteristic change in UV-VIS absorption, typically from the region of 391 nm to
the region of 420 nm - a so-called "type II" spectral change.' 3°
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4.7 COMPARISON OF SUBSTRATE STRUCTURES

:

AROMATIC

HANDLES

The general trend which emerged through performing these small scale turnovers
was that the benzoyl, rather than the benzyl, aromatic side-chain, was the substrate
"linker" preferred by the Y96A enzyme. This distinction could not be made on the
UV-VIS binding assay results which showed both benzyl ether and benzoyl ester
substrates inducing similar partial shifts to the haem iron spin state. As was discussed
earlier (Chapter 2), the reason for the benzoate esters being better substrates may be
attributed to the presence of the carbonyl group. There is literature precedence for
such electronegative groups having an influential effect in B. bassiana hydroxylation
(Chapter 1.2.4). The effect of this functional group, with respect to its interactions
with the Y96A active site, was modelled with Y96A (Chapter 5).

4.8 CONCLUSIONS: ANALYTICAL SCALE Y96A HYDROXYLATION

Although the tyrosine to alanine mutation at residue 96 was engineered to alter the
active site conformation to accommodate more hydrophobic substrates, it appears
from these experimental results that the three dimensional structure of the mutant
active site is not sufficiently optimised for the substrate structures so far tested.
Evidence of this was obtained from the low, approximate, conversion yields for
cyclohexyl- 1 -oxymethyl benzene 1, cyclohexyl benzoate 4, 2-cyclohexenyl benzoate
5, 3-cyclohexenyl benzoate 6, and 1-benzoyl piperidine 8; the loss of selectivity in
the Y96A hydroxylation with 3-cyclohexenyl benzoate 6; and also the lack of
reaction with (2-cylohexenyl- 1 -oxymethyl) benzene 2 and (3-cyclohexenyl- 1oxymethyl) benzene 3.

These results may be improved by optimising the substrate structure for the mutant
enzyme. With respect to this, molecular modelling of the substrate-enzyme
interactions may help to identify structural features which contribute to stabilising
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the substrate in the active site. Initial molecular modelling studies were performed
with substrates 1-20, and are discussed in Chapter 5. The analytical scale Y96A
hydroxylation results obtained indicate that the benzoyl protecting group is the
aromatic handle of choice for Y96A. Finally, it is proposed that cis-2-hexenyl
benzoate 13 and trans-2-hexenyl benzoate 14 are possible reversible inhibitors which
were able to bind efficiently to the hydrophobic domain, as shown by the full shift in
absorbance from 417 rim to 391 rim (although the binding constant was not
established), but were not substrates for Y96A as no product was formed from the
Y96A catalysed hydroxylation.

4.9 RESULTS OF THE PREPARATIVE SCALE Y96A HYDROXYLATION

Cyclohexyl-1-oxymethyl benzene 1, cyclohexyl benzoate 4, 2-cyclohexenyl benzoate
5, 3-cyclohexenyl benzoate 6 and 1-benzoyl piperidine 8 were reacted in a
preparative scale hydroxylation with Y96A. The aim was to isolate sufficient
quantities of hydroxylated product for characterisation by spectroscopic analysis. The
results of these reactions are shown in Table 4.2.

As with the analytical scale Y96A hydroxylation, conversion yields were estimated
from the gas chromatograms of the reactions based on the peak areas of the starting
material and product (Section 4.4). No product was detected with the Y96A
hydroxylation of 3-cyclohexenyl benzoate 6 (Table 4.2). However, one product peak
was observed from GC analysis of the Y96A reaction with cyclohexyl-1-oxymethyl
benzene 1, cyclohexyl benzoate 4, 2-cyclohexenyl benzoate 5, and 1-benzoyl
pipendine 8.

Although the results with substrates 1, 4, 5 and 8 reproduced the results obtained
from the analytical Y96A hydroxylation qualitatively, the estimated percentage
conversion yields were lowered significantly with cyclohexyl benzoate 4 and 2cyclohexenyl benzoate 5. In every reaction, 8 mg (4 mM) of substrate and 100 mg
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(14 mM) of NADH were added. The maximum product yield from these reactions
(calculated from the estimated conversion yield) are shown in Table 4.3.

Retention Time (mm)

Peak krea (%)

one

3.37

4%

one

2.41

2%

OyPh

one

2.99

3%

OYPh

none

-

-

one

9. 74 t

14%

No of Product Peaks

Substrate

from CC Analysis
Ph

0

1
01Oy..Ph

4

a

0
NPh

Table 5.2
tGC analysis of piperidine 8 was performed on a fused silica DB-1 column (30 m

0.25 mm i.d.) as a

solution in hexane, using a Fisons Instruments 8000 Series gas chromatograph equipped with a flameionisation detector. All other substrates (1, 4-6) were analysed according to the GC method in Chapter
7, General Procedures.

Substrate

Maximum Expected Reaction Yield

cyclohexyl-1-oxymethyl benzene 1

0.32 mg

cyclohexyl benzoate 4

0.16 mg

2-cyclohexenyl benzoate 5

0.24 mg

1 -benzoyl pipendine 8

1 mg
Table 4.3
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4.10 PURIFICATION AND CHARACTERISATION OF PRODUCTS FROM
PREPARATIVE SCALE Y96A HYDROXYLATION

Purification of the products from cyclohexyl-1-oxymethyl benzene 1,, cyclohexyl
benzoate 4, 2-cyclohexenyl benzoate 5 and 1 -benzoyl piperidine 8 was attempted by
reverse-phase, preparative HPLC, using mixtures of acetonitrile and water as the
eluent. A residue was obtained upon evaporation of the HPLC eluent which was
examined by 600 MHz 'H NMR. However, spectroscopic analysis was unable to
detect the presence of any product with cyclohexyl-1-oxymethyl benzene 1,
cyclohexyl benzoate 4 or with 1-benzoyl piperidine 8.

The reaction with 1 -benzoyl piperidine 8 was repeated once, while reaction with
cyclohexyl benzoate 4 was repeated several times incorporating slight modifications
to the reaction procedure (Section 4.11), but no improvement to the results was
achieved. With 2-cyclohexenyl benzoate 5 however, hydroxylated product could be
partly assigned in the 600 MHz 'H NMR spectrum, after several attempts at the
reaction. Unfortunately, HPLC could not purify the product from 2-cyclohexenyl
benzoate 5 sufficiently, to obtain a clean NIVIR spectrum.

The problems encountered in purification arose mainly as a result of the very small
amounts (<1 mg) of material being handled. On this very small scale, any
contamination of the sample was usually in greater concentrations than the product
(as detected by high field NMR spectroscopy) thus hampering the product
characterisation process by spectroscopic analysis.

4.11 ATTEMPTS TO IMPROVE THE Y96A CATALYSED
HYDROXYLATION PROCEDURE

The biggest challenge with the large scale Y96A hydroxylation was in improving the
very low yields obtained in the reaction with the selected substrates. Minor changes
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to the reaction procedure were made. As discussed in the Introduction (Chapter 1,
Section 1.1.1), only a limited number of options are available for changing the
reaction parameters of an enzymatic process. This was cited as one of the
disadvantages in utilising biocatalysis. The Y96A reaction was attempted only once
with cyclohexyl-l-oxymethyl benzene 1 and twice with 1-benzoyl piperidine 8. Upon
failure to isolate enough product from these reactions for NMR analysis by HPLC,
further investigation of the Y96A hydroxylation with compounds 1 and 8 was
postponed, in order to focus more attention towards improving the reaction with
cyclohexyl benzoate 4 and 2-cyclohexenyl benzoate 5.

Firstly, the size of the reaction vessel in relation to the reaction volume was further
increased, in case there was insufficient oxygen available to the reactants. The
reaction time was also prolonged, although monitoring by GC was continued. The
work-up procedure was modified to allow for the possibility of the products being
volatile. For example, the evaporation of solvent was carried out under a stream of
nitrogen gas, rather than using rotary evaporation under reduced pressure. Ultimately
however, it was unlikely that the apparent loss of product was due to volatility, as the
results were found to be the same regardless of the method of solvent removal
employed.

Numerous attempts were made at the preparative scale Y96A reaction with
cyclohexyl benzoate 4 and 2-cyclohexenyl benzoate 5 adopting these minor changes
to the reaction procedure. Unfortunately, no improvement to the reaction was
achieved, in terms of yields. As previously mentioned, although the product from the
Y96A hydroxylation of 2-cyclohexenyl benzoate 5 could be identified by high field
NIMR, the product could not be sufficiently purified by HPLC.
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4.12 LOW YIELDS ARISING FROM INCREASED, UNCOUPLED NADH
ACTIVITY

The most likely explanation for the very low yields obtained was that the activity of
uncoupling reactions was greatly increased. The results of the analytical scale Y96A
reactions previously indicated that NADH consumption was not exclusively linked to
monooxygenase activity, as the conversion yields were low (but not as minimal as
those obtained with the preparative reaction), although this factor was not
experimentally determined. Thus, it is proposed that the reducing equivalents from
14 mM (100 mg) of NADH added to the reaction were preferentially utilised towards
production of hydrogen peroxide and water. Evidence for this could be obtained by
measuring the amount of NADH consumed versus the number of moles of product
formed, although unfortunately this was not determined with the reactions described
here.

In the P-450cam catalytic cycle (Chapter 1, Section 1.4), there are three possible
branching points where the electrons from NADH are partitioned between furthering
monooxygenase activity, or producing superoxide (at the first branch), hydrogen
peroxide (at the second branch), and water (at the third branch).

Specifically, the first opportunity for uncoupling arises at the second electron transfer
stage. Here, the dioxygen-bound ferric haem may either accept the second electron
from putidaredoxin, or undergo autoxidation, with the release of superoxide anion
(Figure 4.5). The superoxide anion is unstable and disproportionates to hydrogen
peroxide, but this is not the main route by which hydrogen peroxide is produced. In
practice, autoxidation is the least competitive uncoupling reaction as the second
electron transfer is far more efficient."'
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Figure 4.5 : Second electron transfer vs. autoxidation

Hydrogen peroxide is mainly produced at the second branching point, often referred
to as the peroxide shunt, where the dioxygen-bound ferrous species may either
undergo diatomic bond cleavage to produce the putative high valent iro-oxo species,
which is responsible for the hydroxylation of substrate (Chapter 1, Section 1.4), or
undergo a two electron reduction to give hydrogen peroxide (Figure 4.6). This
reaction is dependent upon the availability of protons in the active site environment,
the concentration of which is greatly increased by the presence of water. Thus, water
in the active site effectively promotes hydrogen peroxide production and is therefore
detrimental to monooxygenase activity.
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Figure 4.6 : Dioxygen bond scission vs. hydrogen peroxide shunt

The final partition occurs between the hypothetical, activated iron-oxo species, an
[FeO] intermediate [it has not been established whether the iron cation is in the
ferryl or the perferryl oxidation state, although it is widely regarded' 12 to be Fe(V)],
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which either performs the hydroxylation reaction on the substrate or undergoes a
further two electron reduction to produce water (Figure 4.7).

1F1

e

3+

..........

Sub

Fe3 + Sub-OH
HYDROXYLATION OF SUBSTRATE

2 &, 2 H
OXIDASE REACTION

(Fe

..........

Sub)

H20

Figure 4.7: Substrate hydroxylation vs. oxidase activity

Substrate hydroxylation is postulated to occur via hydrogen radical abstraction from
the substrate by [FeO] 3 , followed by recombination of the OH radical with the
substrate carbon radical which terminates the reaction, in an mechanism commonly
known as "oxygen rebound". This yields the alcohol product and returns the iron
cation to a more stable oxidation state. However recently, there has been some doubt
cast over the validity of this mechamsm. 74
This last uncoupling reaction, often referred to as the oxidase reaction, 113 is largely
131
dependent upon the residence time of the substrate at the activated species. In the
P-450cam reaction with ethylbenzene,' 34 Loida and Sugar were able to significantly
improve monooxygenase activity using a number of P-450cam mutants, which were
engineered to "push" the substrate to a more proximal position above [FeO] 3

.

Conversely, using mutants designed to increase the distance between the substrate
and the activated haem centre, the concentrations of hydrogen peroxide and water
were increased.

Thus, the researchers suggested that if the lifetime of the activated [FeO]"
intermediate was prolonged due to lack of contact with the substrate, then oxidase
activity would be preferentially promoted. These experimental results were
interpreted relative to the wild type P-450cam reaction with ethylbenzene, where
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only 5% of the total NADH consumed was utilised towards substrate hydroxylation.
The majority of NADH was consumed in uncoupled reactions - 77% was used to
produce H202 leaving 18% which was presumed to be utilised in water production.
,

In summary, if the substrate is suitably positioned in the active site, with minimum
movement possible, then oxidase activity should be suppressed in favour of the
monooxygenase reaction. Similarly, expulsion of water from the active site would
greatly decrease the rate of hydrogen peroxide formation. As neither of these criteria
for the promotion of monooxygenase activity was fulfilled completely by
(cyclohexyl-l-oxymethyl) benzene 1, cyclohexyl benzoate 4, 2-cyclohexenyl
benzoate 5, and 1-benzoyl piperidine 8, it is reasonable to suggest that uncoupling
reactions were competing very efficiently for the NADH reducing equivalents, in the
Y96A catalysed hydroxylation reactions performed. The very low yields observed in
each of the preparative Y96A reactions performed, support this theory. In the
reaction with 3-cyclohexenyl benzoate 6, the inability to yield hydroxylated product
at all, suggests that only uncoupled NADH activity was occurring.

In the Y96A catalysed hydroxylation of pentane, Wong et al found that only 14.5%
of the NADH consumed was related to monooxygenase activity. 85 However, the
NADH coupling efficiency was improved significantly with the substrates, 3methylpentane (52.0%), and 2-methylpentane (40.8%). Hydrogen peroxide produced
in these reactions was found to gradually inactivate the enzyme system. However, by
using catalase to remove peroxide, products could be quantified by GC methods,
through co-elution of isolated products with authentic samples. Although the Y96A
catalysed hydroxylation of pentane and the methylpentane isomers were performed at
a quarter of the scale of our preparative hydroxylation (2.5 mL final volume, using
the same concentrations of enzymes), so that a direct comparison of cannot be made,
the results do have some implication upon our work.

Assuming that the very low yields obtained from the Y96A hydroxylation of
(cyclohexyl- 1 -oxymethyl) benzene 1, cyclohexyl benzoate 4, 2-cyclohexenyl
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benzoate 5, and piperidine 8, are a result of NADH uncoupling, then there is scope
for improvement. Just as the Y96A reaction with pentane was significantly improved
by addition of a methyl group to the substrate structure, it may be possible to increase
the product yields with compounds 1, 4, 5 and 8, by refining the substrate structure
for greater compatibility with the Y96A active site. As an initial step towards
achieving this, molecular modelling of substrates could aid in visualising substrateenzyme interactions which are favourable for binding.

4.13 NMR ANALYSIS OF THE HYDROXYLATED PRODUCT FROM 2-

CYCLOHEXENYL BENZOATE 5
5.56 ppm

4.34 ppm

F'." , .

5.90 ppm
Product from Y96A Hydroxylation of 2-Cyclohexenyl benzoate 5:
4-hydroxy-2-cyclohexenyl benzoate

5.89 ppm

5.83 ppm

4.02 ppm

Ph

4.28 ppm
Product from R. rhodochrous NCIMB 9703 Hydroxylation
of ( 2-Cyclohexenyl-1-oxymethyl) benzene 2

Figure 4.8
The hydroxylated product from the reaction with 2-cyclohexenyl benzoate 5 was
detected by NIVIIR, although the sample was impure. The signals for the single

89

protons attached to C2, C3, Cl, and for the CHOH were observed at 5 5.97, 5.90,
5.56, and 4.34 ppm, respectively, in the product from 2-cyclohexenyl benzoate 5.
Revealingly, the coupling pattern of each alkene proton was a dddd (including fine
coupling, 4J), with 2J 10 Hz, and 3J 3 Hz. Since C3-H was only involved in threebond coupling with two different protons, the hydroxyl group was deduced to be at
the C4 position. However, there was insufficient information to reveal whether the
hydroxyl group was in the axial or equatorial position. This could normally be
assigned through examination of the coupling pattern with regards to the C5-Haxial
signal, however in this case, the C5-H 2 signal was obscured by an impurity at 5 1-2
ppm (Appendix 3).

Thus, the product was identified as 4-hydroxy-2-cyclohexenyl benzoate (Figure 4.8).
Assignment of the NMR spectrum was also aided, in part, by comparison with the
NMR spectral data obtained for the product of (2-cyclohexenyl-l-oxymethyl)
benzene 2 from R. rhodochrous NCIMB 9703 biohydroxylation (Chapter 6), which
was determined to be (4-hydroxy-2-cyclohexenyl-1-oxymethyl) benzene (Figure

A]
Hydroxylation at the C4-position of 2-cyclohexenyl benzoate 5 was not a surprising
result considering the previous results obtained with diphenylmethane 82 and
phenylcyclohexane, 83 and also the results of R. rhodochrous biohydroxylation
(Chapter 6). Unfortunately, due to the nature of the impurity, the signals for the
remainder of the cyclic ring protons could not be assigned. NMR data for 4-hydroxy2-cyclohexenyl benzoate can be found in Chapter 7 and the NMR spectrum is shown
in Appendix 3.

4.14 CONCLUSIONS: PREPARATIVE SCALE Y96A HYDROXYLATION

From an initial screening of eighteen compounds designed for mutant Y96A, five
substrates were deemed suitable for preparative scale biohydroxylation. These were
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(cyclohexyl-1-oxymethyl) benzene 1, cyclohexyl benzoate 4, 2-cyclohexenyl
benzoate 5, 3-cyclohexenyl benzoate 6, and 1-benzoyl piperidine 8. The results
between the analytical and preparative scale reactions were in agreement by GC, for
the reactions with compounds, (cyclohexyl-1-oxymethyl) benzene 1, cyclohexyl
benzoate 4, 2-cyclohexenyl benzoate 5 and 1-benzoyl piperidine 8. However, none of
the reactions went to completion and extremely low yields (estimated at <1 mg) were
obtained in the preparative hydroxylation. Subsequent purification of these products
by HPLC was not achieved. Contrary to the analytical Y96A reaction result with 3cyclohexenyl benzoate 6, no product was detected in the preparative scale reaction.
In all these reactions, it is suggested that NADH uncoupling reactions were
competing efficiently against monooxygenase activity thus accounting for the low
yields, although this was not experimentally determined.

NMR analysis was unable to detect the products from the Y96A reaction with
cyclohexyl-l-oxymethyl benzene 1, cyclohexyl benzoate 4, and 1-benzoyl piperidine
8. The NIVIR spectrum for the product of 2-cyclohexenyl benzoate 5, however, was
partly assigned and was identified as being hydroxylated due to the presence of the
CHOH signal. The location of the hydroxyl group was determined to be at C4, by
analysis of the coupling pattern of the alkene proton at C3. However, the impure
nature of this sample by NIMR spectrum limits conjecture regarding this result.
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Chapter Five. MANUAL MOLECULAR MODELLING WITH ENERGY-MINIMISED
CONFORMATIONS OF SUBSTRATES 1-20

5.1 INTRODUCTION TO COMPUTATIONAL MODELLING TECHNIQUES

Computational simulation, molecular modelling methods have been much utilised in
the study of the P-450cam enzyme. These methods fall into two main categories molecular dynamics simulation and Monte Carlo simulation."' Both methods
attempt to predict how a molecule, for example, a protein, is configured, by
performing quantum mechanical calculations to assess the interactions between the
atoms of the molecule.

Harris and Loew' 37 performed molecular dynamic simulations in an attempt to
predict and understand the origin of the observed product distribution for P-450cam
hydroxylation of the substrates, D-camphor, D-camphane, and D-thiocamphor.
Molecular dynamics simulations were performed with the substrate-bound P-450cam
crystal structure '61 in which the haem iron cation was modified to be in the activated
ferryl state. Although this intermediate has not yet been isolated, it is widely
regarded as being responsible for carrying out the hydroxylation reaction, by
abstracting a hydrogen radical from the substrate; the computational modelling study
undertaken by Harris and Loew described here was based on this assumption.

Geometric and thermodynamic criteria were then incorporated into the molecular
dynamics simulations. The geometry of the substrate-enzyme complex was
constrained by two parameters : firstly, the distance, H-O, between the substrate Hatom to be abstracted and the ferryl oxygen and secondly, the angle C-H-O,
between the C atom to which the H is attached, the H atom and the ferryl oxygen.
Meanwhile, the relative stabilities of the substrate radicals formed by H atom
abstraction, at competing C atom positions, were used as thermodynamic criteria for
deciding upon preferred hydroxylation sites, in the molecular dynamics simulations
performed.

The results from molecular dynamics simulations predicted that camphor would be
hydroxylated regiospecifically (100%) at the C5 position. Camphane was predicted
to be hydroxylated at the C5 position (95%), C6 position (9%) and the C3 position
(1%). Thus, this computational modelling study was able to predict the loss of
regio selectivity in the P-450cam hydroxylation of camphane, which is thought to
result from the substrate's inability to hydrogen bond with the enzyme active site.
Finally, thiocamphor was predicted to be hydroxylated at the C5 position (85%) and
the C6 position (15%). Again, the slight loss in regioselectivity predicted by
molecular dynamics simulations reflected the effect of the weaker hydrogen bond
between the substrate thiocarbonyl and Tyr96 of the enzyme active site. These
predictions were found to be in excellent agreement with the experimental results
obtained for camphor, camphane and thiocamphor.

In previous chapters, the application of molecular modelling techniques to facilitate
the visualisation of substrate-protein interactions in the active site, and to rationalise
experimental results, has often been mentioned. One computational technique which
has been employed to do this is the DOCKing program. Although the DOCKing
program was originally designed to predict the binding modes of potential P-450
inhibitors in the active site,"' it has been utilised, in recent years, to study possible
interactions between substrates and enzymes. The DOCKing program requires the
receptor (the enzyme, when modelling enzyme-substrate interactions) to be
constrained in terms of configuration, while the ligands (for example, possible
substrates) are "fitted" to the enzyme active site. A screening process applies in that
each ligand is assessed by a scoring system from which, the lowest scoring
candidates are identified and eliminated. For example, "contact scoring" rewards
ligands for atoms that are within interaction distance of the receptor residues. The
highest scores would be awarded to compounds which most completely fill the target
volume (protein active site).

De Voss and Ortiz de Montellano utilised a DOCKing program to screen 20,000
compounds from a subset of the Available Chemicals Database to predict compounds
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which would fit within the P-450cam the active site. 139 From this search, the top 500
compounds, based on a contact score as described above, were saved and then further
screened with the P-450cam active site, which served to provide more detailed
information regarding possible binding orientations for the substrates. From this,
eleven compounds were predicted to be substrates for P-45Ocam (Figure 5.1).
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Experimental verification of these theoretical modelling results was sought with the
compounds identified as substrates, with the result that compounds 1-7 were found to
bind to the enzyme, as judged by spin state changes, and compounds 1-8 were found
to be substrates for P-450cam, as judged by NADH consumption. (The researchers
pointed out that compound 8 induced a very small (<6%) spin state shift to the P450cam enzyme which was difficult to interpret because of solubility limitations.
Therefore, although it appears that the results from the binding assay and the NADH
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consumption assay for compound 8 were in contradiction, this was not in fact the
case.

5.1.1 Introduction to Present Modelling Study with Substrates 1-20

In the present study, the overall aim was to model substrates 1-20 with the mutant
enzyme, Y96A, by fitting their structures manually, by eye, to the active site (this is
described in greater detail in Section 5.4). These theoretical, substrate binding results
could then be compared with the experimental results previously obtained from
testing compounds 1-20 in the Y96A assays (Chapter 3 and 4). From this, it was
hoped that some correlation in results could be derived, which would allow us to
assess whether this simple modelling technique could be used as a predictive tool for
potential substrates.

It is acknowledged that the modelling method used was much simplified compared
with the techniques described above, in that energy-minimised conformations of the
substrates were fitted manually into the Y96A active site, which was held in a rigid
conformation. Neither DOCKing programs nor computational simulation methods
were utilised to fit the substrates, mainly due to time constraints.

In earlier work carried out by Flitsch, Wong and co-workers" ," with the mutant P450cam enzyme, Y96A, a putative active site was proposed in the absence of a
crystal structure, where the direct removal of tyrosine96 and replacement with the
more hydrophobic alamne residue was predicted to render the active site more
selective for hydrophobic substrates. The turnover of diphenylmethane and
phenylcyclohexane by mutant Y96A, which were not substrates for the wild type
enzyme, supported this view. Similarly, the hydroxylation of D-camphor by Y96A
occurred at a significantly lowered turnover rate, compared with the native P-450cam
system. Thus, Y96A demonstrated an altered substrate selectivity from that of the
wild type enzyme.
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The work reported in this thesis lends further evidence for a difference in selectivity
between Y96A and wild type P-450cam, in that substrates which were able to induce
a change in spin state to the haem iron of the Y96A mutant in the UV-VIS binding
assay, were unable to induce a similar change with wild type P-450cam (Chapter 3).
With the recent solution of the Y96A three-dimensional structure, co-crystallised
with 4-hydroxydiphenylmethane (the product of Y96A hydroxylation of
diphenylmethane), achieved within our group, it is now possible, firstly, to identify
the key differences in structure between Y96A and the wild type P-450cam, and
secondly, to use the Y96A structure to model the substrates 1-20, in an attempt to
rationalise experimental observations.

5.2 OBJECTIVES FOR MODELLING SUBSTRATES WITH Y96A

The overall objective for the molecular modelling studies undertaken with the Y96A
crystal structure was to assess whether the substrates, 1-20, were capable of fitting
favourably into the Y96A active site. To determine this, two main factors were
considered : firstly, the overall steric bulk of the substrate, as this would decide
whether the molecule would fit into the active site in the first place, and secondly, the
differences in substrate conformation adopted by each substrate in the active site
which could either aid or hinder binding. A major influence upon substrate
conformation was thought to be the nature of the aromatic side-chain, which was
either the benzyl, benzoyl or benzyloxycarbonyl groups. The structural features
which enhanced substrate binding would be noted and, hopefully, would contribute
towards the process of optimisation of the substrate structure.
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5.3 COMPARISON OF 4HYDROXYDIPHENYLMETHANE-Y96A
CRYSTAL STRUCTURE WITH WILD TYPE P-45O cAm CRYSTAL
STRUCTURE

The elucidation of the co-crystal structure of Y96A with 4-hydroxydiphenylmethane
(4-HDPM) was undertaken by another postgraduate member of the group, Adam
Staines, in conjunction with Dr. Paul Taylor and Prof Malcolm Walkinshaw, of the
Institute of Cell and Molecular Biology, University of Edinburgh. Thus far, the crystal
structure has been refined to 2.0

Ix

A.

: In a clockwise fashion, residues shown are: Va1295, Asp297, Phe87, Tyr96 (blue, wire) or

A1a96 (green, stick), Phe98, Va1247, and Leu244. 4-hydroxydipheny1methafle : red, stick outline;
Y96A crystal structure : mainly green, stick outline; wild type P-450cam crystal structure : cyan,
wire outline apart from PheSl, Tyr96, and Phe98 which are in blue, wire outline

Figure 5.2 : Y96A Crystal structure superimposed on wild type crystal structure
Figure 5.2 shows the Y96A crystal structure superimposed on the wild type P 450cam crystal structure

.45

This highlights the changes to the active site resulting

from the replacement of Tyr96 with an alanine residue. In removing Tyr96, the
aromatic residues, phenylalanine-87 and phenylalanine-98, which are adjacent to
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Tyr96 in the 3-D structure, noticeably undergo movement to occupy some of the
space created by the removal of the tyrosine residue. However, the other amino acid
residues located closest to the haem, most of which are shown in Figure 5.2, do not
undergo any significant movement compared with the wild type structure, as they
remain superimposed with each other. Note that while modelling was performed with
a 3-D representation of the Y96A active site taking into account, all surrounding
amino acids within a 10 A radius, only a few of these amino acids - closest to the
haem - are depicted in Figure 5.2, in order to make the 2-D picture clearer.

The space left by the removal of Tyr96 is not fully occupied and a "pocket" appears
to exist in this hydrophobic domain, between residues Phe87 and Phe98. The
aromatic ring of diphenylmethane/ 4-HDPM does not slot into the space vacated by
the aromatic ring of Tyr96, as previously postulated

but rather, is located slightly

, 82 ' 83

beneath this pocket. In this position, it is stabilised by non-bonding interactions with
Phe87, Phe98, Phe193, Thr185, Thr252, 11e395 and Leu244. The distance between
the ferric centre of the haem and the hydroxyl group of diphenylmethane was
measured as 2.96

A, and the angle between the substrate

was measured as 100.49 0

C-OH and the Fe(III) centre

.

5.4 METHODS FOR MOLECULAR MODELLING

Molecular modelling of substrates, 1-20, with the Y96A-4-hydroxydiphenylmethane
crystal structure was performed using the commercial software package, Insightil.
The Y96A crystal structure had previously been communicated to the Protein Data
Bank and could be readily accessed via the Internet. As mentioned in Section 5.3, the
3-1) representation of the Y96A active site used to model substrates with took into
account the surrounding amino acids within a 10

A

radius. However, to facilitate

viewing of the haem centre and substrate, only a few amino acids, nearest to the
haem, were retained in the 2-D pictures, shown in the following figures.
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Firstly, the substrates were constructed, and then optimised in terms of the lowest
energy conformation by the Insightil modelling package. The substrates were then
ready to be modelled, manually. To do this, the bound 4-HDPM molecule in the cocrystal structure with Y96A (Figure 6.1) was used as a template for each substrate.
The key point of overlap was the aromatic group of 4-I{DPM, bound in the more
hydrophobic region of the active site, farther from the haem.

This phenyl group of 4-HDPM remote from the haem centre, forms favourable van
der Waals interactions with the Y96A active site residues Phe87, Phe98, Phe 193,
Thr185, Phe193, Thr252, 11e395 and Leu 244, as previously mentioned, and
subsequently, is unable to undergo much movement in the active site. van der Waals
interactions could be assessed with the modelling package by visualising the van der
Waals radii of the appropriate atoms, in Corey-Pauling-Koltun (CPK) mode. As a
result, the remainder of the molecule, namely, the other phenyl ring, is oriented over
the activated haem centre such that the C4 position is closest to the haem. Thus, the
outcome of the Y96A reaction with diphenylmethane - with hydroxylation occurring
at the C4 position, regiospecifically82 - can be explained. Such regioselectivity could
only be achieved if the aromatic ring involved in the hydrophobic domain was
restricted in terms of mobility, and could not, therefore, access the haem centre.

The 4-I{DPM structure could therefore be used as a template for other substrates, as
it is not unreasonable to assume that the aromatic substituents of other substrates
would also interact in this hydrophobic region of the Y96A active site, in a similar
manner. The binding of this aromatic group would then dictate how the remainder of
the molecule was to be situated in the active site.

The first step to modelling the substrates therefore was to superimpose the aromatic
group over the phenyl ring of 4-HIDPM that was remote from the hydroxylating haem
centre. Once this had been performed, the rest of the molecule - in most cases, a
cyclic ring system - could be manipulated via rotations around bonds to find an
optimum binding orientation which would allow a substrate C-H bond to access the
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ferric centre. Visualising the van der Waals radii of the substrate atoms in
conjunction with rotation around the substrate bonds, helped to establish a picture of
the constraints to substrate mobility by van der Waals "clashes" with the protein
residues.

5.4.1 Assumptions made using this Molecular Modelling Method

The molecular modelling technique was based on several assumptions. Firstly, it was
assumed that the three-dimensional structure of Y96A obtained with 4-HDPM does
not alter its conformation in the binding of different substrates. Although this is an
oversimplification, there may not be that significant a change to the enzyme
conformation, in practice, when the substrates resemble closely the structure of
diphenylmethane. For example, the cyclohexyl derived benzyl ethers and benzoyl
esters 1-6 and 1 -benzoyl pip eridine 8 were very similar in size to diphenylmethane
and as such, these structures could be superimposed over the entire 4-HDPM
structure quite readily.

Secondly, it was assumed that the substrate remains rigid in the optimised energy
conformation when introduced to the enzyme active site. Again, this is an
oversimplification to facilitate modelling techniques, as it is known that enzymes can
force their substrates to adopt a less stable conformation which is compensated by the
increase in stability gained from favourable interactions with the enzyme active site,
amino acid residues. An attempt towards simulating this modification of the substrate
structure by the enzyme active site was made however, by manual rotation around
bonds to find the optimum binding orientation.
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5.5 MODELLING CYCLOHEX(EN)YL BENZYL ETHERS (1-3)

AND

BENZOYL ESTERS (4-6) WITH Y96A
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Figure 5.3

Following the modelling procedure described in Section 5.4, cyclohex(en)yl benzyl
ethers 1-3, and cyclohex(en)yl benzoyl esters 4-6, were sequentially modelled with
the crystal structure of Y96A, co-crystallised with 4-hydroxydiphenylmethane. The
first finding was that all six substrates could be easily fitted into the active site. Upon
superimposing the 4-HDPM structure, all six molecules were also found to be able to
adopt a similar orientation to that of 4-HDPM, upon bond rotation about the C7phenyl, C7-oxygen and Cl-oxygen bonds. These rotations are indicated by arrows
for cyclohexyl benzyl ether 1, in Figure 5.3.

Consequently, the C4H equatonai bond was the most accessible bond to the haem ferric
centre, in the optimum substrate conformations. As an example, the optimum binding
orientation for cyclohexyl benzyl ether 1 and cyclohexyl benzoate 4 are shown in
Figure 5.4 and Figure 5.5, respectively. In Figure 5.4, the overlaying of the substrate
on 4-HDPM is also illustrated.
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Key cyclohexyl benzyl ether 1: blue; 4-HDPM : red

Figure 5.4 : Model of cyclohexyl benzyl ether 1 binding in Y96A

-I
1:

Figure 5.5: Model of cyclohexyl benzoate 4 binding to Y96A

In one of the optimum binding positions for 3-cyclohexenyl benzyl ether 3 and 3cyclohexenyl benzoate 6, the double bond in the 3,4-position could be placed over
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the haem centre. As such, it could be predicted that epoxidation would be a possible
outcome from the Y96A hydroxylation of these two substrates.

Having demonstrated the similarities between the cyclohex(en)yl benzyl ether (1-3)
and cyclohex(en)yl benzoyl ester (4-6) substrates in binding to Y96A, one difference
between these structures should be pointed out. The rotation about the ester oxygen
was more restricted in the benzoyl ester structure, as steric interactions between the
carbonyl moiety and surrounding amino acid residues had to be avoided. Therefore,
the number of binding orientations were limited to those which could position the
carbonyl moiety away from such unfavourable interactions. This factor, the only
difference which could be discerned between the benzyl ethers and benzoyl esters as
substrates for Y96A through molecular modelling, may be responsible for the
experimental results obtained with substrates 1-6.

That is, while a partial shift in haem iron spin was induced upon binding of
cyclohex(en)yl benzyl ethers 1-3 and benzoyl esters 4-6, only cyclohexyl benzyl
ether 1, of the ether substrates 1-3, was able to give product from the subsequent
analytical Y96A hydroxylation reaction performed. In contrast, all three benzoyl
esters gave hydroxylated products from the analytical Y96A reaction.

It is proposed that the benzyl ether substrates, in general, due to the lack of restriction
to bond rotation about the ether oxygen atom, is able to adopt a nupiber of binding
orientations, some of which result in the displacement of the axial water ligand of the
ferric ion, thus inducing a change in spin state. However, the favoured binding
orientation of these substrates may not permit interaction between the haem of Y96A
and a substrate C-H bond. Therefore, hydroxylated product is not formed with these
substrates, in the Y96A reaction.

Indeed, it has been determined that substrates such as adamantane, camphane and
camphorquinone (Figure 5.6) have multiple, allowed binding orientations, although
in general, binding of these compounds occur in a preferred conformation with one
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or two minor alternate conformations.' 4° However, compounds such as norcamphor,
fenchone, adamantanone and camphor, the natural substrate (Figure 5.6), bind in one
preferred orientation and ultimately, show the lowest mobility within the active site.

adamantane
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o,
_o

camphorqumone

camphane

0

0

norcamphor

camphor

adamantanone

fenchone

Figure 5.6

5.6 Modelling of 1-Benzoyl pyrrolidine (7), 1-Benzoyl piperidine (8), 1Benzyloxycarbonyl pyrrolidine (9), 1-Benzyloxycarbonyl piperidine (10), 2Phenylmethoxy-tetrahydroPYran (11), 2-Benzoyloxy-tetrahydropyran (12), cis2-Hexenyl benzoate (13) and trans-2-Hexenyl benzoate (14)

5.6.1 1-Benzoyl and 1-Benzvloxvcarbonvl Pyrrolidine 7 and 9
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Figure 5.7

Modelling of the N-protected pyrrolidines (Figure 5.7) allowed for comparison
between the Bz and Cbz aromatic handle. A comparison between the binding of the
five-membered ring system and the six-membered ring could also be made, by
comparing results with 1 -benzyl piperidine 8 and 1 -benzoyloxycarbonyl piperidine
10. This will be discussed in Section 5.6.2.
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1-Benzoyl pyrrolidine 7 could be fitted into the active site very easily. Although a
number of binding orientations for this substrate could be adopted by this substrate,
one of which is pictured in Figure 5.8, these positions were not stabilised by nonbonding interactions with the active site residues as the pyrrolidine ring was, on the
whole, too small for such contacts to be formed. The optimum orientation shown in
Figure 5.8 has only one favourable van der Waals interaction between the pyrrolidine
ring and Thr252. In the absence of such stabilising interactions, the pyrrolidine ring is
afforded a lot of unrestricted rotational movement about the C6-phenyl bond.

Figure 5.8: Model of 1-benzoyl pyrrolidine binding with Y96A

Thus, it is predicted from molecular modelling that, firstly, the binding orientation of
1 -benzoyl pyrrolidine 7 adopted in the Y96A active site, in practice, may not place
the pyrrolidine ring in close enough proximity to the haem centre to displace the water
ligand of the haem iron, and ultimately facilitate substrate hydroxylation. Secondly,
since I -benzoyl pyrrolidine 7 was too small to fully occupy the active site and can,
consequently, undergo a high degree of rotational movement, numerous binding
orientations can be adopted. From any of these different, possible orientations, it is
predicted that water may be allowed to re-enter the active site.
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henzoyl pyrrolidine 7 with Y96A, where no shift in spin state was induce by the
iihtrabc to the hicni iron

\Vhile l-benzoyl pyrrolidine 7 was too small for the Y96A active site, Ibcnzyloxycarbonyl pyrrolidine 9, was too big to fit into the active site without
incurring van der Waals "clashes" between the pyrrolidine ring and the side-chains of
i'hr252 or Va1295. These unfavourable interactions restricted rotation about the C7-0
bond which was required in order to position the substrate above the haern centre and
to avoid steric interactions with the porphyrin ring and its ligands. Rotation about the
C6-0 bond, to a more favourable position in relation to the haem porphyrin, was also
greatly restricted by unfavourable van der Waals interactions, again with Thr252, and
also Asp297. In short therefore, a favourable, optimum orientation could not be
identified for the binding of I -benzyloxycarbonyl pyrrolidine 9.

Thus, it was predicted that 1-benzoyloxycarbonyl pyrrolidine 9 was not a substrate
for Y96A, which was in accordance with the UV-VIS Y96A binding assay result. In
this, 1-benzyloxycarbonyl pyrrolidine 9 was incapable of inducing a spin state
change to the haem iron of Y96A. It can be concluded therefore that the increase in
steric bulk imparted to the compound by the Cbz aromatic handle is unfavourable for
substrate binding with Y96A, unless, for example, a much smaller moiety than the
pyrrolidine ring system, is attached to the aromatic handle.

5.6.2 1-Benzoyl and l-Benzytoxycarbonvl Piperidine, 8 and 10

An interesting comparison could be made between I-benzoyl piperidine 8 and I
benzoyloxycarbonyl piperidine 10 (Figure 5.9) and l-benzoyl pyrrolidine 7 and 1benzyloxycarbonyl pyrrolidine 9.
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While 1-benzoyl pyrrolidine 7, was found to be too small for the Y96A active site, 1benzoyl piperidine 8 was able to occupy the active site in a very similar manner to 4HDPM, as demonstrated by Figure 5.10, where l-benzoyl piperidine 8 is
superimposed on 4-HDPM. Then, unlike 1-benzoyl pyrrolidine 7 where rotation
about the carbonyl carbon-phenyl bond was quite unrestricted, 1 -benzoyl piperidine 8
is unable to undergo much rotation about this bond due to steric interactions with
Thr252 and with the porphyrin ring. It therefore appears that the six membered
nitrogen heterocycle is closer to the optimum size of substrate for Y96A than the
five-membered ring system. The optimum orientation shown in Figure 5.10, where
the C4-Hequatorial is only 2.09

A

from the haem centre, and the C4-Haxial, 2.34

A

away, may prove to be quite an accurate reflection.

From molecular modelling, it is therefore reasonable to predict that 1-benzoyl
piperidine 8 is a good substrate for Y96A. This is in agreement with the UV-VIS
binding assay, which showed that 1 -benzoyl piperidine 8 was able to cause a partial
shift in spin state in the haern iron. In the subsequent small scale hydroxylation
performed with I -benzoyl piperidine 8, hydroxylated product was formed, although
the regioselectivity of hydroxylation was not determined. It is predicted however,
that the orientation of 1 -benzoyl pipendine 8 in the active site may not differ
significantly from that of diphenylmethane, taking into account their similarities in
size and conformation. As such, hydroxylation of I -benzoyl piperidine 8 would occur
selectively at the C4 position of the cyclic moiety. However, since both axial and
equatorial bonds of C4 could be accessed in the model shown in Figure 5.10, it
would be difficult to predict whether the reaction with 1-benzoyl piperidine 8 would
be stereoselective.
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Figure 5.10: Model of 1-benzoyl piperidine 8 binding with Y96A

1-Benzyloxycarbonyl piperidine 10, on the other hand was found to be too bulky for
the Y96A active site. This substrate could not be fitted into the active site of Y96A
without incurring a number of steric interactions between the piperidine ring and the
porphyrin ring system. Simplistically, 1-benyloxycarbonyl piperidine 10 could be
regarded as being too "long" for the Y96A active site. Thus, while 1 -benzoyl
piperidine 8 was able to bind favourably with the Y96A active site, the additional
methylene unit and oxygen atom in 1-benzyloxycarbonyl piperidine 10 rendered
binding, impossible. No optimum orientation for 1-benzyloxycarbonyl piperidine 10
could be identified, for binding to Y96A.
This modelling observation is in agreement with the UV-VIS binding assay with 1benzyloxycarbonyl piperidine 10, in that a change in spin state to the haem iron was
not induced by this compound. Thus, as was found with 1 -benzyloxycarbonyl
pyrrolidine 9, it appears that the longer aromatic handle (by a CH 2-0 unit) is
incompatible with the Y96A structure.
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5.6.3

11,

2-(Phenylmethoxy)-tetrahydropyran
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(2-Benzoyloxy)-

tetrahydropyran 12
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Figure 5.11

Modelling of the pyrans 11 and 12 (Figure 5.11) with Y96A indicated that both
substrates were able to bind to the active site, favourably. In both cases, a number of
orientations could be adopted in the active site as a result of rotation around the C7phenyl bond, and the C7-oxygen bond.

With both 2-phenylmethoxy-tetrahydropyran 11 and 2-benzoyloxy-tetrahydropyran
12, rotation about the C7-0 bond was restricted by steric interactions between the
pyran ring and Va1295, Leu 244, and Thr 101. Meanwhile, rotation about C7-phenyl
bond in both pyran substrates was restricted by interactions with the porphyrin ring,
Thr252 (for 2-phenylmethoxy-tetrahydropyran 11) and Va1295 (for 2-benzoyloxytetrahydropyran 12. Thus, optimum binding orientations were limited to positions
which minimised these unfavourable interactions. Within these constraints, a number
of binding orientations could be adopted for 2-phenylmethoxy-tetrahydropyran 11
and 2-benzoyloxy-tetrahydropyran 12. One of these is shown for each substrate in
Figure 5.12 and Figure 5.13 respectively.
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Figure 5.12: 2-(Phenylmethoxy)-tetrahyd ropy ran 11
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Figure 5.13: 2-(Benzoyloxy)-tetrahydropyran 12

In the optimum orientation identified for 2-(phenylmethoxy)-tetrahydropyran 11, the

C4Hcquatonai is positioned at a distance of 2.17

A from the haem centre (Figure 5.12).

Similarly, the optimum orientation shown for 2-(benzoyloxy)-tetrahydropyran 12
allowed the C4Haxiai to be 1.71

A from the haem (Figure 5.13).
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With the pyran substrates 11 and 12, it was difficult to rationalise the experimental
results with molecular modelling as both substrates were shown to bind favourably
with the Y96A active site. However, the IJV-VIS binding assay results with both
pyran compounds were negative, indicating that neither compound was capable of
inducing a spin state shift to the haem iron. It is possible however, that of the number
of possible binding orientations, the one adopted by pyrans 11 and 12 did not involve
interaction with the haem iron, or, permitted the re-entry of water into the active site.

5.6.4 cis- and trans-2-Hexenyl benzoate, 13 and 14
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Figure 5.14

Of the twenty compounds modelled with Y96A, it was most difficult to gain greater
insight into the substrate-protein interactions with cis- and trans-2-hexenyl benzoate,
13 and 14 (Figure 5.14). The use of 4-HDPM as a template was least applicable with
these compounds as instead of a cyclic moiety attached to the aromatic handle, there
was a straight, alkenyl chain. It was more difficult to model manually, the aliphatic
chain conformation occupying the active site, once the aromatic rings were
superimposed, as the aliphatic chain was able to undergo a number of rotations, and
therefore orientations, restricted only by the presence of the double bond between C2
and C3 of the chain. These have been indicated in Figure 5.14 by the arrows, as
rotations about the Cl-oxygen, C4-05, C5-C6, C7-oxygen and C7-phenyl, bonds.
Unfortunately, the author could not position the aliphatic chain such that it would fit
in the active site, despite rotation about these bonds. Therefore, an optimum binding
orientation representing the binding of these acyclic esters could not be obtained.

However, both cis- and trans-2-hexenyl benzoate had previously been shown to
induce a full spin state change to the iron cation, thus indicating that it was very
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tightly bound to the Y96A active site. When the subsequent analytical scale

hydroxylation with these molecules did not give any hydroxylated product, it was
proposed that 2-hexenyl benzoates, 13 and 14, were reversible inhibitors of Y96A.
Their mode of action was suggested to be simple competition with a substrate for the
hydrophobic domain to which, they could bind very tightly.

In the modelling studies described above, it was not possible to simulate this tight
binding as the substrate conformation could not be manipulated to fit into the Y96A
active site. For this reason, it is suggested that the conformation of the Y96A active
site when occupied by cis- or trans-2-hexenyl benzoate is very different to the
structure of Y96A when bound with 4-HDPM, upon which this modelling study is
based. Thus, in this case, it was not possible to demonstrate tight binding of these
substrates, and reflect the experimental results of 2-hexenyl benzoates 13 and 14 by
molecular modelling.

5.7 MODELLING OF EPDXY ESTERS 16 AND 17; CYCLIC CARBONATE
19, AND BENZYLIDENE ACETAL 20

5.7.1 Cyclic carbonate 19 and Benzylidene Acetal 20
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Figure 5.15
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One of the most definite points established from the modelling study with Y96A was
that cyclic carbonate 19 and benzylidene acetal 20 (Figure 5.15) were both too large
to fit into the mutant active site. Figure 5.16, demonstrates the inability of benzylidene
acetal 20 to bind to the Y96A active site. The binding of these substrates could not be
improved by bond rotation about the phenyl-carbonyl bond or about the ester oxygen.
These rotations are indicated by the arrows in Figure 5.15.

Figure 5.16: Benzylidene acetal 19 modelled with Y96A

Although proteins are dynamic structures, Y96A would have to undergo very
substantial conformational change in order to accommodate these bulky compounds
in the active site. Since this did not appear likely, it was predicted that these
compounds would not be substrates for Y96A. The experimental results verified this
as neither of these compounds were able to induce a shift in spin state to the haem
iron, in the UV-VIS assay.

5.7.2 syn- and anti-2,3-Eoxy cyclohexyl benzoates 16 and 17

Similarly, neither the syn- nor the anti-2,3-epoxy cyclohexyl benzoate, 16 and 17,
respectively (Figure 5.17) could be fitted into the Y96A active site despite being
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slightly smaller molecules. The main obstruction to binding with Y96A lay in the
inability to avoid steric interactions between the epoxide oxygen and the residues,
Thr102 and Ser83. Steric interactions between the cyclohexyl ring and the porphyrin
ring could also not be removed by bond rotation.
0

0

0
>0
16

0

17

Z~:~~

0 11-0

o 11-0

Figure 5.17

As such, no optimum binding orientation could be identified. As a result of this
modelling study, it is suggested that epoxy esters 16 and 17 are not substrates for
Y96A unless the active site is able to undergo substantial conformational change.
This is in agreement with the negative results obtained from the UV-VIS binding
assay using these substrates.

5.8 OPTIMUM SUBSTRATE STRUCTURE

In an effort to begin to identify key functionalities which may enhance binding of a
given molecule to Y96A, the findings of this molecular modelling study may be
applied. In general, the assumption that an aromatic binding site was present within
the Y96A active site has led to good predictions of substrate specificity for the Y96A
enzyme. From the co-crystal structure, the aromatic side-chain in diphenylmethane/4HDPM appears to be stabilised by favourable, non-bonding interactions with
residues Phe87, Phe98, Phe193, Thr185, 1le395 and Leu244. Furthermore, it is
proposed that the binding of one aromatic group of diphenylmethane away from the
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haem centre, contributes to directing hydroxylation to the other phenyl ring, at the C4
position regiospecifically.

From the modelling results discussed here, the presence of a carbonyl substituent is
also favoured as this group can restrict free rotation about the carbonyl carbon centre
due to steric interactions between the carbonyl oxygen atom and the surrounding
amino acid residues. As such, it is possible that favoured binding orientations may be
restricted to ones which allow interactions with the haem centre.

The effect of the carbonyl group is demonstrated by the cyclohex(en)yl benzyl ethers
1-3 in comparison with the cyclohex(en)yl benzoyl esters 4-6. The binding
orientations of esters 4-6 are limited due to the carbonyl group, although an optimum
binding orientation may be adopted where the C4 centre of the cyclohex(en)yl ring is
in contact with the ferric centre. However, the benzyl ethers 1-3 are able to adopt a
greater number of binding orientations by free rotation about the ether oxygen atom.
Although orientations which position the substrate in favourable contact with the
haem centre may be adopted, it is possible that the favoured binding orientation does
not involve interaction with the haem centre. Furthermore, the binding orientation(s)
adopted in practice may permit the re-entry of water into the active site.

In general, the benzoyl group was the preferred aromatic handle as the Cbz group
was too large for the active site when coupled to five and six-membered ring
systems. This was demonstrated by 1-benzyloxycarbonyl pyrrolidine 9, and 1benzyloxycarbonyl piperidine 10, neither of which could be fitted into the Y96A
active site.

In terms of optimising the cyclic system linked to the aromatic handle, it is suggested
that a six-membered cyclic system is able to occupy the Y96A binding site more
favourably than a five-membered ring. This was demonstrated by the modelling of 1benzoyl pyrrolidine 7, which was very small in relation to the space available in the
active site. As such, it could undergo significant movement, due to the lack of
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favourable van der Waals contacts being formed with the surrounding amino acid
residues. By comparison, 1-benzoyl piperidine 8 could be matched over the entire 4IHDPM molecule, with good resemblance of the 4-HDPM conformation in the Y96A
active site.

Finally, it is suggested from these modelling studies that the introduction of
substituents to the six-membered cyclic system may further restrict rotation of the
substrate, such that the favoured binding orientation is isolated to one which allows
interaction between the substrate and the haem centre. However, the size of the
substituent is important.

As demonstrated by the syn- and anti-2,3-epoxy cyclohexyl benzoates 16 and 17, the
epoxide ring on the cyclohexyl group was simply too large to fit in the active site and
to interact favourably with the surrounding amino acid residues. It may be
worthwhile however, to undertake experiments with derivatives of esters 16 and 17,
where the epoxide is replaced by a cyclopropane moiety, for example. The cyclic
carbonate 19 and benzylidene acetal 20 illustrate clearly, why the size of substituents
must be carefully selected, as neither of these substrates could fit into the Y96A
active site, due the bulkiness of their structures imparted by the carbonate substituent
and the second phenyl ring, respectively.
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Chapter Six.
R. rhodochrous NUMB 9703

BIOHYDROXYLATION

Chapter Six. Rhodococcus rhodochrous NCIMB 9703 BIOHYDROXYLATION

6.1 INTRODUCTION

In the second section of this project, a whole cell organism containing an inducible
P-450 enzyme was investigated with respect to its ability to perform selective
hydroxylations at non-activated carbon centres. The micro-organism, Rhodococcus
rhodochrous NCIMB 9703 (also known as ATTC 19067) is known to catalyse the
oxidative degradation of n-octane to 1 -octanol, as the. first step of a metabolic
pathway for the orgamsm. 25

In 1968, Cardini and Jurtshuk26 reported that the enzyme responsible for catalysing
the hydroxylation of n-octane in R. rhodochrous NCIMB 9703 was a P-450 protein
(Chapter 1, Section 1.2.3.1). Although this P-450 protein was not fully isolated, a
number of experiments were conducted with the cell free extract as a means to
determining it as a P-450 monooxygenase. 27 Firstly, it was found that hydroxylating
activity was arrested upon exposure to carbon monooxide, a classic inhibitor of P450 enzymes .21 Secondly, growing the organism on acetate rather than n-octane
drastically reduced the concentration of the P-450 protein, as determined by
electronic spectroscopy of the cell free extract obtained.

Like the P-450cam enzyme, the P-450 protein in R. rhodochrous NCIMB 9703,
referred to as P-450oct, is thought to be dependent upon its redox partners, for
activity. A soluble flavoprotein was identified together with the P-450 enzyme. 26
While this flavoprotein was expected to couple to NADH to produce the binary,
reducing complex, a second electron transfer protein, as yet unidentified, was thought
to be responsible for directly reducing P-450, in a similar role to putidaredoxin. Thus,
the monooxygenase would be a three component electron transfer system.

Since this detailed investigation of P-450oct by Cardini and Jurtshuk was performed,
very few examples of research on this proposed P-450 enzyme have been found in
the literature. To our knowledge, there has been no further investigation into the use

of R. rhodochrous NCIM1B 9703, with respect to whole cell biohydroxylations. Other
strains of R. rhodochrous have been utilised however, to perform microbial
oxidations. For example, R. rhodochrous NIRRL B-2153 was found to convert
cumene to 2-phenyl-1-propanol. 3° A second product, 2-phenyl-1-propionic acid, was
obtained as a consequence of further oxidation of 2-phenyl-1-propanol, catalysed by
an alcohol dehydrogenase enzyme (Figure 6.1).
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(i) R. rhodochrous NRRL B-2153

Figure 6.1

Recently however, an investigation of six Rhodococcus organisms, including
NCIMB 9703, was initiated by Dr. G. Grogan at the Edinburgh Centre of Protein
Technology, University of Edinburgh, with the aim to exploiting their
biohydoxylation potential.' One of the initial results obtained from this work was that
R. rhodochrous NCIMB 9703 was capable of converting 1-benzyloxycarbonyl
piperidine to 4-hydroxy- 1 -benzyloxycarbonyl piperidine, exclusively (Figure 6.2).
The product was identified by co-elution with an authentic sample, by gas
chromatography.

This result was of significant interest for two reasons. The starting material, 1benzyloxycarbonyl piperidine, was previously assayed with P-450cam Y96A (as
substrate 10), but was found not to be a substrate for this enzyme. Thus, it was
possible that R. rhodochrous NCIMB 9703 hydroxylation was complementary to
Y96A, in terms of substrate selectivity and, as such, deserved further investigation.
Secondly, since the reaction was very efficient in this example, giving one product by
The research cited here is unpublished, and details were kindly provided by Dr Grogan in a private
communication.
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GC, it was hoped that R. rhodochrous NCTIMB 9703 biohydroxylation would, in
general, yield sufficient amounts of product to allow structural characterisation.
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The initial aim of this research was therefore to screen most of the compounds which
were unsuccessful with Y96A (Chapter 3 and 4), in biohydroxylation reactions with
R. rhodochrous NCIMB 9703. These are shown in Figure 6.3. Three compounds, 2(4-chlorophenylmethoxy)-tetrahydropyran 21, 2-(phenylmethoxy)-tetrahydrofuran 22
and 2-(4-chlorophenylmethoxy)-tetrahydrofuran 23, which were not previously
assayed with Y96A were also reacted in this whole cell biohydroxylation. These
compounds were kindly provided by Dr. G. Grogan. Subsequent to biohydroxylation,
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isolation and purification of the hydroxylated products, followed by product
characterisation using spectroscopic techniques, would hopefully determine where
hydroxylation had occurred.

6.2 R. rhodochrous NCIMB 9703 GROWTH PROCEDURE

Each biohydroxylation was performed with 100 mg of substrate (approximately 5
mlvi final concentration), using resting cells suspended in 100 mL of phosphate
buffer, at neutral pH. These cells were obtained from half of a 4 L growth. One of the
main advantages of utilising a resting cell preparation" for biotransformations,
compared with a fermentation process, is that the reactions are on the whole cleaner
and therefore product purification is facilitated. A fermentation process (where the
substrate is added to growing cells), in contrast, often results in many by-products. 89

R. rhodochrous NCIMB 9703 cells were grown in two stages. Firstly, starter cultures
were grown using pyruvate as the sole carbon source, as this would enable the
generation of sufficient biomass, in a short space of time. Two to three day old starter
cultures were then used to inoculate media for growth of larger cultures,
supplementing with n-octane as the sole carbon source to induce the desired P-450
protein. 26 Cells from these larger cultures were harvested for the biotransformation
' 27

after approximately seven days, as indicated by a persistent bright orange colour,
produced by carotenoids 22 which are secondary growth metabolites.

6.2.1 Modifications to the Growth Procedure for R. rhodochrous NUMB 9703

Two alterations to the growth procedure of R. rhodochrous NCIMB 9703 were made
after the first attempt. Firstly, oxygen availability to the cells during growth was
increased, and secondly, the amount of cells used per reaction with 100 mg of
substrate was decreased.
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In the first attempt, 1 L of media in a 4L Erlenmeyer flask was used to grow the
larger cultures. However, it was considered possible that the volume of oxygen in
these flasks was insufficient for the volume of cells being grown, which could lead to
retardation of cell growth. Thus, the volume of media and inoculum in each flask was
halved (that is, eight rather than four, 4 L flasks were required to hold a total volume
of 4 L of media). Adhering to this modification, seven days were normally required
for enough R. rhodochrous NCIMB 9703 cells to be grown for use in a
biotransformation.

Secondly, as mentioned, the amount of cells used for biotransformation was also
altered. In the first attempt, all the cells harvested from four litres of media were used
for one biotransformation with 100 mg of substrate. However, it quickly became
apparent that using this amount of cells was excessive. Subsequently therefore, the
cells harvested from each four litre growth were divided into two, such that two
biotransfonnations could be performed simultaneously, each with 100 mg of
substrate. The time allowed for each reaction was approximately 24 hours, although
the reactions were monitored by GC.

6.3 IDENTIFICATION OF PRODUCTS FROM R. rhodochrous NCIMB 9703
BIOHYDROXYLATION

All the substrates assayed with R. rhodochrous NCIMB 9703 were transformed to
give a hydroxylated product (Table 6.1). In some cases, a reaction was repeated due
to low first time yields (thus, in Table 6. 1, two reaction names may appear in the first
column). With the hydroxylated products obtained from benzyl ether 1 and pyran 11,
it was necessary to perform a derivatisation to the corresponding acetate, in order to
facilitate separation by silica gel chromatography. In this way, the close running
impurity which could not be separated from the alcohol in different solvent systems
(by TLC), was removed. The acetate was easily prepared by treatment of the crude
alcohol with acetic anhydride, base and a catalytic amount of DMAP.
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Reaction Name and Yield.

Substrate

Product (relative
stereochemist shown)

Rhi and Rh5
o1)

5%

Rh6 and Rh9

a

o,

12%

2

25

HOJD

26

20%

13%

Hf'

0i3

Rh4

Rh7

24

1

3

cx o

11
0

27

OH

Rh2 and Rh 10

69% and l5%
21

28

Crude product (5 mg) not
22

Rh8

1 1 1 _ _0

purified

Ji1

HO 1

23

0

29

Table 6.1

Alcohols and acetates 24-28 were purified by wet flash chromatography then
characterised, firstly, by 360 MHz proton NIMIR. The product of biohydroxylation
from furan 22 was not purified (the reasons for this action will be discussed in
Section 6.4), while 4-chlorobenzoic acid 29 was recovered as a white solid and
recrystallised from dichioromethane. Identification was made by 'H NMR analysis,
and by comparison of the melting point with the literature value.
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6.3.1 Epoxidation of (3-Cyclohexenyl-1-oxymethyl) benzene (3) by

R.

rhodochrous NCIMB 9703

In the R. rhodochrous NCIMB 9703 biotransformation of 3-cylohexenyl benzyl ether
3, where the double bond is in the 3,4-position, the trans-3,4-diol product was
obtained. It is suggested that this product was arrived at via the epoxide
intermediate"' (Figure 6.3), resulting from oxygen atom insertion into the double
bond. Such a reaction is common to P450 monooxygenases (Chapter 1, Section 1.3).
It is proposed that the epoxide was opened in-situ by a water molecule, in a reaction
catalysed by an epoxide hydrolase enzyme which characteristically gives the transdiol product. Epoxide hydrolase enzymes have been found in a number of
Rhodococcus organisms. 22

JHOOm

0"'10 — ( ii) 1

HO

benzyl ether 3

diol 26

R. rhodochrous NCIMB 9703

epoxide hydrolase

Figure 6.3

Interestingly, the epoxide product was not observed in the reaction with 2cyclohexenyl benzyl ether 2, where the double bond was situated in the 2,3 position.
This highlights the selectivity of the hydroxylation reaction for the C4-position,
which will be discussed further ins Section 6.5.
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6.3.2 Benzylic Hydroxylation of 2-(4-Chlorophenylmethoxy)-tetrahydrofuran
(23) by R. rhodochrous NCIMB 9703

The product obtained from R. rhodochrous NCIMB 9703 biotransformation of 2-(4chlorophenylmethoxy)-tetrahydrofuran 23 was 4-chlorobenzoic acid, resulting from
benzylic oxidation of the substrate. This product was identified by melting point and
by 'HNMR.

This result was interesting and unexpected to a large extent as, although oxidative
degradation of benzyl-containing compounds at the benzylic centre is known, 141 the
O-benzyl protected cyclohex(en)ols, rather than the benzoyl ester analogues, were
selected for reaction with R. rhodochrous NCMIB 9703 because they were expected
to be more stable in this whole cell environment. O-benzoyl-protected substrates
were thought to be more susceptible to preferential degradation of the ester moiety.

141

Also, benzylic oxidation with concomitant cleavage of the cyclic moiety had not
been observed in any previous reaction performed with R. rhodchrous NCIMB 9703.

The reasons for benzylic hydroxylation occurring with 2-(4-chlorophenylmethoxy)tetrahydrofuran 23, have been considered. Firstly, it is possible that the benzylic
position is the preferred site of oxidation, when it is readily accessible to the
hydroxylating enzyme. Since benzylic hydroxylation was only observed with the
furan substrate 23, it may be that the six-membered ring compounds were sufficiently
bulky to hinder the benzylic position, such that hydroxylation was re-directed to a
different site.

Secondly, it is also possible that the chloride substituent of 2-(4chlorophenylmethoxy)-tetrahydrofuran 23 has a directing effect upon hydroxylation
which is selective for the benzylic position, when possible. This theory can operate in
conjunction with, as well as independent of, the idea that the benzylic position is the
preferred site of hydroxylation (see above). Again, since the R. rhodochrous NCIMB
9703 reaction with 2-(4-chlorophenylmethoxy)-tetrahydropyran 21 as the substrate
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resulted in hydroxylation of the heterocycle, hindrance of the benzylic position by the
six membered ring may have caused the chloride susbtituent to re-direct
hydroxylation to an alternative position, in this case, to the cyclic ring system. The
directing effect of halide substituents has been observed previously with steroidal
compounds. This, together with a more thorough discussion of the effect of the
chloride substituent upon R. rhodochrous NCIMB 9703 hydroxylations, is described
in Section 6.4.

If the benzylic position is indeed the preferred site of hydroxylation by the proposed
monooxygenase enzyme, it poses the question of whether this is because the
hydroxylation occurs via a radical mechanism, as was proposed for B. bassiana
hydroxylation, by Furstoss et al. 4' The benzylic methylene carbon, of all the
methylene carbon centres in the substrates assayed with R. rhodochrous NCIMB
9703 here, would form the most stable radical upon abstraction of a hydrogen radical
by the proposed monooxygenase enzyme, as it would be able to delocalise the radical
over the aromatic system. Thus, hydroxylation via a radical mechanism would
preferentially occur at the benzylic position.

Obviously, much further investigation is required before these theories can be
substantiated. For example, substrates with unhindered benzylic centres may be
reacted with R. rhodochrous NCIMB 9703 to identify if hydroxylation does occur
preferentially at the benzylic position. Examination of the directing effects of
substituents on the aromatic ring is currently underway within the group, and has
been extended to include a wider investigation of other substituents, such as the
methyl and nitro groups. The main aim of this is to determine whether the electronic
nature of the aromatic substituent is an important factor in influencing the
hydroxylation reaction.

6.4 EFFECT OF THE SUBSTRATE CHLORIDE SUBSTITUENT UPON R.
rhodochrous NCIMB 9703 BIOHYDROXYLATION
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The initial aim of reacting 2-(4-chlorophenylmethoxy)-tetrahydropyran 21, was to
examine whether the chloride substituent on the aromatic ring would have a directing
influence upon the biohydroxylation reaction. There was precedence for such a
directing effect in the Beauveria bassiana biooxidations carried out with a number of
N-aryl piperidines.' 43 In this work, Floyd et al reported that the biohydroxylation of
N-phenyl piperidine by B. bassiana could be re-directed from the aromatic ring
(giving the phenol product) to the heterocyclic ring (giving the piperidinol), by
substituting chloride onto the 4-position of the aromatic group (Figure 6.4).
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The role of fluoro-, chioro-, and bromo- substituents on ketone derivatives of the
steroidal compound, 5a-androstane (Figure 6.5), was also previously investigated,
with respect to their influence on hydroxylation.

' 44" 45

The fungi, Calonectria decora,

Rhizopus nigricans, and Aspergillis ochraceus were used to perform hydroxylations
of various halogeno-5a-androstanone isomers. Comparison of results from the
hydroxylation of the parent ketone compounds by the same organisms found, in
some cases, that the halide-substituted derivative was more reactive."'

6
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5 a-androstane
Figure 6.5
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Furthermore, it was later established that fluoro substituents situated at, or adjacent
to, the preferred site of hydroxylation of the parent 5a-androstanone compound,
would have the effect of re-directing C. decora or R. nigricans biohydroxylation to
an alternative site.153 For example, C. decora hydroxylation of androstan-3-one
occurs at the 1213 and 1513 positions. However, when a difluoro substituent was
placed at C12, hydroxylation was diverted to the 713 and 1513 positions. Similarly,
placing a difluoro substituent at C16, adjacent to one of the preferred hydroxylation
sites (C15), resulted in hydroxylation occurring at the 1213 and 713 positions instead
(Figure 6.6).
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Thus, applying these previous, experimental observations to our chlorinated
substrates, it seemed possible that the presence of the halide substituent on the
aromatic ring could have some or all of the following effects upon R. rhodochrous
NCIMB 9703 biohydroxylation : (a) to increase the reactivity of the substrate
towards hydroxylation, (b) to prevent hydroxylation of the aromatic group and/or (c)
to direct hydroxylation specifically towards the carbocyclic or heterocyclic ring. In
each of these cases, an enhancement of the hydroxylated product yield would be
expected with the chlorinated compound, compared with the non-chlorinated
analogue.

Thus, the result from R. rhodochrous NUMB 9703 hydroxylation of 2-(4chlorophenylmethoxy)-tetrahydropyran 21 was compared with the biohydroxylation
result of 2-(phenylmethoxy)-tetrahydropyran 11, in an attempt to assess the effect of
the chloride substituent experimentally. In the event, a significant difference in the
yields obtained from these two reactions was highlighted - pyran 21 gave 69% of the
5-hydroxypyran product compared with only 13% from pyran 11. Since the only
difference between these two substrates was the chloride substituent, it was
reasonable to suggest that the difference in yield was attributable to this one
structural difference. However, it must be acknowledged that the second attempt at R.

rhodochrous

NCIMB 9703 hydroxylation of 2-(4-chlorophenylmethoxy)-

tetrahydropyran 21 was unable to repeat the yield of 69%, giving only 15% of the
hydroxylated product. Thus, further investigation is required, and is currently ongoing within the group.

2-(Phenylmethoxy)-tetrahydrofuran

22

and

2-(4-chlorophenylmethoxy)-

tetrahydrofuran 23, were both reacted with R. rhodochrous NCIMB 9703 to allow for
a similar investigation of the chloride substituent. However, these results did not
generate further information, as furan 23 was hydroxylated at the benzylic position
(Section 6.3.2), and the reaction with furan 22 was so low-yielding (5 mg of crude
product) that purification was not attempted. This action was justified as it can be
reasonably safe to assume that the benzylic hydroxylation product would also have
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been obtained from 2-(,henylmethoxy)-tetrahydrofuran 22, had purification been
attempted, just as the 5-hydroxy-tetrahydropyran product was obtained from whole
cell biohydroxylation of both 2-(phenylmethoxy)-tetrahydropyran 11 and 2-(4chlorophenylmethoxy)-tetrahydropyran 21.

The very low yield obtained with 2-henylmethoxy)-tetrahydrofuran 22 in
comparison to 2-(4-chlorophenylmethoxy)-tetrahydrofuran 23 indicates that even
benzylic hydroxylation of this compound by R. rhodochrous NCIIMB 9703 was very
inefficient, and as such, makes it the least compatible substrate for R. rhodochrous
NCIMB 9703 of the compounds assayed so far.

6.5 SELECTIVITY OF R. rhodochrous NUMB 9703 BIOHYDROXYLATION

6.5.1 Establishing Relative Stereochemistry of Hydroxylated Products

The relative stereochemistry of the hydroxylated products 24-28, was determined
primarily through analysing the coupling patterns of the Cl and the C4 proton
signals. Since the substituted cyclohexyl ring is perceived as being quite rigid, the J
value for axial-axial coupling was expected to be between 9-12 Hz, and for axialequatorial and equatorial-equatorial couplings, between 3-5 Hz. 141

Figure 6.7 demonstrates the couplings observed for Cl-H of (4-acetyl-cyclohexyl-1oxymethyl) benzene 24, at ö 3.50 ppm. The C4-H proton had a similar coupling
pattern but at a chemical shift of 4.80 ppm.
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Figure 6.7

As shown, the Cl and C4 protons were identified as being axial with the ClH axiai
and C4Haxiai (OAC) both giving rise to a dddd signal with Jx-a" 10 Hz and

x-eq 3 Hz.

Table 7.2 details the type of signal obtained for Cl-H and C4-11 of hydroxylated
products 25-28, and their coupling patterns, which led to the assignment of relative
stereochemistry for these compounds.

Product
-- -

_.o

1-li

4-H

axial: m, but O-benzyl group

axial: ddd, 3J 3,3 and 10 Hz

expected to be equatorial for
25

H

O

steric reasons
equatorial: dddd, 3J all 3 Hz

I

axial : ddd, 3J 4, 9 and 9 Hz
(3H: axial: 3J 5, 9 and 9

HO

26

HO

0

Hz)

equatorial: dd, 3J both 3 Hz

equatorial: br m, assigned
through 5Hiai, 3J45 2 Hz

equatorial: dd, 3J 2 Hz

equatorial: br m, assigned

27

OH

through 5-Haxial, 3J45 2 Hz

28

Table 6.2
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In the identification of 4-(phenylmethoxy)-2-cyclohexen- 1-01 25, data from nuclear
Overhauser (1 -D) effects were required. Since the six-membered ring in this product
is not able to adopt the regular chair position due to the presence of the double bond,
the overall structure may be better represented in Figure 6.8. While measurement of
coupling constants identified the configuration at Cl and C4 as before, nOe
enhancements gave the extra information required to assign the C2-H and C3-H
proton signals unequivocally. Specifically, C2-H was identified as a result of its
through-space coupling with the benzylic protons. This was not observed with C3-H.
The coupling constant for the alkene protons was 11 Hz, appropriate for a cis double
bond.
1%

Ph

1%
4-(Phenylmethoxy)-2-cyclohexen- 1-01 (25)

The percentages quoted are the magnitudes of the nOe enhancements

Figure 6.8

6.5.2 Re&oselectivity and Chemoselectivitv of R. rhodochrous NCIMB 9703
Biohydroxylation

With every substrate other than 2-(4-chlorophenylmethoxy)-tetrahydrofuran 23,
hydroxylation was established to occur at the unactivated C4-position of the alicyclic
or heterocyclic ring system, despite the presence of more activated carbon centres in
the molecule. The C4-H bond undergoing hydroxylation in each case was the one
trans to the O-benzyl or 0-4-chlorobenzyl substituent. With 4-(phenylmethoxy)-2cyclohexen-1-ol 25, 1-phenylmethoxy-3,4-cyclohexanediol 26, and (4acetylcyclohexyl-l-oxymethyl) benzene 24, the di-equatorial configuration adopted
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by the substituents at Cl and C4 in the isolated product may be the result of ringflipping, after hydroxylation, in order to avoid steric strain.

In the case of the products from 2-(phenylmethoxy)-tetrahydropyran 11 and 2-(4chlorophenylmethoxy)-tetrhydropyran 21, however, the conformer adopted after
hydroxylation involved situating the 1 ,4-substituents in the di-axial positions. This
preferred conformation would allow the Cl-O-benzyl group to gain greater
stabilisation by the anomeric effect. The anomeric effect on Cl-H can be detected in
proton NMR spectroscopy by an increase in the chemical shift, from less than 4.0
ppm in the carbocyclic ring, to above 4.5 ppm in the pyran ring. This was compatible
with the observed chemical shifts for the Cl-H of 5-hydroxy-2-(phenylmethoxy)tetrahydropyran 27 which was 4.86 ppm, and of

5-hydroxy-2-(4-

chlorophenylmethoxy)-tetrahydropyran 28, which was 4.78 ppm.

Similarities may be drawn between R. rhodochrous NCIMB 9703 hydroxylation and
the Y96A hydroxylation of diphenylmethane, which gave 4hydroxydiphenylmethane 82 as the exclusive product, and of phenylcyclohexane, 83
where the C4-hydroxy isomers formed the major product.

6.5.3 Enantioselectivity of the R. rhodochrous NCIMB 9703 Biohydroxylation

In terms of enantioselectivity, the yield of 69% obtained for 5-hydroxy-2-(4chlorophenylmethoxy)-tetrahydropyran 28 from reaction Rh2 was interesting, as it
suggests that the hydroxylation enzyme is not enantioselective. Unfortunately, an
attempt to repeat such a yield was unsuccessful in reaction Rhi 0, with only a product
yield of 15% being obtained. Efforts are currently being undertaken within the group
to establish the absolute stereochemistry of these biohydroxylation products, in order
to settle this issue.
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6.6 CONCLUSIONS

R. rhodochrous NCIMB 9703 hydroxylation can be viewed as a complementary
approach to Y96A, as compounds such as the cyclohexyl benzyl ethers 1-3 and 2(phenylmethoxy)-tetrahydropyran 11, which were unsuccessful with Y96A (Chapter
3 and 4), were hydroxylated by this whole cell organism. In addition, furan
derivatives, previously not assayed with Y96A, were reacted with R. rhodochrous
NCIMB 9703. In one of these reactions, 2-(4-chlorophenylmethoxy)-tetrahydrofuran
23 yielded the benzylic hydroxylation product, 4-chlorobenzoic acid.

From these initial results discussed here, R. rhodochrous NCIMB 9703 has
demonstrated a wider substrate range than Y96A and, as such, renders it more
amenable to development as a universal biocatalyst. Furthermore, 100 mg of
substrate could be reacted with the whole cell system at the one time, compared with
only 8 mg of substrate in the preparative scale Y96A catalysed hydroxylation.
Separation of products from the whole cell biohydroxylation by flash
chromatography was possible thus simplifying the purification procedure. Reaction
yields ranged from 5% to 69%.

It is proposed that microbial hydroxylation by R. rhodochrous NCIMB 9703 of sixmembered alicyclic or heterocyclic substrates, has a selectivity for the C4-position of
the cyclic sytems. Furthermore, the hydroxylation process is selective for the C4-H
bond which is trans to the substituent at Cl. After hydroxylation, it is suggested that
ring-flipping may occur in order that the hydroxylated products can adopt the more
stable conformer. In the case of 4-(phenylmethoxy)-2-cyclohexen-1-ol

25, 1-

(phenylmethoxy)-3,4-cyclohexanediol 26, and (4-acetylcyclohexyl- 1 -oxymethyl)
benzene 24, this is the di-equatorial conformer, as steric interactions can be avoided
between the bulky ring substituents. With hydroxylated pyran derivatives 27 and 28
however, the preferred conformer has the Cl and C4 substituents positioned diaxially to each other. In this way, the substituent at Cl can be stabilised by the
anomeric effect.
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6.7 EXPERIMENTAL METHODS

6.7.1 GROWTH OF R. rhodochrous NCIMB 9703

6.7.1.1 Recipe for Basal Salts Media (BSM)

Part A

Quantity

Part B

Quantity

NIH4 C1

2.0 g

MgSO4.6H20

0.4 g

KH2 PO 4

3.1 g

MnSO4 .H20

0.05 g

K2HPO4

8.2 g

CaC12.2H20

0.01 g

yeast extract

0.1 g

NH4 M004.H20

0.01 g

tryptone

0.1 g

Table 6.3

The basal salts media in which the whole cell organism was grown, consisted of a
mixture of Parts A and B (Table 6.3). The quantities specified in Table 8.3 are per
litre of de-ionised water.

6.7.1.2 Starter Cultures
The R. rhodochrous NCIMB 9703 organism was obtained from the National Centre
of Industrial Marine Bacteria (NCIMB), Aberdeen, UK. The organism was
maintained on malt extract plates which were subcultured at regular intervals, and
stored at <5°C. Media were sterilised in an autoclave at 15 psi, 121°C, 15 mill.
Phosphate buffer consisted of 50mM KH2 PO 4, at pH 7.4.
To four 250 mL Erlenmeyer flasks each containing sterilised and cooled BSM (50
mL of Part A; 1 mL of Part B), were added iron (II) sulfate (2.5 mg/5 mL), and
sodium pyruvate (20 mg/5 mL) in phosphate buffer, using a disposable syringe
equipped with a 0.2 pm sterile filter. The media was then inoculated with R.
rhodochrous NCIMB 9703 cells picked from an agar plate using a sterile loop, under

aseptic conditions. The flasks were incubated at 30 °C with shaking (250 rpm) for 2
days, or until the solution had turned a bright orange-pink colour.
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6.7.1.3 Inoculation with Starter Cultures : Induction of P-450 Enzyme
To eight 4 L Erlenmeyer flasks each containing sterilised and cooled BSM (500 mL
of Part A; 25 mL of Part B) was added, iron (II) sulfate (50 mgl5ml) in phopshate
buffer, using a disposable syringe equipped with a 0.2 tm sterile filter. The media
was then inoculated with 2-3 day old, starter cultures (25-50 ML), under aseptic
conditions. n-Octane (5 mL, 1% of total volume) was next added through a sterile
pipette. The flasks were incubated at 30 °C with shaking (250 rpm), for up to 7 days,
until the suspension had turned a bright orange-pink colour.

6.7.1.4 Preparation of Resting Cells
Centrifligation (10K, 20 mm) of the cell-enriched media was carried out. The
supernatant obtained was separated off and the cell paste re-suspended in phosphate
buffer (250 mL), with vigorous shaking. Centrifugation (10K, 20 mm) of this cell
suspension was performed, the resulting supernatant was separated off and the cell
paste, this time, re-suspended in 200 mL of phosphate buffer. Vigorous magnetic
stirring of the resting cells was carried out in an attempt to homogenise the
suspension as far as possible, which was then halved and transferred to 1 L
Erlenmeyer flasks, ready for reaction.

6.7.2 R. rhodochrous NUMB 9703 BIOTRANSFORMATION

The substrate was prepared as a 100 mg/ml solution in absolute ethanol and added to
100 mL of resting cell suspension in phosphate buffer, pH 7.4, using an automatic
pipette equipped with a sterilised, disposable tip (1 gIL final substrate concentration).
A cotton wool bung was placed securely over the neck of the conical flask, which
was then incubated at 30 °C for a maximum of 24 h, to allow biotransformation. The
reaction was monitored by GCt. Centrifugation (10K, 20 mm) of the reaction
mixture was carried out in order to isolate the majority of the cell material. The
supernatant was separated and extracted 2-3 times with ethyl acetate. The organic
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extract was then dried (MgSO 4) and evaporated to dryness to give a crude oil which
was analysed by GCt. Purification of the crude oil was performed by wet flash
chromatography.

t Gas chromatography was performed on a Hewlett-Packard 6890 series
chromatograph equipped with a HP-5 5% Phenyl Methyl Siloxane capillary column
(30.0 x 320p.m x 0.25j.im), using a standard programme : 200 °C for up to 20
minutes.

6.7.3 PURIFICATION OF PRODUCTS FROM R. rhodochrous NCIMB 9703
BIOHYDROXYLATION

6.7.3.1 General Procedure
Chemicals for acetylation were purchased from the Aldrich Chemical Company,
Poole, Dorset, UK. Flash chromatography was performed on silica gel (Merck 9385,
Kieslegel 60, 0.040-0.063 mm) and thin layer chromatography was performed on
Merck silica gel 60 F 254 (0.24 mm) supported on glass plates. Melting points were
determined on Griffin melting point apparatus. 'H and

' 3

C NMR spectroscopy were

performed on a WH-360 spectrometer, using tetramethylsilane as the internal
reference. All NMR samples were prepared in deuterochloroform. Chemical shifts
are expressed as parts per million (ppm) and coupling constants are quoted in Hertz.
Electron impact mass spectrometry was performed on a Finnigan 4600 spectrometer
for nominal mass and a Kratos MS50TC spectrometer for high resolution mass.
Where applicable, eq denotes equatorial, ax denotes axial, equiv. denotes equivalents,
and EI-HRMS denotes electron impact, high resolution mass spectrometry.

6.7.3.2 General Acetylation Procedure
To the crude alcohol stirring in dichioromethane (8.5 cm') were added, acetic
anhydride (10 equiv.), pyridine (6 equiv.) and 4-dimethylaminopyridine (trace). After
36 h, the reaction was neutralised with 2 M HCl, and washed with sodium
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bicarbonate saturated aqueous solution and water. The organic extract was dried
(MgSO4) and evaporated to dryness to give a crude oil which was purified by wet
flash chromatography.

6.7.4 CHARACTERISATION OF PRODUCTS FROM R. rhodochrous NCIMB
9703 BIOHYDROXYLATION

To facilitate assignment of NMR data, the carbon atoms of the following compounds
have been systematically numbered, and heteroatoms have been ignored. This
numbering scheme does not reflect the IUPAC numbering order of molecules. Note
also that relative stereochemistry is shown for each product.

Product from Rh5 : (4-Acetvlcyclohexyl-1-oxymethyl) benzene (24)
0

12
1

oi

1

oL

6
1

7

9

24
The crude alcohol (105 mg, 0.5 mmol) obtained from biotransformation was directly
acetylated following the general acetylation procedure. Purification of the crude
acetate by chromatography on silica gel using dichloromethane-ethyl acetate (10:1)
as the eluent yielded 24 as a colourless oil (5 mg, 5%). EI-HRMS, Found : M,
248:14145. C 15H2003 requires M, 248.14124. 6 H (360 MHz) 1.65 (4 H, m, 2-Hax, 3Hax, 5-Hax, 6-Hax), 1.84 (4 H, m, 2-Heq, 3-Heq, 5-Heq, 6-Heq), 2.05 (3 H, s, 15H3), 3.50 (1 H, dddd, 3J3, 3, 8 and 8, 1-Hax), 4.50 (2 H, s, 7-H 2), 4.80 (1 H, dddd, 3J
3, 3, 8 and 8, 4-Hax) and 7.23-7.40(5 H, m, aromatic); 8 c (90 MHz) 21.27 (q, C15),
27.16 (t, C2, C6), 27.48 (t, C3, CS), 69.70 ( t, C7), 70.61 (d, Cl), 73.70 (d, C4),
127.32 (d, C9, Cli, C13), 128.23 (d, ClO, C12), 138.91 (s, C8) and 170.52 (s, C14);
m/z 248 (M, 2%),188 (12), 157 (15), 142 (9),91 (100, M - 157), and 77 (10).
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Product from Rh9 : 4-Phenylmethoxy-2-cyclohexenol (25)161
H
HO

7

9
10

H
11
12

25
The crude oil obtained from biotransformation was purified by chromatography on
silica gel eluting with dichioromethane-ethyl acetate (4:1) to yield 25 as a colourless
oil (12 mg, 12%). EI-HRMS, Found : M, 204.11469. C 13H1602 requires M,
204.11503; 8H (360 MHz) 1.41-1.69(3 H, m, 5-H2, 4-011), 2.13 (2 H, m, 6-H2), 3.42
(1 H, m, 1-H), 4.28 (1 H, 4J 1, 3J3, 3 and 10, 4-Hax), 4.55 (1 H, d, 2J 12, 7-H), 4.584.61 (1 H, d, 2J12, 7-H), 5.83(1 H, ddd, 4J1, 3J 3 and 11,3-H), 5.89(1 H, ddd, 4J1,
3

J 3 and 11,2-H), and 7.28-7.34(5 H, m, phenyl); S (90 MHz) 26.70 (t, CS), 30.26

(t, C6), 66.25 (d, Cl), 70.11 (t, C7), 72.57 (d, C4), 127.48 (d, CI 1), 128.29 (d, CIO,
C12), 130.42 (d, C3), 132.94 (d, C2), and 138.47 (s, C8); m/z 204 (M, 0.18%), 113
(36.47), 95(26.60), 91 (100.00, M - 113), and 77 (19.53). nOe data: irradiation of
7-H2 enhances 1-H (4%), phenyl (1.5%), 6-H2 (<1%), and 2-H (1%) signals,
irradiation of 3-H enhances 4-H (1%), irradiation of 2-H enhances 1-H (2%), and 7H2 (1%), irradiation of 4-H enhances 3-H (2%), 6-H 2 (1%), 5-H2 (1%), and 4-OH
(1%), irradiation of 1-H enhances 7-H 2 (2%), 5-H2 (1.5%), and 6-H 2 (<1%).

Product from Rh4: 1-Phenylmethoxy-3.4-cyclohexanediol (26)
7

13
12

HO-_44/
_-,-3:j
2

10

26
The crude oil obtained from biotransformation was purified by chromatography on
silica gel eluting with ethyl acetate-dichloromethane (10:1) to yield 26 as a colourless
oil (24 mg, 20%). EI-HRMS, Found : M, 222.12625. C 13H1803 requires M,
222.12559; H (360 MHz) 1.28-1.49 (2 H, m, 6-H 2), 1.61-1.81 (3 H, m, 5-H2, 4-OH),
1.99 (1 H, ddd, 3 J 3 and 3, 2J 14, 2-Heq), 2.25 (1 H, ddd, 3J3 and 8, 2J 14, 2Hax ),
2.35 (1 H, br s, 3-OH), 3.37 (1 H, ddd, 3J 4, 9 and 9, 4-Hax), 3.72 (1 H, ddd, V5, 9
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and 9, 3-Hax), 3.78 (1 H, dddd, 3Jall 3, 1-Heq), 4.49 (2 H, s, 7-H2) and 7.26-7.36 (5
H, m, aromatic); ö (90 MHz) 27.64 (t, C6), 28.03 (t, CS), 36.79 (t, C2), 70.17 (d,
C4), 71.89 (d, 0), 73.93 (d, Cl), 75.67 (t, C7), 127.53 (d, Cli), 127.63 (d, C9,
128.44 (d, CIO, C12) and 139.30 (s, C8); m/z 222 (Mt, 0.21%), 131 (4.24), 91
(100.00, M' - 131) and 77 (7.62).

Product from Rh7 : 5-Acetyl-2-(phenylmethoxy)-tetrahydropyran (27)

14

4I

1I

I

O9
8
6

27
The crude alcohol (57 mg, 0.3 mmol) obtained from biotransformation was directly
acetylated following the general acetylation procedure. Chromatography of the crude
acetate on silica gel using dichloromethane-ethyl acetate (20:1) as the eluent yielded
27 as a colourless oil (17 mg, 13%). EI-HRMS, Found : M, 250.12137. C 14H1804
requires M, 250.12051; 8H (360 MHz) 1.60-2.16 (4 H, m, 2-H 2, 3-H2), 2.09 (3 H, s,
14-H3), 3.63 (1 H, ddd, 4J 1, 3J3 and 2J 13, S-Heq), 3.97 (1 H, dd, 3J2 and 2J 13, 5Hax), 4.51 (1 H, d, 2J 12, 6-H), 4.74 (1 H, d, 2J 12, 6-H), 4.83 (1 H, m, 4-Heq), 4.86
(1 H, dd, 3Jboth 3, 1-Heq) and 7.27-7.35 (5 H, m, aromatic); & (90 MHz) 21.20 (q,
22.26 (t, C3), 25.09 (t, C2), 61.82 (t, CS), 67.46 (d, C4), 68.86 (t, C6), 95.94
(d, Cl), 127.56 (d, CIO), 127.73 (d, C8, C12), 128.30 (d, C9, Cli), 137.75 (s, C7)
and 170.60 (s, C13); m/z 249 ([M-1], 0.11%), 159 (14.42), 143 (50.67), 107 (10.81),
and 91 (100.00, M - 159).
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Product

from

Rh2/RhlO

2-(4-chlorophenylmethoxy)-5-hydroxy-

:

tctrahydropyran (28)
OH

12

1

6

1i]o
8

28
The crude oil obtained from biotransformation was purified by chromatography on
silica gel eluting with ethyl acetate-dichioromethane (10:1) to yield 28 as a colourless
oil (yield from Rh2P : 74 mg, 69%; yield from RhlO :16 mg, 15%). EI-HRMS,
Found: M, 242.10240. C 12H15C103 requires M, 242.07097; 5H (360 MHz) 1.59-1.68
(2 H, m, 3-H2), 2.01-1.68 (3 H, m, 2-H 2 ,4-OH), 3.48 (1 H, dddd, 4Jboth 1, 3J4, and
J 12, 5-Heq), 3.80 (1 H, br m, 4-Heq), 3.96 (1 H, dd, 3J2 and 2J 12, 5-Hax), 4.49 (1

2

H, d, 2J 12, 6-H), 4.73 (1 H, d, 2J 12, 6-H), 4.78 (1 H, dd, 3Jboth 2, 1-Heq) and 7.307.33 (4 H, m, aromatic); E (90 MHz) 25.02 (t, C3), 25.63 (t, C2), 64.76 (d, C4),
65.11 (t, C5), 68.16 (t, C6), 96.66 (d, Cl), 128.44 (d, C8, C12), 128.98 (d, C9, Cli),
133.28 (s, C7) and 136.28 (s, ClO); m/z 242 (M, 0.23%), 125 (100.00, M - 117), 77
(22.18), and 65 (1.19).

Product from Rh8 : 4-Chlorobenzoic acid
cI

HO

0

Upon evaporation of the solvent to dryness, a white solid was obtained from
biotransformation. This was collected by filtration and recrystallised from
dichioromethane to give white crystals. Analysis by 'H NMR and comparison of
melting point confirmed that the product from Rh8 was 4-chlorobenzoic acid. 8 H (360
MHz) 7.2 (aromatic protons only); mp. 238 °C (lit. 147 mp. 239-241 °C).
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Chapter Seven.
Y96A: EXPERIMENTAL METHODS

Chapter Seven. Y96A EXPERIMENTAL METHODS.
:

7.1 GENERAL PROCEDURE

7.1.1 Synthesis
All chemicals were purchased from the Aldrich Chemical Company, Poole, Dorset,
UK, unless otherwise stated. Wet flash chromatography was performed on silica gel
(Merck 9385, Kieslegel 60, 0.040-0.063 mm); thin layer chromatography was
performed on Merck silica gel 60 F 254 (0.24 mm) supported on glass plates. NMR
samples were prepared in deuterochloroform. 1H NMR spectroscopy was performed
on Gemini 2000, Bruker AC250, and WH-360 spectrometers, and

' 3

C NMR

spectroscopy was performed on Bruker AC250 and WH-360 spectrometers, with
tetramethylsilane as the internal standard. Carbon multiplicity was established by
distortionless enhancement by polarisation transfer (DEPT). Chemical shifts are
quoted in parts per million (ppm). Coupling constants (J) are quoted in Hertz.
Electron impact mass spectrometry was performed on a Finnigan 4600 spectrometer
for nominal mass, and a Kratos MS50TC spectrometer for high resolution mass.
Where applicable, eq denotes equatorial, ax denotes axial, equiv. denotes
equivalent(s), and EI-HRMS denotes electron impact, high resolution mass
spectrometry.

7.1.2 Biological Assays
All chemicals were supplied by the Aldrich Company. NADH (Grade 1 purity) was
purchased from Boehringer-Mannheim; NADH (Grade 2 purity) and bovine liver
catalase were purchased from Sigma-Aldrich. P-450cam (wild type and Y96A
mutant) and Pd clones, as well as PdR stock solutions, were kindly donated by Dr.
Luet-Lok Wong, at the University of Oxford, Inorganic Chemistry Laboratory.
Enzymes were over-expressed and purified according to literature procedure.' 32 LB
Broth CM denotes Luria Bertani Broth containing chloramphenicol. PD 10-NAP gel
filtration columns were bought from Pharmacia. Phosphate buffer consisted of 50
mM KH2PO4 at pH 7.4 and Tris buffer consisted of 50 mM Tris. base at pH 7.4. UVVIS spectroscopy was performed on a Hewlett-Packard 8453 model

spectrophotometer equipped with a thermostat-controlled water bath, using quartz
glass cells from Sigma-Aldrich. Gas chromatography was performed using a
Hewlett-Packard 6890 series chromatograph equipped with a HP-5

5% phenyl

methyl siloxane capillary column (30.0 m x 320 jim x 0.25 jim). Programme used for
GC analysis 200 °C for 5 mm. followed by a temperature ramp to 250 °C at 10
°C/min. High performance liquid chromatography was performed using a Waters 600
Controller, 486 Tunable Absorbance Detector and a 600 Pump, with Millenium
software. A Phenomenex, sphericlone 5p. ODS column (250 x 4.60 mm) was used for
analytical HPLC, and a Phenomenex, sphericlone 5j.i ODS column (250 x 10 mm)
was used for preparative HPLC. 'H NMR spectroscopy was performed on a Varian
Inova 600 spectrometer.

7.2 SYNTHESIS OF SUBSTRATES

To facilitate assignment of NMR data, the carbon atoms of the following compounds
have been systematically numbered, and heteroatoms have been ignored. This
numbering scheme does not reflect the IUPAC numbering order of molecules. Note
also that relative stereochemistry is shown for each product, using the convention of
straight bonds as opposed to wedges, unless otherwise stated.

Preparation of 3-Cyclohexen-1-ol' 48
OH

62
563
4

1,4-Cyclohexanediol (mixture of cis and trans isomers) (15 g, 0.13 mol) was heated
with 65% sulfuric acid (0.06 cm') in a silicone oil bath at 190-200°C. The distillate
produced contained water, cyclohexadiene (bp 80°C) and crude cyclohex-3-enol (bp
154-157°C). Distillation of the crude oil under reduced pressure (0.25 mbar) gave the
desired product as a clear oil (1.28 g, 10%), bp 38 - 40 °C/ 0.25 mbar; 8 11 (250 MHz)
1.50-2.20(6 H, m, 2-H2, 5-H2, 6-H2), 2.33 (1 H, br s, OH), 3.80-4.00 (1 H, dddd, 3J3,
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5, 10 and 10, 1-Hax) and 5.45-5.70 (2 H, m, 3-H, 4-H); Ei (63 MHz) 23.47 (t, C6),
30.68 (t, C5), 34.15 (t, C2), 66.76 (d, Cl), 123.89 (d, C4) and 126.60 (d, 0).
Physical and spectroscopic data obtained were in accordance with literature data.
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General Procedure for the Preparation of Benzyl Ethers

To the appropriate alcohol in anhydrous THF (30 cm') cooled to 0°C under a
nitrogen atmosphere were added, benzyl bromide (1.67 equiv.), tetrabutylammonium
iodide (trace), and sodium hydride, 60 % w/w in mineral oil (1.33 equiv.). The
reaction mixture was warmed to room temperature and stirred for 48 h, then extracted
with diethyl ether (240 cm') and washed sequentially with sodium bicarbonate and
brine saturated aqueous solutions, and water. Drying (MgSO 4) and evaporation of the
solvent to dryness gave a crude oil as the benzyl ether product which was purified by
chromatography on silica gel.

Benzylation Method using Benzyl Chloride and Potassium Hydroxide
To a three-necked round bottom flask equipped with a reflux condenser, magnetic
stirrer and thermometer, were added the alcohol (0.015 mol), re-distilled benzyl
chloride (10 equiv.), and potassium hydroxide pellets (15 equiv.). The temperature of
the vigorously stirred mixture was raised to 150 °C and maintained at this level for 24
h. The reaction mixture was then cooled, diluted with ice-water and the organic layer
separated. The aqueous layer was extracted three times with dichloromethane. The
organic fractions were combined and extracted three times with distilled water, then
dried (MgSO4). Evaporation of the solvent under reduced pressure yielded an oil
which was purified by chromatography on silica gel using hexane-ethyl acetate
mixtures as the eluent.

Benzylation

Method

using

Benzyl

Tnchloroacetimidate

and

Trifluoromethanesulfonic Acid
To the alcohol (0.015 mol) and benzyl trichloroacetimidate (1 equiv.) stirring in a
cyclohexane-dichloromethane mixture (20 cm': 10 cm') under a nitrogen atmosphere,

143

was added trifluoromethanesulfonic acid (0.2 cm'). After 24 h, the trichloracetamide
salt was collected by filtration and the filtrate extracted once with sodium hydrogen
carbonate saturated aqueous solution, and twice with distilled water. The organic
layer was dried (Na2 SO 4 ) and concentrated under reduced pressure to yield an oil
which was purified by chromatography on silica gel using hexane-ethyl acetate
mixtures as the eluent.

General Procedure for the Preparation of Benzoyl Esters

To the desired alcohol stirring at 0°C in anhydrous THF (44 cm') were added,
triethylamine (1.67 equiv.) and benzoyl chloride (1 equiv.). The reaction was warmed
to room temperature and stirred for 24 h. The triethylamine salt was filtered off and
the filtrate concentrated. The resulting residue was extracted with ethyl acetate and
washed with 3 M HC1 and water before drying (MgSO 4 ). The solvent was evaporated
to dryness to give a crude oil as the benzoyl ester product which was purified by
chromatography on silica gel.

Preparation of (Cyclohexyl-1-oxymethvl) benzene

(1)1 41
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1
Cyclohexanol (1.50 g, 0.015 mol) was reacted following the general benzylation
procedure. Chromatography with hexane-dichioromethane (2:1) as the eluent yielded
1 as a colourless oil (2.29 g, 81%). EI-HRMS, Found : W, 190.13626. C 13H180
requires M, 190.13577;

6H

(250 MHz) 1.21-2.02 (10 H, m, 2-H2 to 6-H2), 3.36 (1 H,

dddd, 3J4, 4, 9 and 9, 1-Hax), 4.56 (2 H, s, 7-H 2) and 7.26-7.39 (5 H, m, phenyl);
(63 MHz) 15.02 (t, C3, CS), 25.71 (t, C4), 32.13 (t, C2, C6), 69.51 (t, C7), 76.80 (d,
Cl), 127.17 (d, Cli), 127.36 (d, C9, C13), 128.18 (d, ClO, C12) and 139.17 (s, C8);
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m/z 190 (M, 17%), 99 (69), 91(100, M - 99) and 77 (48). Spectroscopic data
obtained were in accordance with literature data.
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Preparation of (2-Cyclohexenvl-1-oxvmethVl) benzene (2)" '
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Cyclohex-2-enol (1.47 g, 0.015 mol) was reacted following the general benzylation
procedure. Chromatography using hexane-dichloromethane (2:1) as the eluent
yielded 2 as a pale yellow oil (2.29 g, 81%). El-HRMS, Found : M, 188.12041.
C, 3H, 6 0 requires M, 188.12012; 8H (250 MHz) 1.50-2.16 (6 H, m, 4-H2, 5-H2, 6-H2),
3.90-4.01 (1 H, m, 1-H), 4.53 (1 H, d, 2J 12, 7-H), 4.60 (1 H, d, 2J 12, 7-H), 5.80-5.95
(2 H, m, 2-H, 3-H) and 7.20-7.40 (5 H, m, phenyl); 6 (63 MHz) 19.11 (t, C5), 25.09
(t, C6), 28.20 (t, C4), 69.86 (t, C7), 72.02 (d, Cl), 127.02 (d, C8), 127.24 (d, CI 1),
127.42 (d, C9, C13), 127.61 (d, C3), 128.16 (d, ClO, C12), 130.80 (d, C2) and
138.90 (s, C8); m/z 188 (M, 51%), 97 (80), 91 (100, M - 97) and 77 (82).
Spectroscopic data obtained were in accordance with literature data.' 8

Preparation of (3-Cyclohexenyl-1-oxymethvl) benzene (3)
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3-Cyclohexen-1-ol (1.47 g, 0.015 mol) was reacted following the general
benzylation. Chromatography using hexane-dichloromethane (2:1) as the eluent
yielded 3 as a pale yellow oil (0.68 g, 63%). 8H (250 MHz) 1.60-2.50 (6 H, m, 2-H2 ,
3-H2, 4-112 ), 3.60-3.70 (1 H, m, 1-H), 4.55-4.65 (2 H, s, 7-H2), 5.55-5.70 (2 H, m, 3H, 4-H) and 7.20-7.40 (5 H, m, phenyl); & (63 MHz) 23.92 (t, C6), 27.70 (t, C5),
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31.58 (t, C2), 69.77 (t, C7), 73.68 (d, Cl), 124.17 (d, C3), 126.73 (d, C4), 127.26 (d,
Cli), 127.42 (d, C9, C13), 128.20 (d, CIO, C12) and 138.90 (s, C8). Spectroscopic
data obtained were in accordance with literature data.
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Preparation of Cyclohexvl benzoate (4) "'
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Cyclohexanol (1.00 g, 0.010 mol) was reacted following the general benzoylation
procedure. Chromatography with hexane-dichloromethane (1:1) as the eluent yielded
4

as a clear oil (0.39 g, 19%). El-HRMS, Found: M, 204.11415. C, 311, 602 requires

M, 204.11503;

SH

(250 MHz) 0.95-2.00 (10 H, m, 2-11 2 to 6-H 2), 4.95-5.10 (1 H, m,

1-H), 7.38-7.60 (3 H, m, 10-H, 11-H, 12-H) and 8.00-8.10 (2 H, m, 9-H, 13-H); 8
(63 MHz) 23.50 (t, C3, C5), 25.33 (t, C4), 31.47 (t, C2, C6), 72.83 (d, Cl), 128.08
(d, CIO, C12), 129.35 (d, C9, C13), 130.88 (s, C8), 132.48 (d, Cli) and 165.79 (s,
C7); m/z 204 (M, 0.2%), 105 (100, M - 99), 99 (6), 82 (24) and 77 (51).
Spectroscopic data obtained were in accordance with literature data.' 5 '

Preparation of 2-Cyclohexenvi benzoate
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Cyclohex-2-enol (1.15 g, 0.012 mol) was reacted following the general benzoylation
procedure. Chromatography with hexane-dichloromethane (1:1) as the eluent yielded
5 as a colourless oil (1.39 g, 59%). El-FIRMS, Found : M, 202.10062. C 13 H, 402
requires M, 202.09938; 6 H (250 MHz) 1.60-2.25 (6 H, m, 4-H2, 5-112, 6-H2), 5.48 (1
H, m, 1-H), 5.83 (1 H, ddd, 4J 1, 3J4 and 10, 2-H), 6.00 (1 H, dddd, 4J 1, 3J4, 4, and
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10, 3-H), 7.37-7.58 (3 H, m, 10-H, 11-H, 12-H) and 8.02-8.09 (2 H, m, 9-H, 13-H);
(63 MHz) 18.80 (t, C5), 24.80 (t, C6), 28.27 (t, C4), 68.43 (d, Cl), 125.59 (d, C2),
128.10 (d, CIO, C12),129.43 (d, C9, C13), 130.66 (s, C8),132.57 (d, C3),132.67 (d,
Cli) and 166.05 (s, C7); m/z 202 (Mt , 64%), 105 (100, M - 97), 97 (5 8) and 77
(95). Spectroscopic data obtained were in accordance with literature data."'

Preparation of 3-Cyclohexenyl benzoate (6) 152
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Cyclohex-3-enol (1.00 g, 0.0 10 mol) was reacted following the general benzoylation
procedure. Chromatography with hexane-dichloromethane (1:1) as the eluent yielded
6 as a pale yellow oil (0.65 g, 32%). 8H (250 MHz) 1.80-2.60 (6 H, m, 2-H 2, 5-H2, 6H2 ), 5.28 (1 H, m, 1-H), 5.65 (1 H, m, 3-H), 5.74 (1 H, m, 4-H), 7.40-7.58 (3 H, m,
10-H, 11-H, 12-H) and 8.00-8.08(2 H, m, 9-H and 13-H); 6 c (63 MHz) 23.03 (t, C6),
27.17 (t, CS), 30.66 (t, C2), 70.08 (d, Cl), 123.54 (d, C3), 126.67 (d, C4), 128.14 (d,
ClO, C12), 129.42 (d, C9, C13), 130.71 (s, C8), 132.61 (d, Cli) and 165.98 (s, C7);
m/z 203 (M, 20%), 123 (17), 105 (99), 80 (100, M - 123) and 77 (52).
Spectroscopic data obtained were in accordance with literature data. 112
Preparation of 1-Benzoyl pyrrolidine (7)153
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Pyrrolidine (0.83 g, 0.012 mol) was reacted under the conditions described for the
general preparation of benzoyl esters. Chromatography on silica gel using hexaneethyl acetate (5:1) as the eluent yielded 7 as a pale yellow oil (0.81 g, 40%), ElHRMS, Found : M, 175.09905. C, 1H 13 N0 requires M, 175.09971; 8H (250 MHz)
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1.75-2.00 (4 H, m, 2-H 2, 3-H2), 3.38 (2 H, br m, 1-H2 ), 3.60 (2 H, br m, 4-H 2) and
7.30-7.50 (5 H, m, phenyl); ö (63 MHz) 24.20 (t, C2), 26.13 (t, C3), 45.91 (t, Cl),
49.35 (t, C4), 126.80 (d, C8, C I O), 127.97 (d, C7, CI 1), 129.51 (d, C9), 136.97 (s,
C6) and 169.45 (s, C5); m/z 175 (M, 30%), 105 (100, M

-

70), 77 (53) and 70 (4).

Spectroscopic data obtained were in accordance with literature data.' 53
53

Preparation of 1-Benzoyl piperidine 1
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Piperidine (1.00 g, 0.012 mol) was reacted under the conditions described for the
general preparation of benzoyl esters. Chromatography on silica gel with hexaneethyl acetate (10:1) as the eluent yielded 8 as a colourless oil (0.76 g, 34%). El-

HRMS, Found : M, 189.11495. C 12H15N0 requires M, 189.11536; 8 H (250 MHz)
1.40-1.70 (6 H, br m, 2-H 2, 3-H2, 4-H 2 0.30 (2 H, br m, 1-H 2), 3.65 (2 H, br m, 5-H2)
and 7.35 (5 H, m, aromatic); S (63 MHz) 24.33 (t, C3), 25.38 (t, C2), 26.27 (t, C4),
42.84 (t, Cl), 48.00 (t, CS), 126.52 (d, C9, Cli), 128.14 (d, C8, C12), 129.08 (d,
C I O), 136.25 (s, C7) and 170.04 (s, C6); m/z 189 (Mt , 25%), 188 (91), 105 (100, M
-

84), 84 (10) and 77 (56). Spectroscopic data obtained were in accordance with

literature data. 151

Preparation of Pyrrolidine-l-carboxylic acid phenyl methyl ester
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To pyrrolidine (1.00 g, 0.014 mol) stirring in THF (51 cm) were added, potassium
carbonate (5.80 g, 0.042 mol) and benzyl chloroformate (2.43 cm 3 ; 2.90 g, 0.017
mol). Water (8 cm3 ) was added after 1 h and stirring continued for a further hour
before a second addition of water (120 cm). The resulting emulsion was dissolved in
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ethyl acetate and washed with sodium bicarbonate and brine saturated aqueous
solutions, then dried (Na2SO4). Evaporation of the solvent to dryness, followed by
chromatography on silica gel with hexane-ethyl acetate (2:1) as the eluent yielded 9
as a colourless oil (2.65 g, 92%). EI-HRMS, Found : M, 205.11015. C, 2H, 5NO2
requires M, 205.11028); 8H (250 MHz) 1.80-1.90 (4 H, m, 2-H 2, 3-H2), 3.34-3.46 (4
H, m, 1-H2, 4-H2), 5.12 (2 H, s, 6-H2) and 7.25-7.41 (5 H, m, phenyl); & (63 MHz)
24.70 (t, C2), 25.49 (t, C3), 45.54 (t, Cl), 45.98 (t, C4), 66.30 (t, C6), 127.58 (d, C8,
ClO, C12), 128.17 (d, C9, Cli), 136.88 (s, C7) and 154.67 (s, C5); m/z 205 (Mi,
75%), 114 (52), 98 (63), 91(100, M - 114) and 77 (55). Spectroscopic data obtained
were in accordance with literature data.
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Preparation of Piperidine-1-carboxylic acid phenyl methyl ester

(10)1 55
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Piperidine (1.20 g, 0.014 mol), potassium carbonate (5.80 g, 0.042 mol) and benzyl
chioroformate (2.43 cm', 0.017 mol) were reacted under the conditions described for
the preparation of 9. Chromatography on silica gel with hexane-ethyl acetate (2:1) as
the eluent yielded 10 as a colourless oil (2.78 g, 91%). EI-HRMS, Found : M,
219.12608. C 13H17NO2 requires M, 219.12593; 8H (250 MHz) 1.40-1.60 (6 H, m, 2H2, 3-H2, 4-H2), 3.40-3.50 (4 H, m, 1-H2 , 5-H2), 5.12 (2 H, s, 7-H 2) and 7.28-7.40 (5
H, m, phenyl); & (63 MHz) 24.17 (t, C2, C4), 25.29 (t, C3), 44.66 (t, Cl, CS), 66.68
(t, C7), 127.60 (d, C9, C13), 127.67 (d, Cli), 128.25 (d, ClO, C12), 136.82 (s, C8)
and 155.13 (s, C6); m/z 219 (Mi , 83%), 128 (69), 112 (61), 91(100, M - 128) and 77
(43). Spectroscopic data obtained were in accordance with literature data.' 55

Preparation of 2-(Phenylmethoxy)-tetrahvdropvran (11)" '
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To an ice-cooled solution of benzyl alcohol (0.96 g, 0.009 mol) and dihydropyran
(3.74 g, 0.045 mol) in anhydrous dichioromethane (43 cm') was added ptoluenesulfonic acid monohydrate (trace). The mixture was stirred at 0°C for 10
minutes then warmed to ambient temperature for 1.25 h. Saturated brine solution was
added to the mixture, followed by extraction with diethyl ether. The organic extract
was dried (MgSO4 ) and evaporated to dryness under reduced pressure to give a pale
yellow oil. Chromatography on silica gel using hexane-ethyl acetate (10:1) as the
eluent yielded 11 as a colourless oil (0.52 g, 30%). EI-HRI\4S, Found : M,
192.11436. C, 2H, 602 requires M, 192.11503; 8H (250 MHz) 1.50-2.00(6 H, m, 3-H 21
4-142, 5-11 20 .50-3.60 (1 H, m, 5-11), 3.90-4.00 (1 H, m, 5-11), 4.50 (1 H, d, 2J 12, 6H), 4.52 (1 H, d, V 12, 6-H), 4.70 (1 H, dd, 3J3 and 6, 1-Heq) and 7.20-7.40 (5 H, m,
aromatic); S,- (63 MHz) 19.18 (t, C3), 25.33 (t, C4), 30.4 (t, C2), 61.93 (t, CS), 68.64
(t, C6), 97.53 (d, Cl), 127.64 (d, C9, Cli), 128.19 (d, C8, C12) and 138.12 (s, C7);
m/z 192 (Mi , 0.27%), 101 (13), 91(100, M - 101), 85 (22) and 77 (6). Spectroscopic
data obtained were in accordance with literature data.
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Preparation of Benzoic acid tetrahydropvran-2-vl ester (12)'
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Benzoic acid (2.00 g, 0.016 mol), dihydropyran (3.44 g, 3.73 cm', 0.041 mol) and ptolunensulfonic acid monohydrate (trace) were reacted under the conditions
described for the preparation of 11. Chromatography on silica gel with hexanedichioromethane as the eluent yielded 12 as a colourless oil (1.17 g, 35%). ElHRMS, Found : M, 206.09530. C 12 H, 403 requires M, 206.09429;

oH

(250 MHz)
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1.60-2.05 (6 H, m, 2-H2 , 3-112, 4-112), 3.75 (1 H, dddd, 4J 1, J4 and 4, 2J 10, 5-Heq),
3.99 (1 H, ddd, 3 J 3 and 10, 2J 10, 5-Hax), 6.24 (1 H, m, 1-H), 7.40-7.60 (3 H, m, 9H, 10-H, 11-H) and 8.05-8.15 (2 H, m, 8-11, 12-11); & (63 MHz) 18.44 (t, C3), 24.87
(t, C4), 29.12 (t, C2), 63.04 (t, C5), 92.94 (d, Cl), 128.24 (d, C9, CI 1), 129.58 (d,
C8, C12), 130.13 (s, C7), 132.98 (d, CIO) and 165.04 (s, C6); m/z 206 (M, 12%),
122 (56), 105 (100, M- 101), 85 (87) and 77(75). Spectroscopic data obtained were
in accordance with literature data.
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Preparation of (cis)-2-Hexenyl benzoate (13)
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(Cis)-2-hexenol (1.00 g, 0.010 mol) was reacted following the general benzoylation
procedure. Chromatography of the crude, yellow oil with hexane-dichioromethane
(2:1) as the eluent yielded 13 (1.58 g, 78%) as a colourless oil. El-HRMS, Found
M, 204.11483. C 13 111602 requires M, 204.11503; 6 H (250 MHz) 0.93(3 H, t,J7, 6H3 ), 1.43 (2 H, sextet, J7, 5-H2), 2.15 (2 H, dt, J7 and 7,4-H 2), 4.87(2 H, d, J5, 1H2 ), 5.69 (2 H, m, 2-11, 3-11), 7.39-7.59 (3 H, m, 10-11, 11-H, 12-H), and 8.02-8.07 (2
H, m, 9-H, 13-H); 8 c (63 MHz) 13.52 (q, C6), 22.45 (t, CS), 29.47 (t, C4), 60.73 (t,
Cl), 123.40 (d, C2), 128.16 (d, CIO, C12), 129.46 (d, C9, C13), 130.24 (s, C8),
132.70 (d, Cli), 135.25 (d, C3), and 166.40 (s, C7); m/z 204 (Mt, 12%), 175 (14),
123 (16), 105 (100, M - 99), 99 (10), and 77 (85). Spectroscopic data obtained were
in accordance with literature data. 118

Preparation of (trans)-2-Hexenyl Benzoate (14)'
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(Trans)-2-hexenol (1.00 g, 0.010 mol) was reacted following the general
benzoylation procedure. Chromatography of the crude, pale yellow oil with hexanedichioromethane (2:1) as the eluent yielded 14 (1.37 g, 67%) as a colourless oil. ElHRMS, Found: M, 204.11555. C, 3H,602 requires M, 204.11503; 8 H (250 MHz) 0.91
(3 H, t, J 7, 6-H3), 1.43 (2 H, sextet, J 7, 5-H2), 2.00-2.11 (2 H, dt, J 7 and 7, 4-112),
4.76 (2 H, d, J6, 1-H2), 5.60-5.74 (1 H, td, J6 and 12, 2-H), 5.78-5.93 (1 H, td, J6
and 12, 3-H), 7.38-7.59(3 H, m, 10-H, 11-H, 12-H), and 8.02-8.08 (2 H, m, 9-H, 13H); & (63 MHz) 13.51 (q, C6), 21.93 (t, CS), 34.22 (t, C4), 65.60 (t, Cl), 123.87 (d,
C2), 128.17 (d, CIO, C12), 129.47 (d, C9, C13), 130.32 (s, C8), 132.70 (d, Cli),
136.26 (d, C3), and 166.30 (s, C7); m/z 204 (Mt, 17%), 175 (15), 123 (26), 105 (100,
M - 99), 99 (11), and 77 (76). Spectroscopic data obtained were in accordance with
literature data. 159

Preparation of 2,3-Epoxy-cyclohexanol (15)' 17
OH
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To 2-cyclohexen-1-ol (2.50 g, 0.025 mol) stirring in dichloromethane (155 cm') at
0°C under a nitrogen atmosphere was added purified m-CPBA. 16° Reaction was
monitored by TLC and after 2.5 days, the reaction was washed with 10% sodium
bisulphite, 5% sodium hydroxide, and saturated sodium hydrogen carbonate aqueous
solutions, and water. The aqueous washings were combined and extracted three times
with ethyl acetate. The organic extract was then dried (MgSO 4) and concentrated to
give 15 as a pale yellow oil (1.68 g, 59%), which was one spot by TLC (ethyl
acetate-hexane, 2:1). 15 was reacted to give 16 without prior purification. 8. (250
MHz) 1.10-2.00 (6 H, m, 4-H2, 5-H2, 6-H2), 2.40 (1 H, br s, 1-OH), 3.27-3.30 (1 H,
m, 3-H), 3.31-3.33 (1 H, dd, J 1 and 4, 2-H), and 3.94-4.00 (1 H, ddd, J3, 5, and 8,
1-H ax); & ( 63 MHz) 18.11 (t, CS), 22.92 (t, C4), 28.70 (t, C6), 55.25 (d, C3), 55.32
(d, C2), and 66.96 (d, Cl). Spectroscopic data obtained were in accordance with
literature data. 117
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Preparation of (syn)-2,3-Epoxy cyclohexyl benzoate (16)" '
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Epoxy-alcohol 15 (0.59 g, 0.005 mol) was reacted following the general benzoylation
procedure. Evaporation of solvent to dryness gave a yellow oil as the crude product.
Chromatography on silica gel with dichioromethane-hexane (10:1) as the eluent
yielded 16 (0.54 g, 50%) as a colourless oil. EI-HRMS, Found : W, 218.09454.
C, 3H, 403 requires M, 218.09454);

oH

(250 MHz) 1.33-1.90 (6 H, m, 4-H 2, 5-H2, 6-

H2), 3.31 (1 H, m, 3-H), 3.41 (1 H, dd, J2 and 4, 2-H), 5.33-5.40 (1 H, ddd, J2, 6,
and 8, 1-Hax), 7.25-7.58 (3 H, m, 10-H, 11-H, 12-H), and 8.04-8.11 (2 H, m, 9-H,
13-H); E (63 MHz) 19.35 (t, CS), 22.44 (t, C4), 24.37 (t, C6), 52.84 (d, C3), 54.09
(d, C2), 71.38 (d, Cl), 128.16 (d, ClO, C12), 129.62 (d, C9, C13), 130.01 (s, C8),
132.88 (d, Cli), and 166.12 (s, C7); m/z 218 (M, 6%), 123 (33), 105 (100, M 113), 96 (63), and 77 (82). Spectroscopic data obtained were in accordance with
literature data."'

Preparation of (anti)-2,3-Epoxy-cvclohexvl benzoate(1 7)118
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To 2-cyclohexenyl benzoate 5 (1 g, 0.005 mol) stirring in dichioromethane at 0 °C
was added purified m-CPBA (0.86 g, 0.005 mol). The reaction was followed by TLC
to completion (after 5 days, only a trace of starting material remained).The reaction
mixture was washed with 10% sodium bisuiphite, 5% sodium hydroxide, and
saturated sodium hydrogen carbonate aqueous solutions, and water, then dried
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(MgSO4). The solvent was evaporated under reduce pressure to give a clear oil.
Chromatography on silica gel with hexane-ethyl acetate (9:1) as the eluent, allowed
separation of anti-epoxy benzoate 17 (0.38 g) from syn-epoxy benzoate 16 (0.20 g),
with an overall reaction yield of 53%. 6H (250 MHz) 1.33-2.13 (6H, m, 4-H2, 5-H 21
6-H2), 3.21 (1 H, m, 2-H), 3.28 (1 H, dddd, "J 1, 3J5, 5, and 2, 3-H), 5.32 (1 H, ddd,
3

J5, 5, and 2, 1-Heq), 7.40-7.60 (3 H, m, 10-H, 11-H, 12-H), and 8.01-8.09 (2 H, m,

9-H, 13-H); ö (63 M}Iz) 14.54 (t, CS), 23.61 (t, C6), 25.76 (t, C4), 52.57 (d, C3),
53.27 (d, C2), 68.49 (d, Cl), 128.27 (d, CIO, C12), 129.54 (d, C9, C13), 130.07 (s,
C8), 132.98 (d, Cli), and 165.58 (s, C7); m/z 218 (Mi, 9%), 123 (41), 105 (75), and
77 (54). Spectroscopic data obtained were in accordance with literature data.' 8

Preparation of 3-Benzoyloxy-1 .2-cyclohexanediol (18)" '
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To epoxy alcohol 15 (0.20 g, 0.002 mol) stirring in anhydrous dichloromethane (14
cm) cooled to -20 °C under an argon atmosphere was added benzoic acid (0.71 g,
0.006 mol) recrystallised from aqueous ethanol, and titanium isopropoxide (1.87 cm';
1.79 g, 0.006 mol). The reaction was warmed to 0 °C and monitored by TLC. After
13 days, (+)-tartaric acid (10 cm 3 of a 15% aqueous solution) was added and the
reaction mixture stirred until two clear phases were obtained. The phases were
separated and the aqueous layer extracted twice with dichioromethane. The combined
organic extract was washed with saturated sodium hydrogen carbonate and brine
aqueous solutions, then dried (MgSO 4). The solvent was evaporated to dryness to
give a pale orange oil. Chromatography on silica gel using ethyl acetate (100%) as
the eluent yielded 18 (0.074 g, 18%) as a white solid. oH (200 MHz) 1.40-2.20 (8 H,
m, 4-H2, 5-112, 6-112 1 1-OH, 2-OH), 3.66-3.75 (1 H, m, 1-H), 4.05 (1 H, m, 2-H), 5.135.23 (1 H, ddd,J4, 9 and 9, 3H ax ), 7.20-7.70(311, m, 10-H, 11-H, 12-H), and 8.00-
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8.10 (2 H, m, 9-H, 13-H). Spectroscopic data obtained were in accordance with
literature data."'

Preparation of 2.3-Benzoyloxy-1.2-cyclohexanediol (18)

via

Sharpless

Epoxidation of 2-cyclohexen-1-ol and in-situ opening with benzoic acid ...

OH

OH

OH

OH
(i)

(ii)
$

[
Ti(IV)(OP) 4 , t-Bu-COOH, L+DET

]

18

PhCO2 H, Ti(IV)(OPr')4

To a reaction vessel containing activated, crushed 3A molecular sieves (0.42 g) and
anhydrous dichioromethane (100 cm) cooled to -20°C under an argon atmosphere
were added, titanium isopropoxide (0.34 g, 0.35 cm 3 , 0.001 mol), 2-cyclohexen-1-ol
(2 cm3 ; 2 g, 0.020 mol), and L-(+)-diethyl tartrate (0.32 cm'; 0.39 g, 0.002 mol)
sequentially. After 15 mm., t-butyl hydroperoxide 5.0-6.0 M solution in decane (7.2
cm3 ; 0.036 mmol based on 5.0 M solution) was added carefully. Reaction was
followed by TLC (hexane-ethyl acetate 1:1) and after 6.5 h, only a small amount of
2-cyclohexen-l-ol remained. The second step of the reaction was initiated by
additionofbenzoic acid (2.69 g, 0.022 mol) and more titanium isopropoxide (6.82 g,
7.14 cm3, 0.024 mol). The reaction mixture was allowed to warm to room
temperature. After 18 h, (+)-tartaric acid (60 cm 3 of a 15% aqueous solution) was
added and the reaction stirred until two clear phases were observed. The phases were
separated and the aqueous layer extracted twice with dichioromethane. The combined
organic extract was washed with saturated aqueous sodium hydrogen carbonate and
brine solutions, dried (MgSO 4 ),

and concentrated to give a yellow oil.

Chromatography on silica gel using hexane-ethyl acetate (1:1) as the eluent yielded
18.
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Preparation of 4-(Benzoyloxy)-hexahydro-benzo-1 3-dioxolone (19)
0

11
12
14

o

19
To diol 18 (54 mg, 0.2 mmol) stirring in anhydrous solution of dichioromethane
(0.69 cm') and pyridine (0.11 cm'; 100 mg, 1 mmol) cooled to -70 °C under a
nitrogen atmosphere was added triphosgene (34 mg, 0.2 mmol, in 0.46 cm'
dichloromethane) as a solution in dichioromethane, in a dropwise fashion. The
reaction was warmed to room temperature and monitored by TLC until completion.
Saturated ammonium chloride aqueous solution was then added, the two phases
separated and the aqueous layer extracted twice with dichloromethane. The combined
organic extract was washed with 1 M HC1, and saturated sodium hydrogen carbonate
and brine aqueous solutions, then dried (Na 2 SO4). The solvent was evaporated to
dryness to give a yellow solid which was recrystallised from hexanedichioromethane (5:1) to yield 19 (0.044 g, 73%). 6H (250 MHz) 1.82 (4 H, m, 4-H 21
5-H2), 2.18 (2 H, m, 6-H 2), 4.74 (1 H, dd, 3J both 6, 2-Heq), 4.94 (1 H, ddd,

3Jax-eq

both 4, 3jXax 8, 3-Hax), 5.25 (1 H, m, 1-Heq), 7.50 (3 H, m, 10-H, 11-H, 12-H), and
8.00 (2 H, m, 9-H, 13-H); 6 (63 MHz) 16.40 (t, CS), 25.70 (t, C4), 26.04 (t, C6),
72.23 (d, C2), 77.20 (d, Cl), signal for C3 (d) hidden under CHC1 3 signals at 76.39,
76.90, and 77.41, 128.38 (d, ClO, C12), 129.57 (d, C9, C13), 133.34 (d, Cli),
137.58 (s, C8), and 165.45 (s, C7); m/z (APCI) 262 (Mt, 23%), 218 (3, M - CO 2),
189 (20), 176 (21), 105 (17, [PhCO], M - C 7H904), and 60 (100%, CO 3 ).
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Preparation of 4-(Benzoyl oxy)-2-phenyl-hexahydro-benzo-1 .3-dioxole (20)
4

6

13
12(

oZ
10

164\ /719
18
17

20
To diol 18 (50 mg, 0.2 mmol) in toluene (1.72 cm) stirring at room temperature were
added benzaldehyde dimethyl acetal (0.060 cm 3 ; 61 mg, 0.4 mmol) and ptoluenesulfonic acid (trace). After 1 h, the reaction flask was adapted to a rotary
evaporator and the reaction mixture rotated under reduced pressure (100 mbar) to
remove methanol produced in the reaction, thus driving the reaction to completion. A
drop of triethylamine was next added, followed by water. The two phases were
separated and the aqueous layer extracted with toluene. The combined organic extract
was washed with water then dried (MgSO 4) and concentrated to give a viscous, pale
yellow oil. Chromatography on silica gel using hexane-ethyl acetate (10:1) as the
eluent yielded 20 (0.056 g, 82%) as a mixture of diasteromers (by NMR,
approximately 10:1). NIVIR Characterisation of the major diasteromer is given as
follows.

oH

(250 IrvfHz) 1.71-243 (6 H, m, 4-H 2, 5-H2, 6-H2 ), 3.75 (1 H, dd, 'ax-,q 3

and 3jx-ax 8, 2-Hax), 4.13 (1 H, ddd,

3H,2Hax 3,

3H,4-Heq

3, and

3-H,4-Hax

, 3-Heq),

5.15-5.30(2 H, ddd, 3'xeq 5, and 'x-ax both 9, 1-Hax and s, 7-H), 7.35-7.62 (6 H, m,
11-H, 12-H, 13-H, 16-11, 17-H, 18-H), and 8.00-8.10(4 H, m, 10-11, 14-H, 15-H, 19H); S (63 MHz) 18.01 (t, C5), 28.87 (t, C4), 29.51 (t, C6), 69.71 (d, C2), 72.53 (d,
C7), 74.07 (d, C3), 74.95 (d, Cl), 102.50 (d, C7), 128.29 (d, Cli, C13, C16, C18),
129.59 (d, ClO, C14, C15, C19), 132.89 (s, C20), 133.09 (d, C12, C17), 133.42 (s,
C9), and 167.08 (s, C8); m/z (APCI) 324 (Mt, 25%), 219 (100%, M - PhCO), 236
(37), 176 (8), 114 (5, [C6H1002 1)1 105 (6, PhCO).
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7.3 EXPRESSION AND PURIFICATION OF

450CAM Y96A'22

7.3.1 Cell Inoculation and Induction
Single colonies of E. coli JIM 109, containing pAW7292 plasmid, picked from a LB
agar plate, were used to inoculate four conical flasks containing 150 ML of sterilised
LB broth. The cells were then incubated at 30°C for 24 h with constant shaking (250
rpm).

Six conical flasks of sterilised LB brothCM (150 mL) were prepared. Each flask was
inoculated with the E. coli pR109I culture (15 mL) and incubated at 30°C, until the
0D600 was between 0.8 and 1.2. Camphor (150 .LL, 1 mM of final concentration) was
then added to stabilise any mutant protein expressed by the cells, and the flasks
incubated at 37°C for 6 h, in order to induce the cells.

7.3.2 Extraction of P450cam Protein
After 6 h incubation, centrifugation (5000 x g, 15 mm.) of the cell-culture broth
resulted in the cell matter being deposited at the bottom of the centrifuge tube as a
brown-pink pellet. A small sample of the supernatant growth medium was retained
for analysis by SDS-PAGE. The remainder was poured off, leaving the cell matter
pellet which was re-suspended in the minimum volume of sodium phosphate buffer
(50 mIN'I, pH 7.4). This was stored at -20 °C prior to use.

7.3.3 Cell Lysis
The frozen cell paste was thawed at room temperature until mobile and then
sonicated in bursts of 30 seconds, using a sonicator probe. This procedure was
repeated until the cell matter was of a smooth consistency, indicating that the cells
were fully lysed. At all times, the cell matter container was packed in ice to suppress
protease activity. Centrifugation(10,000 x g, 30 mm.) of the cell lysate resulted in the
cell debris being deposited at the bottom of the centrifuge tube as a white pellet. The
cell-free extract was poured off and analysed by SDS-PAGE to determine whether
any enzyme had been expressed.
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7.3.4 SDS-PAGE
Recipes for stock solutions A to E
Solution A (30% acrylamide/bis) pure acrylamide (87.6 g), and bis (2.4 g) in nonelectrolyte water (300 mL); Solution B (1.5 M Tris-HC1, pH 8.8) : Tris-HC1 (27.23 g)
in non-electrolyte water (100 mL), pH was adjusted with 0.1 M HC1, and solution
made up to a final volume of 150 mL with distilled water; Solution C (0.5 M TrisHC1, pH 6.8) : Tris-HC1 (6.0 g) in non-electrolyte water (80 mL), pH was adjusted
with 0.1 M HC1, and solution was made up to a final volume of 100 ml, with distilled
water, and Solution D (10% SDS) : SDS (10 g) in distilled water (100 mL).

Recipes for sample buffer solutions
Sample Buffer B : distilled water (40 mL), solution C (10 mL), glycerol (8 mL),
solution D (16 mL), and 0.05% bromophenyl blue (2 mL), and Sample I distilled
water (11 mL), solution C (25 mL), glycerol (20 mL), solution D (40 mL), and
0.05% bromophenyl blue (2 mL).

Stacking and running gel recipes
4% polyacrylamide solution stacking gel : non-electrolyte water (61 mL), solution C
(25 mL), solution D (1 mL), and solution A (13 mL), and 12.5% polyacrylamide
solution for separating gel : non-electrolyte water (82 mL), solution B (75 mL),
solution D (3 mL), and solution A (125 mL).

Procedure
An SDS-PAGE gel was prepared using 12.5% polyacrylamide solution (4 mL),
freshly prepared 10% APS solution (40 j.iL) and TEMED (4 pL) as the running gel,
and 5% polyacrylamide solution (2 mL), freshly prepared 10% APS solution (20 jiL)
and TEMED (4 pL) as the stacking gel. 10 tL samples of (a) non-induced cell
solution (b) cell-free extract (c) marker protein and (d) spent growth medium, were
placed in micro-centrifuge tubes and the sample buffer was added to each tube. The
sample buffer consisted of buffer E (250 iL), buffer 1(250 j.iL) and mercaptoethanol
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(25 pL). The samples were loaded into wells in the gel, which was run at 200 V, 60
mA, 10 W for 30 mm. After this time, the gel was removed and stained with
Coomassie Blue solution (1 h). Destaimng with 40% methanoll10% acetic acid
solution revealed bands. From this gel, it was apparent that some enzyme (45,000
kD) had been expressed and was present in the cell-free extract. The cell-free extract
was purified by chromatography in order to obtain the P450cam Y96A enzyme.

7 • 3 • 5 Anion-Exchange Column Chromatography
The cell-free extract was loaded onto an anion-exchange column at <5 °C (to reduce
protease activity), with phosphate buffer and KC1 salt as the eluent, the salt
concentration being increased over a stepwise gradient. The enzyme was visible on
the column as a pink band and was eluted with 200 mM KC1. The fractions
containing enzyme were analysed by UV-VIS spectrophotometry at 280 nm and 405
run. This gave an indication of the enzyme purity and concentration in each fraction.
The fractions were pooled and the salt removed using ultrafiltration apparatus, by
repetitive concentration then dilution with sodium phosphate buffer.

7.3.6 Fast Protein Liquid Chromatogaphy (FPLC)
The enzyme obtained from anion-exchange purification was further treated by FPLC
using an anion-exchange column (5 x 1.6 cm) and eluting with phosphate buffer and
KC1 (stepwise salt gradient), at a pressure of 10 bar. The total elution time was 19
minutes, the protein being eluted after 12 minutes with 100-150 MM salt. The protein
purity was checked by SDS-PAGE and by measuring the optical density at 417 nm
and 280 rim, the ratio of which should be between 1.3-1.4, for the protein to be of
acceptable purity. The protein was stored with 1 mM camphor and glycerol (30% of
total volume) at -80 °C, after first snap-freezing with liquid nitrogen.

7.4 UV-VIS Y96A BINDING ASSAY PROCEDURE

The Y96A enzyme was thawed and kept in an ice-water slurry bath. Prior to use, the
protein sample was passed down a PD 10-NAP gel filtration column eluting with
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phosphate buffer to remove glycerol and camphor. All samples were equilibrated to
30°C before recording spectra. The blank spectrum of phosphate buffer was recorded
in the range, 240-450 nm, and subtracted from sample spectra, which were recorded
in the range, 360-450 nm.

1 ml of protein solution (1 p.M) was placed in a spectrophotometnc cell and the
spectrum recorded. 10 .tL (0.5 mM) of a 50 mM substrate solution in ethanol, was
then added to the protein and the spectrum of this recorded. A further 10 VLL (final
concentration, 1 niM) of substrate solution was added to saturate the protein, and the
spectrum recorded. Spectra were superimposed to facilitate the observation of any
shift in Sorét maximum from 417 to 391 run.

7.5 ANALYTICAL SCALE Y96A BIOHYDROXYLATION PROCEDURE

Reaction (ulilpondnt

Reaction Concentration in I

Stock Concentration

tuL final VOlHhlId
Putidaredoxin

10 jtM

Calculated after gel filtration

P450cam Y96A

1 tM

Calculated after gel filtration

Putidaredoxin reductase

1 tM

23 tM

Catalase

10 ltL

5 mg/mL in Tris buffer

Potassium chloride

200 mM

2 M in Tris buffer

NADH

2 mM

70 mlvi in Tris buffer

Substrate

4 mM

50 mM in ethanol

Tns buffer

make up to 1 mL

50 mM, pH 7.4

Table 7.1

The Y96A and putidaredoxin proteins were passed down P1310-NAP gel filtration
columns eluting with Tris. buffer, to remove glycerol and camphor prior to use. The
concentration of these protein samples after elution were calculated from their
extinction co-efficients : P-450cam, E 404 = 80.0 m1v1'cm 1 ; Pd, 6 275 = 23.6 mM' cm'.
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All biological materials were stored in an ice-water slurry bath. The components of
the reaction and their required concentrations are given in Table 7.1.

The four enzymes, Pd, Y96A, PdR (43 p.L), and catalase were added sequentially to a
wide-necked, 10 mL conical flask (maximum of 20% flask volume can be occupied)
using an automatic pipette equipped with disposable, sterilised tips. KC1 (100 p.M)
and Tris buffer were next added. The conical flask was placed in a water bath heated
to 30°C by a magnetic stirrer hotplate, and the contents stirred. NADH (29 LL) and
substrate (80 .xL) were then added, and the reaction stirred for 2 h. After this time,
the reaction mixture was divided into two Eppendorf centrifuge tubes and extracted
with ethyl acetate by centrifugation (3000 x g, 1 mm). The organic extract was
carefully removed as the top layer using a syringe, and analysed by GC.

7.6 PREPARATIVE SCALE Y96A BIOHYDROXYLATION PROCEDURE

Reaction Component

Reaction Concentration in

Stock Concentration

10 mL final volume
Putidaredoxin

10 PM

Calculated after gel filtration

P450cam Y96A

1 PM

Calculated after gel filtration

Putidaredoxin reductase

1 PM

23 tM

Catalase

100 IlL

5 mglmL in Tris bffuer

Potassium chloride

200 mM

2 M in Tris buffer

NADH

14.1 mM

141 mM in Tris buffer

Substrate

4 mM

100 mM in ethanol

Tris buffer

make up to 9 J*

50 mM, pH 7.4

Table 7.2
* The reaction mixture was made up to 9 mL with tris buffer, leaving 1 mL to be accounted for,
approximately, by the addition of NADH and substrate.

The P450cam Y96A and putidaredoxin proteins were passed down P1310-NAP gel
filtration columns, eluting with Tris. buffer, to remove glycerol and camphor prior to

162

use. Concentration of samples after elution were calculated using known extinction
co-efficients : P450cam, E 404 = 80.0 mM'cm'; Pd, 6 275 = 23.6

mm- ' cm'. All

biological materials were stored in an ice-water slurry bath. The components of the
reaction and their required concentrations are given in Table 7.2.

The four enzymes, Y96A, Pd, PdR (I 100 tL) and catalase (100 .tL), were prepared
as a mixture and added to a 100 mL wide-necked, conical flask using an automatic
pipette equipped with disposable, sterilised tips. KC1 (1000 .xL) and tris. buffer were
added to this and the reaction mixture placed in a water bath heated to 30°C by a
magnetic stirrer hotplate, and the contents stirred. NADH (100 pL) and substrate (50
i.L) were added using an automatic pipette with disposable, sterile tips. Subsequent
aliquots (50 tL each) of NADH and substrate were added in 10 minute intervals,
until all NADH and substrate were used up. If the colour of reaction appeared to fade
from the orange-pink colour, more of the four-enzyme mixture was added in 100 p.L
aliquots. The reaction mixture was stirred for a further 1 h, then extracted twice with
ethyl acetate in a separating funnel. The crude organic extract was analysed by GC.
The solvent was then evaporated from the sample under a stream of nitrogen gas, in
preparation for HPLC analysis.

7.6.1 General HPLC Procedure for Purification of Products from Preparative Y96A
Biohydroxylation
HPLC grade, organic solvents were filtered through 0.4 tm filters, and aqueous
buffers were filtered through 0.2 jum filters, prior to use with the HPLC system.
Solvents were sparged (100 mL/ mm, 20 mm) with helium gas.

The crude product from the biohydroxylation was prepared as a 10 mg/niL solution
in the HPLC eluent (acetonitrile-water mixtures). A sample of this solution was
further diluted to a concentration of 1 mg/mL, and 1 jiL was injected onto an
analytical column, in order to establish the retention times of any products and
unreacted starting material. The bulk of the material was then separated on a semipreparative column using 1 mL injections. The product was collected in test tube
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fractions which were combined and extracted twice with chloroform. The organic
layer was separated off and evaporated under a stream of nitrogen gas, leaving a
residue which was analysed by 600 JVI1Hz 'H NMR.

7.7 Characterisation of 4-Hydroxycyclohex-2-enyl benzoate : Y96A
Biohydroxylation Product from 2-Cyclohexenyl benzoate (5) 135

5

I-I

0

HO
\
Ph
H

6

4-hydroxycyclohex-2-enyl benzoate

The product obtained from Y96A biohydroxylation of 2-cyclohexenyl benzoate (5),
was purified by HPLC (water : acetonitrile, 70:30, isocratic method). The fractions
containing the product were combined, and the solvent removed to give a residue
which was analysed by 600 MHz 1H NMR spectroscopy. The yield of 4hydroxycyclohex-2-enyl benzoate was <1 mg (<10%).

H (600 MHz) 0.80-2.40

(impurity, obscures signals for 5-H2, 6-H2, and 4-OH), 4.34 (1 H, m, 4-Hax : assigned
through 3-H), 5.56 (1 H, m, 1-Hax : assigned through 2-H), 5.90 (1 H, dddd, 4J 1, 3J
3 and 10, 3-H), 5.97 (1 H, dddd, 4J 1, 3J3 and 10, 2-H), and 7.27-7.56 (5 H, m, Ph).
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SUGGESTIONS FOR FUTURE WORK
Y96A Catalvsed Biohvdroxvlation

In terms of the P-450cam Y96A hydroxylation, a re-examination of the reactions
already performed, particularly with respect to NADH consumption versus product
formation, is required to assess how successful the reactions have been. The
preparative scale hydroxylations may only require, for example, higher
concentrations of enzymes than was used, in order to repeat the product yields
obtained with the corresponding analytical scale Y96A reaction. The combination of
working with slightly greater quantities of hydroxylated material and using a more
optimised HPLC purification method would significantly improve the results
reported here.

Rhodococcus rhodochrous NCIMB 9703 Biotransformation

Aspects of the biotransformation by R. rhodochrous NCIItVIB 9703 which beg further
investigation in the light of the preliminary results reported here, such as the effect of
aromatic sub stituents upon directing hydroxylation, have already been mentioned in
Chapter 6. Furthermore, different reaction conditions, such as varying the pH and
buffer used for the resting cells, may be investigated, as an attempt to improve
reaction yields. In general, the substrate selectivity of R. rhodochrous NCIMB 9703
can be explored further with a more diverse range of substrates. Such studies may
provide more evidence towards the mechanism of the whole cell biohydroxylation,
particularly with regards to whether benzylic hydroxylation is a preferred route for
degrading substrates in R. rhodochrous NCIMB 9703.
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