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Abstract

Hydroxylases introduce hydroxyl groups with excellentardienantioselectivity making
themof significant interest for use in the production of pharmaceutical intermediates and
drug metabolites. -éxoglutarate dependent oxygenases (20GDOs) ar&a@an
dependent Fe(ll) containing enzymes that catalyse various oxidation reactions, including
the hydroxylation of free amino acids. Unlike the more studied cytochromes P450, these
enzymes only require molecular oxygen, Fe(ll) aoxbglutarate for catalysis,

circumventing the need for a costly cofactor regeneration system.

The targets of this work methree proline hydroxylasesaasgi-proline hydroxylase from
Dactylsporangigm RH1 (DOGDH), acis3-prolinehydoxylase fronStreptomycgs

(StP3H) and ais4-prolinehydroxylase froriviesorhizobium (HIC4H). Genes encoding

all three were cled into the pETYSBLIC3C (and pET22b for DOGDH) expression
vectors, expressedHlscherichia,atd produced and purified by chromatography for use

in crystallisation studies and enzymatic transformations. Extensive crystallisation trials wer:
attemptedor DOGDH including enzymatic, chemical and mutagenic modification with
little success. A homology model was therefore constructed in order to identify catalytic
residues within the active site that could be manipulated for enhancing the function of

DOGDH.

A precolumn derivatisation assay using F@D&as developed for the analysis of proline

and its hydroxylated equivalents by HPLC andVI&C Biotransformations were
performed with tproline using the three hydroxylases with whole cell reaction cendition
deemed optimal due to the matimponent nature of the enzymes, with the cell providing
machinery for the recycling of cofactors. Reactions were scaled from shake flasks to stirrec
tank vessels with the flow of air into the vessel and stirring raézl degnparameters for
optimal function. Finally, a higffiroughput substrate screening method using a BioLecter
micro-bioreactor was successfully developed and trialled with the three hydroxylases with &

panel of substrates providing a platform for futwestigations.
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Chapter 1

Introduction

1.1 Enzymes in Chemistry

1.1.1 Biocatalysis

Biological catalysis has been employed by humans for thousands of years in the
fermentative production and preservation of foodstuffs such as bread, cheese, wine anc
vinegaf. It was not, however, until the™®&entury that scientists finally addressed the
guestion of whether the entity responsible for fermentation Wesal substance or a

living speci€¥. Eduard Bichner proved the latter to be true in 1897 by publishing the
observation that cdliee extracts of yeast were able to ferment sugar to alcohol and carbon
dioxidepr oposing that a species known as 06zy
this transformation. The biochemical pathway for fermentation was identified by the work
of Embden and Meyerhoff, which was a significant milestone in mechanistic ggzymolo

as this was the first biochemical pathway to ever be elutidated.

In 1858, Louis Pastetgached anilestone in biocatalysis after discovering that treating an
agueous solution of racemic tartaric acid ammonium salt with a clemreidium glaucum
mould esulted in the consumption of {&)taric acid along with the simultaneous
enrichment of the fisomer; a process considered to be a forerunner of ecetatysed

kinetic resolution and widely recognised in both industry and acadenii® taday. e ur 0
seminal work was followed in 1894 by Emil Fischer who demonstrated that the enzyme
responsibld o r hydrolysing sucrose, whi c-b- he
glucosi des, whil e a s econ#-glecosdes.nThis waganu | s
demonstration of the exquisite selectivity of enzyme catalysis. Fiscties firsgidg to
uggest t hat the 1 nvertin and emulsin co
that the enzyme and substrate fit together like alock ahtl key s r esul t ed i n
keyd® hypothesis of stereosel ectonsiderable nz yr

allegory for enzyme action in the years that folfowed.



The discovery that enzymes facilitate biological catalysis had a significant impact on the
growth of biochemistry. It was however, only in the last 30 years or so tltdt irgsear

the use of enzymes as biocatalysts in organic chemistry gained prominence.

1.1.2 Biocatalysts in Organic Chemistry

The use of biocatalysts in chemical synthesis has increased over the last fé&v decades.
Biocatalysts display excellent regpantie and stereoselective properties, low toxicity,
high biodegradability and efficiency under mild reaction conditions, making these enzymes

conform to the principle of green catalysis.

Enzymes have the capacity to act as chiral catalysts due taltle@eilonment of their

active sites. The chiral nature of an active site ensures that an enzyme is capable of naturally
binding one specific enantiomer of a chiral substrate, granting the ability to catalyse chiral
functionalisation and kinetic resoluidrEnzymes are becoming increasingly significant

in drug discovery due to their ability to catalyse the resolution of racemic chemical mixtures
to optically active compounds; a process that is extremely challenging by chemical means.
In addition to the aforementioned stereoselectivity, enzymes angadloatgperforming
regioselective reactions by functionalising one ispelugmically equivalent site in a
compound. An example of a regiad stereoselective biocatalytic reaction is the oxidative
hydroxyl ation of t he -prodecthby thd funghspergilusrtigerr one t o
or Rhizopus arrhiZbggure1.1), a compound that can be chemically modified to form
cortisone and hydrocortisofiét was later discovered that hydroxylations of this nature
occurred as a result of catalysis by cytochrome P450 éhZynsebiocatalytic process

for the production of hydrocortisone provided a significant and viable alternative-to the 40

step chemical synthesis first proposed/bodward and esorkers’’

Figure 11 Regio and stereoselective hydroxyl ati on of progest
Aspergillus nigerand Rhizopus arrhizus



Natural products have long had a significant role in modern medicine and the isolation of
such compounds has contributed to the discovery of a large number of biologically active
compounds ranging from peti, morphine andjuinine toanticancer drugs such as

taxol isolated from yew bafdurel.2).

HO
HoH
PR Y 3_ o
O N
0] -
CO.H H ‘ NCH3
HO"
Penicllin G Morphine Quinine
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o
HO
-Ph
HN
>:o
PH

Taxol

Figure 12: Structures of the natural products of penicillin, morpine, quinine and taxol.

The aforementioned compounds are structurally complex making their chemical synthesis
unfeasible due to the large number of synthetic steps required which would incur great
economic costs. Fortunately, many of these compoundstarallyn synthesised in
enzymecatalysed biosynthetic pathways, suggesting that isolating these responsible
enzymes would provide vitraroutes for the production of natural products; this is of
significant interest in the biotechnology industry. Anpbxamh such a process is the
industrial production of semsynthetic penicllins using the naturally occurring enzyme

penicillin acylas€igurel.3)?

Penicillin Chemical R H s
\)< _ acylase \)< acylation \n/ \)<
—_——
o N
- - o P
co co CO,H

Figure 1.3: Industrial production of a semisynthetic penicillin using a penicillin ayclase enzyme.



Biocatalysis is increasingly becoming the method of choice for the production of chiral
molecules in the chemical and pharmaceutical industry. This is due to the fact that
enantiomericallgure amino acids, amines, alcohols and epoxides are important classes of
intermediates for the synthesis of many agrochemical and pharmaceutical products. Such
intermediates are difficult to produce by chemical means, making enzymatic routes highly

attradive alternatives.

1.2 Enzymatic Oxygenation

The enzymatic aerobic oxidation of inactivated hydrocarbons is a highly desirable reaction
in both academia and industrfhe main challenges faced when employing molecular
oxygen for selective functionalisation to produce organic building blocks are: a) the
activation of the thermodynamically strong and kinetically inert hydrocarbon bond, b) the
activation of the ©moleculec) the control of chempsteree and regioselectivity d)

under environmentally safe and sustainable contfitfons.

1.2.1 The Activation of Molecular Oxygen

The activation of molecular oxygen for oxidatiortiogads extremely challenging due to
inactivated ©being in a ground tripilestate which is kinetically hindered to undergo
formation of highly reactive oxygen radicals, hydroxyl radicals, hydroperoxides, or

peroxides®

In the ground triplet state, molecular oxygen has two unpaired electrons with parallel spins
occupying two degenerate orbitals, making the reaction betvee®ho@rbon in organic
molecules spin forbidden. For oxidations to occur, this spiicti@stmust first be
overcome by activating molecular oxygen in one of two ways. The first method involves
the excitation of the ground tripktate Y0,) to a singlet statéQ(,) in which the two
electrons have opposite spins, with this diamagnetiofa@xygen being more reactive

with organic molecules due to the increased presence of paired electrons. The second
mode of activation is the stefse reduction of molecular oxygen to form superdigde (
followedby hydrogen peroxide {Bl) which is redced to a hydroxyl radic&HK) and

ultimately reduced to water.



1.2.2 Oxidation Chemistry

The challenges associated with employing molecular oxygen as an oxidant have resulted

the use of oxidising agents based on toxic metal ions such as osmium and chromium ir

organic oxygeriah reactions. Many chemical oxygenation reactions also result in the

generation of orgadmlogens as intermediates, hence producing undesirable halogenated

waste. Such reactions also often lack chemoselectivity resulting in the occurrence o

undesirablside reactiorfS.Additionally, it is exceptionally diffit to achieve the regio

and stereoselective oxygenation of organic molecules by standard organic synthesi

approaches, with these methods also having the caveat of often not being amenable tc

large scale synthe$is™® Examples of chemical approaches include the Sharpless

asymmetric dihydroxylation and Jacobsen epoxidatjarel.4).

A) Sharpless asymmetric dihydroxylation

(DHQD),-PHAL RR’/,, ‘\\\RH
HO OH
R'\‘ R" K20302(OH)4
R H K2C03, K3F9(CN)6
HO OH
(DHQD),-PHAL ‘Q'%—%R"
R H
B) Jacobsen epoxidation
\\O
NaOCl S
1 Q (1S, 2R)-2
N
=N_ /N_
rMn\
t-Bu ol o t-Bu
Cl
t-Bu t-Bu

Jacobsen catalyst

Figure 14: Examples of asymmetric oxidation reactions in organic chemistry. A: Sharpless
asymmetric dihydroxylation for the formation of chiral diols. B: Jacobsen epoxidation of indene 1 to

indene oxide 2.

1.2.3 Biocatalytic Oxidation

Enzymes are able to easily overcohnge caveats associated with organic synthesis

methods, possessing the capacity to activate oxygen and function with high activity and

selectivity. These enzymes ar

e

gener al |l



introduction of oxygen atoms fromol@cular oxygen or hydrogen peroxide into- non
activated @4- and C=C bonds and to heteroatdfEhis unique combination of activity

and selectivity is thought to stem from the incorporation ofveeagiigen trasfer
reagents such as organic peroxides or highly oxidisedaroamplexes in the enzyme
active site. This walefined and chiral environment plays the 4fiagkited role of
positioning the substrate in the vicinity of the oxygen atom that is tean&fecounting

for selectivity) while also stabilising reaction transition states thereby often leading to

dramatic rate acceleratiéhs.

Oxygenases can be divided into two groups. Monooxygenases catalysgothefimse
single oxygen atom from molecular oxygen while the other is reduced to form water at the
expense of a donor. Dioxygenases on the other hand, introduce both atoms into the

substraté&



1.3 Flavin Dependent Oxygenases

Flavin dependent oxgigases are monooxygenase enzymes involved in a wide range of
biochemical processes, with some playing key roles in the catabolism of natural and
pollutant compounds, while others assist in the biosynthesis of vitamins, hormones and
antibiotics, contributnto host defence strategféBhese enzymes are renowned for their

ability to catalyse a plethora of oxygenation reactions with higlnmdgtereoselectivity

(Figurel.5)?’
OH 0 o Baeyer-Viliger ¢
hydroxylation epoxidation / N\ oxidation
R R
R1/\R2 - R1)\R2 1V/\R2 — R1 R2 R1)I\R2 - R1)I\O 2
0 Rs amine - R selenide 0
s sulfoxidation 1 ' oxidation \N"/ s Se oxidation S“e
R1/ \Rz - R1/ \Rz R1/ \Rz - R1/ \Rz R1/ R2 B R1/ ~R2
cl Rs phosphite ester 0 R OH Organoboron OH
halogenation ! oxidation \P"/ s é oxidation é R
~ ~ DS 1

R1/\R2 - > R1 R2 R1/ R2 - > R1/ R2 HO R1 —> HO \O/

Figure 15: Reactions catalysed by flavin dependent monooxygenases.

As their name implies, flavin dependent monooxygenases requireaagaunielspecies,

either flavin adenine dinucleotide (FAD) or flavin mononucleotide @&MiNg cofacpt

with this species determined by the class of enzyme, reaction catalysed and mechanism
action”® Flavin depndent monooxygenases constitute the largest family of flavoenzymes,
with at least 130 described to dat@an Berkel and colleagues used the structural and
functional properties of flavin dependent oxygenaspspose that the enzymes be
divided into six group®’’ Group A and B monooxygenases (EC 1.14.13) consist of
singlecomponent enzymes that use FMN or FAD as a cofactor and are dependent on
nicotinamide adeninendicleotide (NAD) or nicotinamide adenine dinucleotide phosphate
(NADPH) as external electron. Sirgdenponent monooxygenases are typified by Baeyer
Villiger monooxygenases. Groug- @nonooxygenases, on the other hand, are two
component systems consistoiigwo enzymes. A reductase partner enzyme supplies the
monooxygenase with reduced FAD or FMN, which is used directly as a coSubstrate.

Example of these enzymes include styrene monooxygenases and aromatic hydroxylases.



third subclass known as internal flavoprotein monooxyggnas$ich reduce the flavin
cofactor through substrate oxidation, are currently rising in prominence and being placed
into two newly defined groups, G and H, which has resulted from an increasing amount of

information regarding their structure and funétion

1.3.1 BaeyeVilliger Monooxygenases

The BaeyeYilliger reaction describes the peravédiated oxidation of a carbonyl
compound to the corresponding lactone or ester and was first reported by Adolf von
Baewr and Victor Villiger in 1889This reaction has widanging applications in organic
chemistry from the synthesis ofilaiotics, pheromones and steroids to the synthesis of

monomers for polymerisatiofis.

Rs
S

JON _R
R1 R2 + H O)J\O 3
R{ Ry
carbonyl " . - diat
compound peraci riegee intermediate
(0]
R1)J\O/R2 + R3C02H

Figure 16: Proposed mechanism for the BaeyeYilliger oxidation via a Criegee intermediate.

Figurel.6 summarises the proposed step mechanism of the chemical Baéyieyer

oxidation reaction. The first step involves the nucleophilic attack or addition of the peracid

to the carbonyl compound resulting in the formation dfaheziral Criegee intermediate.

This is followed by the concerted migration of one of the adjacent carbons to oxygen
resulting in the release of the carboxylate anion or carboxylic acid. The second step of this
mechanism is often rdimiting, with the ving group playing a large role. If the
migrating carbon is chiral, the stereoselectivity of the compound is retained, making the
reaction highly advantageous. This chemical reaction does, however, have disadvantages
which include poor selectivity and tleguirement of harsh reaction conditions for

catalysis making biocatalytic alternatives highly dé&irable.



BaeyeWilliger monooxygenases (BVMOs) catalyse the aforementioned reaction, doing so
with the high selectivity typical of biocataly3tsere is a striking distribution of BVMOs
among organisms, with bexta having, on average, one BVMO per gefidmegeneral,

BVMOs are external monooxygenases containing-ewalently bound FAD or FMN

and require the reducing power of NADPH or NADH for the oxidoreduction of flavin.
Using the required cofactors as a general basis, Baffd@ommonly divided into two
groups. Type | BVMOs are FAD and NADPH dependent while type 1l BVMOs use FMN
and NADH. Of the two, type | are the more commonly occurring andtuéd with

over 50 protein sequences currently available for recombjmassiex’

The most studied BVMO is cyclohexanone monooxygenase Atim@tobactsp.
(CHMO,..)» Which now serves as a model for these enZjin€sIMO is a type |

BVMO originally found to selectively oxidise cyclohexanone but now known to have both
a very broad substrate and reaction scope. The general reaction mechanism of CHMO wa

proposed using structural, kinetic and spectroscopi€idatal.7) 3%+
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Figure 17. Proposed mechanism for the oxidation of cyclohexanone with CHMO from
Acinetobacter Figure adapted fom Leisch et a/.(2011).



The biocatalytic mechanism is analogous to that of the chemicaVBlagreoxidation.

In BVMOs, the covalently bound flavin cofa&as reduced by NADPH. The reduced

flavin 4 reacts with molecular oxygen to form a-g&taxyflavin intermediaté. This
intermediate plays the same role as the peracid in the chemical reaction, behaving as a
nucleophile in the nucleophilic attack of the carbonyl carbon in the ketone substrate. This
nucleophilic attack results in the formatioa Gfiegee intermediatéhat next rearranges

to form the C4dnydroxyflavirBa n ecapeslactone. A molecule of water is spontaneously
eliminated from the hydroxyflavin to regenerate the oxidised flavin. NADPH, the first
species to bind the active sitgdha catalytic cycle, remains bound in the NADRN

until the final step of the reaction.

The last two decades have seereased applications of BVMOs. These include the use of
BVMOs in single enzyme transformations to produce chiral lactones and in cascade
reactions for the production of highly complex synthetic m&féridlsis is due to the

high selectivity and green chemistry potential of BVMOs. There are, however, significant
limitations of BVMOs that need to be overcome in order to enable industrial applications.
The requirement of expensive cofactors, poor enzymetystabitistrate and product
inhibition together with low product concentrations, inefficient oxygen transfer and poor

solvent tolerance are among the most significant ob¥tacles.

The requirement of expensive ctdes and poor stability can be overcome by using whole
cell systems for biotransformations. This exploits the host machinery to regenerate the
cofactor while also avoiding the need to purify the enzyme. This approach does still suffer
from substrate andgduct inhibition as well as poor oxygen transfer rates. An alternative
approach is to use inexpensive coenzymes such as formate dehydrogenase (FDH) and
glucoses-phosphate dehydrogenase (G6PHH)ifficulties assciated with whole cells

and solvent tolerance can be tackled by immap#$imMOs oma solid support, with this
hypothetically aiding in maintaining the protein fold and ensuring increased stability in
organic solvent8It must however, be noted that in the case of some BVMOs, a loss of
activity has been sérved despite immobilisatt6ff. Substrate and product inhibition

could be tackled by using tploase system strategies with water immiscible organic
solvents in which the organic phase acts as substrat@rraseras an extraction solvent

for product isolatiof. Oxygen transfer is a difficult parameter to control as the rate of
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transfer in whole cell reactions as it can be influenced by the geometry of relestion flas
oxygen levels also have to be carefully maintained as levels at both extremes can hay

negative effects on enzyme performance and celPh&&fth.

BVMOs are highly versatile enzymes with great pronmsiistrial and biotechnological
promise, however, a significant number of limitations need to be conquered before their

potential can be fully realised.

1.3.2 TweComponent Oxygenases

Two-component flavin dependent oxygenases catalyse the oxidation yafigpapd
aromatic compounds for use as carbon sources, the biosynthesis of antibiotics and long
chain alkanes, bioluminescence, and the desulfurization of sulfonated cofipolikels.

the previously discussede@omponent oxygenases these enzymes require a separate
flavin reductase and oxygenase for activity. This is duectantywonent oxygenases using

FAD or FMN directly as a cosubstrate and thus need a separate reductase enzyme tc
supply reduced flavihExamples of enzymes of indrie the twecomponent oxygenases

include styrene monooxygenases and aromatic hydroxylases.

Styrene Monooxygenases

Styrene is an environmentally harmful hydrocarbon which is readily biodegradable by man
classes of microorganisms, with the most commtiiwaa initiated by a styrene
monooxygenaseatalysed epoxidation of the vinyl side chaifihe styrene
monooxygenases involved in this reaction have received widespread research interest dt
to their environmental and biotechnological applications. Most styrene monooxygenases
have been isolated from the gdPssudomoaag all catalyse the conversiostgfene in

a highly enantioselective mannerSestyrene oxideF{gure 1.8), which is a useful
precursor for several chiral synthons and pharmacetifidalsthermore, the relaxed
slbstrate specificity of styrene monooxygenases allows the enantioselective conversion c
substituted styrene derivatives and structurally analogous compounds such as indene
dihydronaphthalene and phenylalkylsulfides, thus increasing their potentibjtibiocata

applications?™
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\\\O

©/\ styrene monooxygenase ©/\

styrene (S)-styrene oxide

Figure 1.8: Enantioselective epoxidation of styrene tgS}styrene oxide by styrene monooxygenase.

The stadard styrene monooxygenases fleseudomomrasisist of two enzymatically
active protein components that are encoded by ggmesnd styBat are often located
next to each othan the chromosomen the proposed reaction mechanism, the flavin
reducase subunit, StyB, reduces FAD at the cost of NADH. The reduced flavin, FADH
is then utilised by the monooxygenase subunit, StyA, to activate molecular ox@gen to H

for attack of styren&igurel.9).

styrene oxide
+ H,0

styrene + O,

NADH + H*

H,0, NAD*

Figure 19: The two enzyme components, StyA and StyB, of the standard styrene monooxygenase
and their proposed mechanism of action. Figure adapted from Tischlex a/. (2010).

A limitation of the se of styrene monooxygenases in industry is ensuring the efficient
interprotein transfer of FADEAs failing to do so will result in FAD&Uteoxidation and
oxidative stress on the syst&thPreventing suchrsss is highly significant for the
biotechnological applicability of mualtimponent oxygenases since doing so can
substantially improve the letegm stability of both whokell and cefree transformation
processe¥.An evolutionary strategy to overcome this limitation involves the generation of
seltsufficient fusion proteiri§>* Cytochrome P450 BM3 frofBacillus megatetias
served as a wdhown prototype for such fusion due to its high oxygenation capability.

TiscHer and colleagues reported the firstssélicient styrene monooxygenase from
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Rhodococcus ofatuAs2B), containing a monooxygenases and reductase in the same
polypeptide chaifi. StyA2B was found to have similar substrate specificity and
enantioselecily levels compared to other tammponent equivalent enzymes, but

displayed a low specific activity in its oxygenase domain.

Aromatic Hydroxylases

Aromatic hydroxylases are f@@mmponent oxygenases that catalyse the hydroxylation of
aromatic compoursd Examples of these enzymes inclptigdroxyphenylacetaie
hydroxylase fromPseudomonas puaidh pyrrole€-carboxylate monooxygenase from
Rhodococspis Figure1.10).°°%° It was faind that both components of the enzyme were

required for hydroxylations in the two enzymes.

O.__CHj; O.__CHj;
/©/ \n/ p-hydroxyphenylacetate-3-hydroxylase \ﬂ/
o] o O
HO HO
OH
hydroxyphenylacetate 3,4-dihydroxyphenylacetate
o o
H pyrrole-2-carboxylate-hydroxylase H
HO N » HO N
| Y | Y OH
pyrrole-2-carboxylate 5-hydroxy-pyrrole-2-carboxylate

Figure 110 Examples of aromatic hydroxylations; Top: hydroxylation of hydroxypmg/lacetate byp-
hydroxyphenylacetate3-hydroxylase. Bottom: hydroxylation of pyrrole2-carboxylate by pyrrole2-
carboxylatehydroxylase.

Aromatic hydroxylases, as with the previously discussed styrene monooxygenases, ha
applications in medicinal chenyistand pollutant degradation. TFeammponent
monooxygenases have been particularly studied in the biosynthesis of antitumer agents C
1027 and rebeccamy®in® In the area of pollutant biodegradatiomaghthoate
monooxygenase has potential applications in the degradation of carcinogenic, mutageni
and toxic polycyclic aromatic hydrocarlSbis.two-component monooxygenase from
Bacillussphaericu$905 was likewise found to catalyse the initial two steps in the
biodegradation ofp-nitrophenol (PNP) via a hydroxylation reaction followed by

elimnation of the nitro grougrigure1.11).%°
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Figure 111 Two step biodegradation of PNP facilitated by monooxygenase fronBacillus
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1.4 Hydroxylatbn Reactions

Hydroxylations are among the most widespread enzyme reactions in Nature, playing a ke
role in the oxidative metabolism of both beneficial pharmaceuticals and destructive
environmental pollutants. The reaction has been utilised in industanjoyears in the
production of fine chemicals and for bioremedidtidResearch into biocatalytic
hydroxylation reactions have gained traction over the last few years with numerous

different enzyme types currently being studied.

1.4.1 Cytochrome P450 Mooaygenases

Cytochromes P450 (CYPs or Bi%0e haerntontaining monooxygenases present in all
domains of life that catalyse the oxyfunctionalisation of a diverse range of chemical
compounds including alkanes, antibiotics, xenobiotics, steroids, téafignesids and

others in the presence of molecular ox{ge®450s constitute a distinct family of
haemoproteins (collectively known as the CYP family) and are capable of catalysing the
insertion of a singlexypgen atom from molecular oxygen while reducing the other to
water? These enzymes are of significalgr@st due to their ability to activate molecular

oxygen and react with high regstereeand enantioselectivify.

P450s are named as such due to their character as haemoproteins and the unique spect
property of their haetinding electron transfer protein (cytochrome). When the
cytochrome is complexed with carbon matexia characteristic shift in absorption
maximum to 450 nm is observed (hence pigment 450); this ability is frequently used to
estimate P450 contéfitt Such a feature is the result of a phylogenetically cdnserve
cysteine thiolate which is bonded directly to the catalytidFigpme(l.12). This bond
possessesanelecttbmnat i ng character which i s esse
The ligand (usually water) locataddo the axial cysteirihiolate is readily displaced by

molecular oxygen at the start of the catalytic’tycle.
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Figure 112 The catalytic haem present in cytochrome P450s. The catalytic iron, 3Eeis haem
bound and possesses both an axial cysteirikiolate and water molecule. This water molecule is
displaced by molecular oxygen at the start of the catalytic cycle.

Redox partner ¢

1e”
Redox partner %%

Oxidase{,"—"/”’"‘HZO

shunt ./ |
0p )

S *, Autoxidation

.’ Jor + OH* Ax‘shunt

1 H0,
.

2

;
Ht J,// Peroxide
/~ shunt

red
1e” Redox partner

Redox partner °*

(Compound 0) VI Vv

Figure 113 General catalytic cycle of cytochromes B8. Three "shunt" pathways responsible for
the nonproductive breakdown of irornoxygen species throughout the cycle are labelled. Figure
adapted from Roper and Grogan (2018).

Catalytic Cycle

In order for P450 catalysis to proceed, the vagstityaof these enzymes require the
delivery of two electrons from pyridine nucleotide coenzymes (NADPH or NADH), with
these electrons transferred to the haaone or more redox partner proteifigurel.13
summarises the imteediate steps of the general P450 catalytic cycle. In the first step,

substrate binding results in the displacement of a water ligand, shifting-gteespin
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equilibrium of the ferric haem from lepin & = 1/2) to highspin & = 5/2). This
increasesnhe positive potential of the iron and allows electron transfer from the redox
partner to reduce the haem iron to the ferrou¥)(Bte. Ferrous haem then binds
molecular oxygen to form the ferraxy intermediatéV (isoelectric with the ferric
hydropeoxo form). A second electron is delivered from the redox partner to reduce the
haem iron to the ferric peroxy stateThis species is protonated to the hydroxperoxo
form (Compound 0), which is followed by a further protonation resulting in scissegon of th
bound dioxygen, the production of water and formation of a-deorythaem species
(Compound 1) with a porphyrin 3 radical
oxidant substrate in most P450 reactions, attacking the nearby the suledrdtentats
hydroxylation. Finally, the hydroxylated product dissociates, allowing water to rebind the

ferric iron and complete the cy@le.

Figurel.13 also highlights three possible routes for the collapse of the oxo intermediates.
The ferrousoxy intermediate/ can decay to reform the ferriccB&iathe autoxidation

shunt with production of superoxide as apidduct. Compound O can undergo collapse

via the peroxide shunt in which peroxide is also produced. The peroxide shunt can be
productively driven in the reverse direction by mixing dsmi@eroxide (or other organic
peroxides) with ferric, substrataind P450; however, this is in most cases a very
inefficient process. Compound 1 undergoes collapse via an oxidase shunt pathway couple

with the production of waté.

Redox Sysems

As mentioned above, P450s require the delivery of two electrons to the haem for catalysis
with these electrons transferred from a reduced cofactor by redox partner proteins. This is
performed using a diverse range of strategies in nature, mosthofelyhon electron
transfer proteins that function in conjunction with cofactors. There is substantial biological
diversity in P450 systems and redox part with at least 10 documented classes in nature, tt

four most commonly encountered in biocatalysesreh are shownfigurel.14."
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(a) Class | (e.g P450,,,,,) (b) Class Il (e.g CYP3A4)

C NADPH + H*
NADP*

RH + 0,
RH + 0, R-OH + H,0 —

NADH + H*
NAD®

(c) Class VIl (e.g P450gy,) (d) Class VIII (e.g P450g),3)

NADPH + H*

F < NADPH + H*
NADP NADP*

RH + O,

RH + O,
R-OH + H,0 R-OH + HzoD

Figure 114 Four classes of P450 redox systems. (a) Class | bacterial system; (b) Class Il observed in
plant and human enzymes;(c) Class VII typified by P45@; (d) Class VIII system observed in
P45@vs. FAR = Flavin and NADPH-dependent ferrodoxin reductase; Fdx = ferredoxin; CPR =
FMN - plus FAD-dependent reductase; FeS = -@&rminal iron-sulfur protein; FMN = Flavin
mononucleotide damain

Most bacterial P450 systems are grouped into Class I, in which electrons are abstracted
from NAD(P)H by a flavin and NADP&ependent ferrodoxin reductase (FdR). These
electrons are transferred to an FAD coenzyme which reduces the next partoeaiim, the
ferredoxin (Fdx): a F® cluster containing enzyme. The reduced Fdx then sequentially
transfers two electrons to the P450 haem domain. This class of P450s is typified by

CYP101A1 (P45(Q) which will be discussed in the following setitn.

Class Il systems are found in eukaryotic species such as plants, humans and fungi, and are
composed of a twprotein clain in which the first enzyme daa FMN- plus FAD

dependent reductase (CPR) which accepts eldobrofSADPH and transfers them to

the P450 haem (the second enzyme in the chain). In eukaryotes, both the reductase and

P450 are anchored into the membrane of the endoplasmic reticulum, which has made these

enzymes extremely difficult to study and ap@ynthesis. Examples of class Il enzymes

include human P450s such as CYP3A4 and all of the currently known pldht P450s.

The requirement of additional proteins presents extra challenges for the cloning, expression
and purification of P450s fase in biocatalysis. The matizyme systems also present
many of the limitations discussed for BVMOs previously (these limitations will be

discussed in more detail later). There exist in nature P450 fusion systems in which the
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electron transfer protarand haem domain are encoded by a singl€ §ank.P450s are
typified by those in Classes VII and Hgurel.14c and d). Class VII P450s sucthas
prokaryotid?45@Q,, from Rhodococspispossess a fusiontlofeeenzyme components for
optimised function that generally consist oter@inal irorsulphurprotein (FeS) and an

FMN domain fused to an-drminal haem domain (Figure 1.14C)ass VIII P450s are
composed of a CPR domain fused to the P450 haem itself (Figure 1.14d), with this
arrangement having a pronounced effect oadtraty of these enzymes. R45€om

Bacillus megateisuimemost studied ahe class VIl enzynsandwill be discussed in its

own section.

P45Q,,, and P45Q,,;

The field of P450 enzymology is enormous and highly complex, with research focus into
multiple isoforms inevitably leading to the discovery of substantial variations in structural,
catalytic and mechanistic features between members of thid Aansilich, the search for
common features binding P450s together has made the detailed characterisation of mode
P450 systems key to the understanding of basic Ipen@fating P450 structure and
function. The greatest amount of information pertaining to general P450 characteristics has
been taken from bacterial models due to the experimentally amenable nature of soluble
prokaryotic P450s. The two most significantlehd®450s are theseudomonas putida
camphor hydroxylase P450CYP101A1) and ttgacillus megatefatiy acid hydroxylase
P45Q,,, (CYP102sATY™®

Cytochrome P45( is a landmark P450 serving as the fastebal P450 system to be
studied in detail from the 1960s onwards and the first P450 to have its atomic structure
resolved? P45Q,,, is representative of the class | redox system and catalysesahe
hydroxylation ob-camphor; the initial step in the catabolism of this comp&imad€g

1152

HO
P450_,,

Y

o o)
(1R)-(+)-camphor 5-exo-hydroxy camphor

Figure 115 The 5exo-hydroxylation of (1/)-(+)-camphor to 5exchydroxy camphor by P45Qm.
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P45Q,,,is a class VII P450 that catalyses the oxygenation of long chain fatty saturated and
unsaturated fatty acids (with lengths of approximatelyo GC,), performing this
hydroxyla i on near tHFgerelpoTerphysiotogical rdle of P450is

uncertain though it has been hypothesised to play a role in the detoxification of
polyunsaturated fatty acilsch as linoleic aédP45Q,,, is a natural fusion protein, with

its haem and reductase bound together, and was the first prokaryotic class Il system to be
chaacterise®f. The haem domain of P459 was the second P450 enzyme to be
structurally resolved byrxy crystallogphy® P45@Q,,; possesses a eukarytbkie redox

system and a convenient fusion arrangement, which, together with the fact that it has a
haemdomain strongly resembling thoseukaryotic fatty acid oxygenases, has made this

system a relevant model for the mammalian class Il Sstems.

o Ri Ry O

P450gu3 WJ\
WOH . “SoH

Ro

Figure 1186 Gener al hydroxyl ation of HdA&R)u2d)e dan3d iphear f att
(Rs) positions by P45@y:s.

P450Structural Insights

The structures of P450cam and P450BM3 possess structural features common to P450s

and can be used as general models. These P450s have a general shape akin to a triangular
prism and two major Struct ur @ind tdeohaen n s , term
domain Figure1.17A).”" ¥ The structural fold of these two model P450s is generally

conserved across the P450 superf&mily.
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Cam

Fe
Phe350

O.‘ \ Cys357

Figure 117 (A) The overall tertiary structure of P45@n, such structural features are generally
conserved among members of the P450 family. (B) The active site of R450vith an emphasis on
the conserved Cys35@nd Phe350 residuemtegral for function. Phe350plays a role in catalysis by
interacting with Fe-Cys357 bond (dashed line) and tuning the reducing potential of the haem iron
(Fe). The substrate camphor (Cam) is presented abotee haem iron.

Though the a helical a n d -dihensiohat arangementrgueo n e
conserved among P450s, there are significant differences in their organisation, resulting i
differences between P450 active sites and other keg¥ddiembers within the P450

superfamily generally have O 40% amino a:
acids are completely conserved across these enzymes. An absolutely conserved residue

the cysteine ligand bound to the haem iron asittdaldo functionKigurel.17B).

A highly conserved phenylalanine residue located seven amino acids (Phe393 in P450
prior to the previously mentioned cysteine, interacts with-Gystene bond and plays a

key role in tumg the reductive potential of the haem iron and its reactivity with molecular
oxygerf> The importance of this residue in R45@vas determined by investigating
Phe393A/H mutants, which showed a more positive inaempotential and simultaneous
acceleration of electron transfer from the redox partner, resulting in the stabilisation of the
ferrousoxy intermediate and a significant decrease in the rate of fatty acid hydféxylation.
As a result, the conserved phenylalanine likely plays a significant role in controlling redox
potential by facilitating both efficient electron transfer to the haem iron from the redox

partner, and the P4&#Xxilitated reduction of molecular oxygén.

Research into other conserved residues and their role in P450 enzymes is ongoing
Identifying key residues could aid in directing evolution of these enzymeoedizpd

novel functions which will be discussed later.
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Applications of Cytochromes P450

P450s possess the ability to catalyse the aadistereospecific oxidation of a range of
substratesF{gure 1.18) which is reflective oheir key biological functiofis. These
enzymes are also highly versatile with the capacity to seleataigse a range of
transformations, including hydroxylations, epoxidations and dehydrogenations, making

them interesting candidates for biocatafySis.

OH
O—O" o

Figure 118 Selected examples of P450 oxidation reactions.

P450s play a large role in the biosynthesis of various steroids, vitamins, lipids and various
other natural product®? In eukaryotic systems, P450s are mainly responsible for
biodegradative reactidi§7 putative genes in theman genome have been recognised as
P450 enzymes and roughly a quarter of these have been seen to play key roles in drug
metabolisn¥®’ The large P450 superfamily catalyses the oxidations of xenobiotics making

them of significant interest within the pharmaceutical and fine chemical‘thdustry.

Human P450s are aftenvolved in the initial oxidation steps of metabolism, producing
more soluble metabolites aiding their excretion and modulating the toxicity of these
compound$? The characterisation of these processes is indispensable in drug metabolism
and pharmacokinetics (DMPK), allowing for the prediction of the methods in which a drug
will be metabolised in the humtzody. DMPK is often one of the primary reasons for the
failure of drug candidaté3he production of drug metabolites is a key priority in industry

in order to assess toxicity risks, dhug interations and to study metabolic pathways.

P450s can be used the generation of metabolites, making them essential tools in
pharmacokinetics, with panels of P450s active towards common @ligcaiac(e.g.

diclofenac) showing an increased market prédence.

P450s can themselves be used in titleedic routes for the production of pharmaceutical.

An example of this is the process developed by Sankyo Pharma ardy@ristShuibb

22



company produce pravastatin, a cholesterol reducingidthg, microbial oxidation of

compactin using a P450 fr@meptomysesfFigurel.19).1°°1%

P450 from
Streptomyces sp.

compactin pravastatin
Figure 119 Biocatalytic synthesis of pravastatin from compactinsing a P450 fromStreptomycesp.

The economic feasibility, high specificity and large substrate and reaction scope of P450
has made the use of these enzymes in numerous pharmaceutical processes’widesprea
Figurel.20 shows a select few of the many commerdaindastrially relevant products

that are can be produced using processes involving“P450s.

Cortisone
O
o]
OH
HO™ OH
1a,25-Dihydroxyvitamin D3
HO
Pregnenolone Artemisinic acid

Figure 120 Selected industrially and commercial relevant products producedth the assistance of
P450s.

In additionto the above pharmaceutical applications, P450s are also being increasingly use:
in bioremediation processes to remove major industrial pollutants present in the
environment, including polycyclic aromatic hydrocarbons (PArHs), polychlorinated
dibenzep-dioxins (PCDDs) and polychlorinated biphenyls (PE€Bse use of P450s is
increasing due to their capactt perform hydroxylations, epoxidations and dealkylations

on these pollutant compounds, which are key reactions in bioremediation ¢Hemistry.
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example of a P45fediated bioremediation process is the metabofi the carcinogen

benzof]pyrene using human P450 iB1.

Limitations of P450s

P450s have a range of potential applications in the pharmaceuticateahdolagy

sectors; however, their widespread use is hampered by a number of universally recognised
technical bottleneck¥ 1*“*Firstly, P450 catalysts display productivities that are often at

an insuffieent level for industry scale synthesis with most disgtayliexgls in the range

of 1-300 min.'* Like many biocatalysts, P450s have the potential to be highly evolvable
for improved or novel functions; however, many P450 structures do not present the
substrates bound in the active site in a position favouring hydmxyletgenting

difficulties in using structures alone to rationalise mutagenesis &tt€mpts.

A third limitation of P450s is their need for electron transfer proteins, with specific types
having different efféx on the efficiency of electron flow which can greatly affect P450
performance. Another limitation is uncoupling between NAD(P)H oxidation and product
formation, with it being observed that leakage of electrons may occur in the cycle which
could lead tohe formation of reactive oxygen species in the reaction media. In addition to
this, upon consumption of four electrons, there is a risk that two water molecules can be
produced without any substrate hydroxylation occurring, with the highly expensive
NADPH cofactor still consumed in these cases. The requirement of an expensive NADPH
cofactor is also a severe limitation and strategies to either replace its need or develop

regeneration strategies are being actively plfrsued.

The use of P450s in whalell reaction systems presents a furthef $ietitations. One

problem can be low substrate solubility in water (may also be a problenm ditriog
reactions) as most P450 substrates are hydrophobic, however, this can be overcome
relatively easily by using solvesistant strains such Bs sbtilis and P. putida by
employing twgphase systems as with BVMO$? A more challenging drawback is the
uptake of substrates into the recombinant whole cells and product efflux. This can, in some
cases, @rcome by changing the expression host; however, engineering strategies may be
required in more complex caSdsnally, substrate and product toxicity can also have a

serious effect on the biotechnological applications of P450s, with the riskelf Heath
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occurring when concentratioot each exceed a certain threshold value, though this is
highly dependent on factors such as the recombinant system and the nature of products

and reactanté.1®®

Engineering P450s

A substantial amount of resdaeffort has been directed toward engineering P450s to

improve function and overcome the limitations discussed’above.

The lack of substratund P450 structures has not hindered efforts hdirgitted
mutagenesis and directed evolution. Jp45@s been successfully engineered to have
improved activity towards a variety of substrates; an example of this is the ndaldy 9000
improvement of the catalytic efficiency for propane hydroxylation by a combination of
sitedirected and saturation mutagert&sis P45Q,,, mutants capable of catalysing the
hydroxylation of cyclododecane with an activity of up to 18 mawve also been
constructed; this is a hydroxylation reaction that cannot be catalysed in-type wild

enzyme:?

An approach to optimise electron flow and overcome thesisssociated with multi
component P450 systems has involved the engineering of artificial fusion proteins. This
has been aided by the discovery of increasing number efe@@b@artner fusion
proteins identified over the last decadé'®*® A model for this work was P459 a

natural fusion enzyme, which displays the highest turnover numbers (for its natural
substrate) of any P450 to date at 3000."fmingreat mount of effort has been expended

in generating artificial fusion proteins consisting of a P450 haem protein bound with all
manner of redox partner proteins with a seemingly endless possibility of combinations
possiblé? Fusion proteins have even been constructed in cases in which Pa&@sial

were already cloned but their autologous redox partners were still unknown; this is
primarily due to the presence of many different candidates for electron transfer in the
microbial cef:***In addition b this, there have been cases in which substrate conversion
was observed in (previously poorly performing) bacterial P450s fused to the reductase

protein of P45Q,,.'"*'*°
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The reliance on expensive nicotinamid@ctars, particularly NADPH, is a major barrier

for the industrial use of P450s. Some engineering studies have focused on shifting P450
cofactor preference toward to more economical NADAlternatively, the peroxide

shunt has been utilised to eliminate the need for cofactors altogether, with the hypothesis
that the addition of hydrogen peroxide or organic peroxide will shifattway in the

reverse direction to generate compourfedliel.13). Directed evolution has also been
attempted to improve peroxideven catalysis, however, catalytic rates are often low and
peroxide exposure often leadshi® destruction of the active site haem (haem bleaching)

and oxidative damage to the enZjnté.

Cytochromes P450 are a widely studied enzyme superfamily with substantial industrial
potential. There are, howewaany caveats to their implementation (discussed above) and

research into overcoming these is ongoing.
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1.4.2 Peroxygenases

An alternative class of enzymes that circumvents the above limitations are
peroxygenas&3.This class of enzymes, like the P450s, contain a haem prosthetic group
coordinated by cysteinégand, which, in principle, grants access to the same vast range
of reactions and products. Peroxygenases also require dxadenrg¢ompound 1) as the
oxidising species, but, unlike P450s, generate this by directly utilising hydrogevigoeroxi

the peroxide shunt pathway rather than undergoing a series of electron transfer steps

(Figurel.13

Peroxygenases are members of a peroxidase superfamily known as futigalabteaem
peroxidases (HTPs) and, as their name implies, originate from various fung&’ sources.
Though structurally similar to P450s, peroxidases are generally moré® stable.
Chloroperoxidase (CPO) from the ascomycetous fureptexyphhium (Caldariomyces)
fumageas the first HP to be described in the 1960s and has been a focus of research by
synthetic chemists sinféeThis enzyme generally catalyses oxidation of halides to
hypohalous acids while also possessing limited peroxygenase activity; CPO can transfe
oxygen to activated substrates such as indole or styrene but is unable to reaet with no
activated carbons in aromatic or alicyclic rings,reslkane$?® The limitations of CPO

can be overcome by utilising unspecific peroxygenase (UPO),-typ&i€Rzyme first
described in the fungusgrocybe aemefiadJPO) in 2004 AagJPO together with

animal myeloperoxidase, plant seed pgeoage and bacterial fatty acid peroxygenase
form the second stdlass of peroxidases. FollowkagJPO, two similar enzymes from

the mushroomsCoprinellus radig@sdJPO) and Marasmius rotulirdJPO) were
discovered®*® These three known UPOs catalyse a range of pedepigiedent
oxygenations with catalytic efficiencies far greater than those observed in CPO and

P45082°

UPO Structural Features and Properties

The thregoreviously mentioned UPOs possess a haem groupviatkediron to an axial
cysteine ligand. Like with P450s, this feature causes a charactenstpédrum of the

reduced complex at 4450 nm:* 'UPOs are highly glycosylated proteins with up to
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seven high mannoBkglycosylation sites and have molecular masses and isoelectric points

that range from 32 to 46 kDa and 3.8 to 6.1 respetfivély.

Thecrystabt ruct ure of AaeUPO was -hnebcesefimetshoyt sol ved
Asheets, a magnesium close to the haem propionate and a disulphide bridge in the C
terminal regiof¥ The haem channel is conicatiged like a with an outer diameter and

inner diameter of roughly 10 A and\ Tespectively, containing ten aromatic residues (9

Phe and 1 Tyr) responsible for directing the substrate to the activEesjtective ite

amino acids include a R@®tif (P35, C36, P37) bound axially to the haem giailne

central cysteine, a magnesium binding HGDf (E122, G123, D124) and a charge

stabilising arginine (R189) located close to a glutamate (E196) with the paasssiin

base catalysts in the peroxide cleavage rekiime].21).1%*!%

Figure 121 Overall structure of4adJPO with an emphasison the active site. Proposed amino acid
residues that are integral to catalysis have been highlighted.

UPOs constitute a unique haperoxidase superfamily with BLAST searches in GenBank
and other sequence databases identified over 1000 nucleotideesesuending for
supposed UPO proteins. Most of these sequences were found in the Ascomycota and
Basidiomycota phyla but are some are also present in other fungal families including the
Mucoromycotina, the Glomeromycota, the Chytridiomycota and the Carsyggesting

that these enzymes are an evolutionary ancient superfamily specific¢*fdnfuhgse
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searches, there was no evidence for the presence ¢ik&Bénes in plants, animals or

prokaryote$*3°

Hydroxylations by peroxygenases

As with P450s, peroxygenases are capable of catalysing dozens of reactions including tt
oxidation of aromatic and heterocyclic compounds, epoxidation of alkenes, sulfoxidation,

alkane and aromatic hydroxylation among many dtfiéts

UPOs have the capacity to hydroxylate varied linear, branched and cyclic alkanes togethe
with alkyl species such as fatty adiguie 1.22.*° The product distribution and
selectivity seen in these reactions can vary significantly depending on the biocatalyst utilise
and substrate featut&sn the case of AaeUPO for example, fatty acids are transformed

i nt o a mi-xkt amehyd@xkylatipn profuctEigurel.22(v)), reactions with

linear alkanes result in similar phenomena, with a mixtureaiod Balkanols sually

formed Figure 1.2ii))**"*” Though the regioselectivity of alkane hydroxylation using
peroxygenases is generally poor, the enantioselectivity can be very high. For example,
vastly different regioselectivity is observed when transforming fatty acids with
peroxygenases froBacillus subt{i5Q s);or Clostridium acetobutyitbg,), with the

former pehryfdoromiyndgatad ohydraxylatdo®t™*he | atter A

0 OH (i) OH OH

A e A A~

¥ “o-u-v

V) OH

SN CHy) 3: ﬁ/\<CH2)7¥O \/K(CH2>7¥O g
O

0 0
(vi)

O — O

Figure 122 Examples of UPGecatalysed hydroxylation of alkanes and alkynes: (i) propane to
propanol, (ii) n-heptane to 2heptanol and 3heptanol, (iii) 2,3-dimethylbutane to 2,3dimethyl-
butan-2-ol, (iv) cyclohexane to cyclohexanonesa cyclohexanol, (v)& ur i ¢  alehydbxylausic P
acid a2myg drpoxyl auric acid as m ahydookylaunc r azid, u(g)t s wi
ethylbenzene to( /) -1-phenylethanol. Figure adapted from Hofrichter and Ulrich (2014%56

* HO” "N (CHy),
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Gutiérrezand colleagues recently contributed a rationale for the differences in selectivity
between peroxygenases. The authors showed that the hydroxylation of cholecalciferol
(Vitamin D) is predominantly unselective when catalysed by AaeUPO, while a single
produd is observed when the reaction is catalysed by a peroxygendSepfioopsis
cineregCcUPO) Figurel.23). This data was used to suggest that such a difference in
selectivity was the result of variations in the size ofatalemtress channels and degrees

of substrate translational freedéi.

OH
R R L s

H,0, H,O
AaeUPO: 64% 7% 13%
CciUPO: >95% - -

PO

Figure 123 Reaction of cholecalciferol with4ad@JPO and CclUPO. The relative quantities of each
product have been highlighted in the case of each enzyme. Figure adapted from Waagal.
(2017)24

A frequently observed issue in the peroxygemediated hydroxylation afkanes is the
subsequentonversion of the produced alcohol to the corresponding aldehyde and ketone

(Figurel2 i v) ), with such an O6overoxidation® bei n¢
interest is a chiral alcofBlThe extent of such overoxidation is dependent on the
peroxygenase utiliseladJPO andCcUPO show substantially lower overoxidation of

cyclohexanol to cyclohexanone than the peroxygenadddr@simus rot(NrdJPO); a

feature that could be manipulated for the selective accumulation of eithet*préduct.

The selectivity of the peroxygenaseliated hydroxylation of alkanes is highly dependent

on the nature of &strate itself. Substrates with activatdd Bonds are usually
transformed with greater selectivity. Ethers and secondary amines, for example, are often
at t ac k e-dositeon relative éo th@ heteroatom resulting in dealkylation reetions.

Taking this furtherAad@JPO is capable of hydroxylating benzylld Bonds with high
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regie and enantioselectivity, however, this latter feagfeund to be strongly affected

by the increasing steric demand of thé elyn and overoxidation remains a probtem.

In addition to the aforementied alkane hydroxylations, a number of aromatic
hydroxylations using peroxygenases have also been reported, among which are thi
regioselective hydroxylations e#-hydroxyphenoxy)propionic acid and dicloféfi4e.
Aromatic hydroxylatiorFigurel.24) proceedsiaformation of epoxide intermediates that
spontaneously rearrange to the corresponding phenol product, with these epoxide
intermediates released into the reaction mixture wigigbsss that the peroxygenase itself

is not involved in the process of epoxide rearrang&fm¥éfithe peroxygenaseediated
hydroxylation of aromatic compounds is often faced with a challenge resulting from the
fact that the phenol products are likely to experience peroxygedaded Hatom
abstraction to produce phenoxy radicals which often polylti&figeis drawback can
generally be addressed by adding rad@atngers such as ascorbic acid to the reaction

mixture or by protein engineerify*’

H

OH
~e9 OH
UPO SiH spontaneous . urPo Phenoxy radicals/
R / N oligomers/polymers
97 : 3

H,0, H,0 H,0, H,0

Figure 124 Aromatic hydroxylation mechanism. The reactions proceeds via the UPO mediated
formation of an epoxide intermediate which undergoes spontaneous rearrangement to give the
phenol products. The phenol products can then undergo peroxygenase mediated-akbm
abstraction to produce radials.

Challenges associated with peroxygenases

As of 2017, over 1000 putative peroxygenase sequences have been identified in genon
databases, however, only a fraction of these have been characterised with respect to the
catalytic potential in chemicaithgsis?® This is primarily due to a number of challenges

associated with peroxygen&des.

Most peroxygenases are extracellular fungal enzymes which makes protein prmbuction
isolation a complex procéSstungal peroxymases are usually produced bybdéch
cultivation of the natural organism in fermenters or shake flasks, with the enzymes secrete
into the culture medium during the fermentation pr&@eBle quantity of enzyme

produced can vary from a few milligrams to several grams per litre depending on the
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expresion system employed and the enzyme itself. For example, the glycoprotein nature of
AadJPO makes its functional expressioescherichia emliextremely difficult process
resulting in current research efforts being focussed on developing efficidnt funga
expression system¥?* Alcalde and colleagues successfully expréssedPO in
Saccharomyces cerevis@er, enzyme Yyields were initially very poor (0.007)#y L
Further work focussed on evolving an attached signal peptide, which resulted in a
substantially improved enzyme yield of 217 higf SBuch engineering approaches are

currently being applied towards improving theesgjom of other peroxygenase tatéfets.

Peroxygenases, as with most enzymes, have been optimised to function in their native host
systems, presenting a number of g¢hemacalt i c al di
reactions. Practical problems associated with peroxygenases generally fall into two
categories: (1) the often limited enzyme stability and activity under chemical process
conditions and (2) low reactant concentrations. Protein and reactionriegginee

approaches have been utilised in an attempt to overcome the¥2 issues.

Stability issues in peroxygenases often result from the fact that these enzymes require
hydrogen peroxide for function, yet elevated amounts of peroxide can destabilise them due
to the fact peroxygenases, like other flgandenhydroxylases, are sensitive té it.

Protein engineering approaches have focused on both rational mutagenesis of easily
oxidisable amino acids for enhanced oxidative stability and random mutagenesis for further
stability enhancement when rational design is lifmifdther protein engineering has
focussed on improving stability at elevated temperatures and in the presence of organic
solvents? Reaction engineering approaches aimed at tacking the peroxide stability issues
have focused on maintaining the hydrogen peroxide at entcainan sufficient for
catalysis but low enough to maintain enzyme stability. The most prevalent approach for
controlling the concentration of hydrogen peroxide is currently the use of glucose oxidase
to produce it from -9-ylunisednd moteeularrokygéiTaemount s of
use of this system is popular due to its low cost and simplicity, however, it suffers from the
major drawbck of low atorefficiency and the stoichiometric accumulation of gluconic

acid (or gluconolactone) which could be extremely disadvantageous at an induétrial scale.
Other reaction engineering approaches foraibng) peroxide levels include the use of

electrochemical methods involving the cathodic reduction of molecular oxygen; however,
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these suffer from the setback of requiring electrochemical apparatus with the same flaws
applicable to photochemical approatti&* Hollmann and colleagues recently proposed

an enzyme cascade in which methanol is completely oxidised to carbon monoxide to
produce an ideal amount of hydrogen peroxide that is fully utilised to prdiciete ef
peroxygenaseediated hydroxylations whilst avoiding the aforementioned stability

issues>®

The second practical issue associated with peroxygenases is low substrate loading, with
10 mM of substrate wally converted by these enzymes, hindering their attractiveness as
industrial biocatalysf§.Numerous reaction engineering approaches have been proposed
to tackle this problem including a #quid-phase appraa (previously described for

BVMOs) in which a hydrophobic organic phase (the substrate) functions as both a

substrate reservoir and product $ihk.

Peroxygeamsesare extremely promising enzymes, holding the potential to catalyse the
dream reactions performed by P450s while avoiding the need for redox proteins. These
enzymes currently suffer from a number of sethackuding production difficulty and

poor stability and substrate loading hindering their industrial use. However, engineering

approaches are actively being pursued granting these enzymes significant promise.
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1.4.3 Flavin Dependent Hydroxylases

Flaun dependent hydroxylases constitute a subgroup of the flavin dependent
monooxygenases discussed in section 1.3. As previously mentioned, flavin dependent
monooxygenases are classified into six groups, bAsed on their structural and
functional propemis?” Most flavin dependent hydroxylases fall under group A, which
consists of enzymes encoded by a single gene, that use NAD(P) as the electron donor and

possess a glutathione reductaseGRe Rossmann foldrfFAD binding'>®

The majority of Class A flavin dependent hydroxylases catalyse the regioselective
hydroxylation of phenolic compowsnatt theorthoandparapositions. These hydroxylases
usually actvia an electrophilic aromatic substitution mechanism in which the C4a
hydroperoxide serves as an electrophile while substrates containing hydroxyl or amino
activating groups function asclaophiles. In the catalytic mechanisingu¢e 1.25),

binding of the substrate greatly enhances the rate of flavin reduction by NAD(P)H and the
resulting NAD(P) is immediately liberated from the reaction®sitéie release of
NAD(P)" sets these enzymes apart from BVMOs which are Class B flavin dependent

monooxygenases and keep their pyridine cofactor bound to the enzyme during§ catalysis.

S
‘ | NAD(P)*
\
SOH S
H,O 4\ I|E—FADH‘
S
O,

E— FADHOH E—FADHOO(H)

SOH S

Figure 125 Catalytic cycle of Class A flavin dependent hydroxylases. E = enzyme; S = substrate.
Adapted from Huijbers et al. (20146

Para-hydroxybenzoate hydroxylase (PHBH)

A great amount of the work focused on the structure and mechanism of Class A flavin
dependent hydroxylases has resulted from studpesabfdroxybenzoate hydroxylase

(PHBH) fromPseudomonas flugregtehdias seed as a model for this class of enzymes
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for decades having had its crystal structure elucidated i’ P#¥BH is a versatile
enzyme that not only catalyses the hydroxylationhpdirdxybenzoate but also-2,4
dihydroxybenzoate;Mercaptobenzoate and the chlorinated and fluorinated derivatives of

its natural substrateigurel.26).”

O O NADPH +H* NADP* O ©

N

PHBH HO
OH OH
4-hydroxybenzoate 4,5-dihydroxybenzoate

+ Hy0

\i

OH

OH SH
2,5-dihydroxybenzoate 4-mercaptobenzoate

Figure 126: Aromatic hydroxylation reactions performed byp-hydroxybenzoate hydroxylase
(PHBH). Adapted from Roperet a/.(2016)76

PHBH is an enzyme composed of 394 amino acids, possessing three domain structure
(Figurel.27) consisting of an ferminal Rossmann fold domain responsible for binding

the ADP of the flavin coenzyme, a second domain that bindshyfueoXybenzoate
substrate and a third predominantly helical domain which plays a role in dimerization with
a second suburift.The tricyclic isoalloxazine ring of FAD is bound at the interface
between the first two domains and a series of musagatadies revealed that this
transient flavin cofactor uses different sites for substrate hydroxylation and flavin reduction
with the enzyme coordinating catalysis by undergoing a series of conformation&f changes.
This flavin mobility is believed to be a general requirement of Class A enzymes, however
such a phenomenon has only been observed in the crystal structures of a select fev
members of this famil§.. Further investiation of the structural features of PHBH
revealed that a hydrogen bond network the connects the substrate to the protein surface
also acts as a sensor for flavin movement and reduction while also deprotonating the

substrate to enhance its nucleophillityatn react with the C4sydroperoxidé?
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Figure 1.27. Structure of PHBH with FAD in the enzyme active site together with the substrate-
hydroxybenzoate directly below the FAD. Structure praded courtesy of Roper and Grogan (2018).

3-Hydroxybenzoate 6-hydroxylase (3HB6H)

A second member of interest in the Class A flavin dependent hydroxylases is 3
hydroxybenzoaté-hydroxylase (3HB6H). 3HB6H is dependent on the relatively
inexpgensive NADH for function and catalyses tparahydroxylation of -3

hydroxybenzoate to 2ghydroxybenzoat€igurel.28) .2

OO NADH +H* NAD* O O
K / HO
+ 02 > + Hzo
OH 3HB6H OH
3-hydroxybenzoate 2,5-dihydroxybenzoate

Figure 128 Aromatic hydroxylation of 3hydroxybenzoate to 2&lihydroyxbenzoate by 3
hydroxybenzoate6-hydroxylase (3HB6H).

The crystal structure of 3HB6H was solved by van Berkel and colleagues and revealed the
enzyme to have a sianifold to that of PHBH® This structure revealed that each subunit

of the 3HB6H homodimer contains a hydrophobic channel filled with phospholipids that
connects the protein surface to the subdtiating sité® Following an overlay of this
structure with other solved flavoprotein hydroxylases, van Berkel and colleagues mutated
active site residues, Tyrl05, His213 and GIn303, suspected of playing roles in substrate

binding, particularly by interacting with carboxylate and hydroxyl groups. Crystal structures
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of the three mutants were obtained and that of the His213Ser mutant with -bound 3
hydroxybenzoate suggested that this residue is key for substrate hydroxy&aac@|avhi

Tyr pair (N301, Y217) next to the phospholipid are important for substrate binding and
coordination Figure1.29.!* The active site geometry of this enzyme differs greatly from
that of PHBH and the mutation work directed at it revealed important information
regarding the structural determinants of regioselectivity in flavin dependent hydroxylases

which was a limitation of the results obtained from the studies focused off PHBH.

Figure 1.29 Active site of 3HB6H from Rhodococcus jostiRHAL (PDB: 4BJZ). Amino acid residues
of significant have been labelled. The phospholipid, phosphatidylygtgrol (PDG), is presented in
green. The substate, dwydroxybenzoate (3HB) has also been modelled into the active site using a
H213S mutant structure (PDB: 4BK1).

2-Hydroxybiphenyl 3-Monooxygenase (HbpA)

2-hydroxybiphenyl monooxygenase (HbpA) is a @laftgvoprotein monooxygenase
originally isolated fronPseudomonas azddgicdohler and colleagues after it was
distinguished for its ability to grow in hydroxybiphenyl as a sole carboH*StutbpA
generdy catalyses the hydroxylation ehydroxybiphenyl to 2@hydroxybiphenyl
(Figurel.30) but is also capable of performingdhediydroxylation of a broad range of

substrates including severahd, 3alkyl and $alo catehol substrate&’
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O NADPH +H* NADP* O
OH K / OH
St o
HbpA OH

2-hydroxybiphenyl 2,3-dihydroxybiphenyl
Figure 1.30 Hydroxylation of 2-hydroxybiphenyl to 2,3dihydroxybiphenyl by HbpA.

The ability of HbpA to hydrolate a range of-Substituted catechol substrates is of
significant interest because thsuBstituted catechol functionality is present in a large
number of naturally occurring physiologically active compounds that possess
pharmaceutical potentidiqure 1.31).*°" These are highly challenging to synthesise by
chemical means, traditionally requiring the use of the metal haligd=e&]@nd ZnCJ

to act as Lewis acids in the electrophilic substitution reaction, presenting a range of safety
and waste disposal issii® Chemical synthesis routes are also faced with difficulties in
finely controlling which regioisomer of the catechol is produced. These industrial

challenges have resulted in the biocatalytic route beirigearelyxattractive alternative

167168

option:
(0]
HO
OH OH
SUNe O
C15H34 . \H
s o
Miltrone Urushiol Barbatusol Taxodione

Figure 131 Some physiologically active compounds containing a-Substituted catechd or ortho-
guinone moiety. Adapted from Heldet a/. (1998)67

HbpA is single component enzyme that utilises NADH as cofactor, making it a model
system for the investigation of methods for NADH regeneration including enzymatic and
electrochemical methods.The capacity of this enzyme to hydroxylate a range of
substrates have also made it a target for evolution studies in order to optimise its abilities;
for both these features, structural information is highly desirable in order to investigate

mecharsm and further rationalise mutation targets.
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Grogan and colleagues solved the crystal structure of HbpA in both the apo and FAD
bound forms® The structural information revealed HbpA to be a tetramer (a propert
unique to HbpA), with the monomers broadly resembling other members of the Class A
flavin dependent monooxygeng§egurel.32). The monomer consists of three domains:

a Rossmatype FADnucleotide binding domain (D1), a cérsudstrate binding domain

(D2) and a thioredoxin domain (B%)A seri es of | o-sheets ind@ nnec
show poor density suggesting a higher level of mobility in this region, supporting previous
data claiming that Class A flavin dependent monooxygenases undergo a series 0O

rearrangements following substrateihg'®

alg
D3 &";‘?‘8" C

Figure 1.32 Monomer of HbpA in ribbon format in complex with FAD (shown in sphere format,
carbons i n g rheliges have b&ea lateled. Fhisoalioxazine ring of FAD is bound in
the interface of domains 1 and 2 (D1 and D2). N and C represent the respective termini of the
monomer. Image provided by Grogaret al (2015).6°

Comparisons of the apo and -Aound structures showed a pronounced shift in the
relative orientation of D2 away from D1 as a consequence dfiréibg, resulting in a

more open active site. The active site pocket within D2 contains a number of hydrophobic
amino acids including Trp9Met223 and Trp225, and interestingly, also contains two
hydrophilic residues Arg242 and Hig4g8urel.33. The His48 was found to be located
5.5A away from the C4a atom of FAD, the location at which the hydroperoxides forms,
and 4.0A from a water molecule in the vicinity of the FAD that served asmase

mimic for the substrate, suggesting that this His48 may play a key role in catalysis.
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Figure 133 Detailed view of HbpA active site with a particular focus on the FAD binding domain.
The water molecule located the closest to C4a atom of the flavin (top right structure with
surrounding density) is presented in red. Amino acids of interest have been highlighted.

Mutatianal studies further suggested that Asp117 and Arg242 could also play a large part in
catalysi&’ This hypothesis was corroborated by Fishman and colleagues by presenting a
substrate bound HbpA structure from whicwas confirmed that His48 plays a role in
substrate deprotonation due to the orientation of the substrate relative to it and an
observed hydrogen bond network between the two. Arg242 was proposed to be central for
facilitating FAD movement and reduetiavhile Trp225 assists in correctly positioning the
entering substrate within the binding the'Sifeurther biochemical analysis, suggested

that a distant Gly255 is likely located at the substrate entradcoe sdethe fact that
mutation of this residue to a bulky phenylalanine hindered substrate entry to the active site

and affected NADH binding or oxidatitin.

In summary, flavin dependent hydroxylases are appéaiaiglysts due to ease of use as

they are single component enzymes. However, these enzymes have a somewhat limited
substrate scope due to being predominantly able to hydroxylate phenolic cdfpounds.
Fortunately, high resolution crystalcitmes of members of this family are continuing to

aid efforts in understanding the mechanism of the enzymes and assisting in rationalising
targets for mutations in an attempt to optimise their scope and increase their potential

application$®®
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1.4.5 20xoglutarate-Dependent Oxygenases

The previously discussed hydroxylases each exhibit a number of strengths; however, the
all suffer from the fact that they are dependent on often costly nicotinamidelawid/or f
cofactors for catalysis:(Xoglutaratelependent oxygenases (20GDOs) arehaem

iron dependent enzymes capable of performing a diverse range of oxidation reactions,
requiring ferrous iron, the inexpensiax@glutarate, ascorbic acid and moleoxiggen

for catalysi§® These enzymes are of significant interest due to their ability to functionalise
inert GH bonds in complex molecules with high regil stereoselectivity without the

need for a costlytactor regeneration system as in P450s.

Oxygenases that do not utilise a cofactor other than iron now constitute a distinct
superfamily of redox enzym&g his famly contains both dion dependent enzymes, for
example methane monooxygenases, and-inmondependent enzymes, which require
ferric iron (lipoxygenases and intradiol cleaving cathecol dioxygenase) or ferrous iron as i
the case for 20GDO$%? 20GDOs are likely the largest known family of-tmaem
dependent oxygenases and have been found to occur ubiquitously in numerous organism

including bacteria, fungi, plants and vertebrates, with some also observed'ifi Viruses

20GDOs tend to have an absolute requirement for Fe(ll) and catalyse varous two
electron oxidations including hydroxylation, desaturation and oxidative ring closure
reactions, with hydroxylations being ni@st the commot**”* Figure1.34 presents a
simplified hydroxylation reaction of an aliphaiit libnd by a 20GDO, in the reaction,
the oxidation of the primary substrate is couplethéodecarboxylation of the 2
oxoglutarate into succinate and carbon dioxide with one of the molecules of dioxygen

incorporated into succinate and the other into the subé&trate.
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Figure 134 General hydroxylation of an aliphatic €H bond catalysed by a generic 20GDO. The
oxidation of the primary substrate is coupled with decarboxylation of-@xoglutarate to succinate
and CO,.

Natural Roles

20GDOs are present in almost all phyla of life. Most of these enzymes catalyse
hydroxylation reactions and play key roles in a number of diverse metabolic processes,

which are discussed befit/®

(1) Protein Modification

At least four 20GDOs that respectively hydroxylate the proline, lysine, aspartic acid and
asparagine side chains of proteins have been iderfifiede (.35."° Prolyl-4-
hydroxylase (P4H) was the first 20GDO to be identified and catalydesngfhe
hydroxylation of peptidyl proline residues in manifhalsis transformation is essential

for the formation of collagen, elastins and other proteins due to the hydroxylated residues
forming intra and intechain hydrogen bonds that stabilise the ngdieal structure of

these protein<$® Prolyt3-hydroxylase (P3H) is less characterised than P4H, but is known
to hydroxylate peptidyl proline tdnwdroxyproline, with this produwsitserved at a level of

up to 10% of the amount oftydroxyproline observed in mature collagen.
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Figure 135 Peptidyl amino acid hydroxylation reations catalysed bydistinct 20G-dependent
hydroxylases in mammals. (a) Hydroxylation of peptidyl proline by proig-hydroxylase (P4H) and
proly-3-hydroxylase (P3H). (b) Hydroxylation of peptidyl lysine by lysyhydroxylase (LH). (c)
Hydroxylation of aspatic acid or asparagine by aspartyl (asparaginylhydroxylase (AH or AsH).
Cofactors and cesubstrates have not been depicted in this figure. R = chains in protein.

Lysyl hydroxylase (LH) is medically significant enzyme that catalyses the hydroxylation ot
peptidyl lysine to-bBydroxylysine Figure 1.3%0), with this modification occurring in
approximately 0.5 to 7% ofysGly triplets in procollagen to act as attachment sites for
galactose or glucosylgalactose ihReficiencies in LH activity aassociated with the

typeVI variant of Ehlesanlos syndrome which leads to various conncective tissue
disorderd™ Aspartyl (or asparaginkehydroxylase (AH or AsH) transforms fhearbon

of certain asparticia or asparagine residugigiirel.3%) in the epidermal growth faetor

like domains of members of the vitatdidependent proteins, complement factors and
coagulation factors, with the modified residue forming a chladimgthat likely plays a

role in proteirprotein interaction$’ Human AH or AsH has been found, in numerous
cases, to be expressed at elevated levels in tumour cells suggesting that these enzymes cc

be used as progstic biomarkers to predict the progression of certain cdhcers.

Protein modifications resulting from 20GDOs also play a large role in the mammalian
hypoxic response; this is primarily due to modificationse diyfpoxiegnducible factor
HF)*¥*H| F is a A heterodimeric transcript.i
oxygen tension (hypoxia) by regulating over 40 genes and control of its expression level
could be used for treatments of cancer, anaemia and ischemi¢*'diéémseder for
transcripti on oduburtiindedsttoobindte & transcriptionhceactigator
(such as p300) amsuunitfiHyedrriosxey | wit Sumnittato ¢ A |

specific amino acid residues can render HIF inactive by either preventing it from

43



interacting with p300 or by targeting it for proteasomal destrtfttiohese
hydroxylations are performed by two sepa2@GDO systems: factor inhibiting HIF
(FIH) and prolyl hydroxylase domain containing isozymes (FHitisR].36).*%°
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Figure 136 The HIF pathway. Under hypoxic conditions, HIF-& and-AHdFmeri se and recrui
the transcription activator p300, resulting in transcription. Under normoxia, HI& i s, either,
hydroxylated at Asn803 by FIH and unable to interact with p300, or hydroxyldtat either Pro403 or

Pro564 by PHDs leading to its degradation by the ubiquitiproteasome pathway. Figure adapted

from Hewitson et a/. (2005)180

FIH can hydroxylate HE atpreS m@s i t i o ncartmfiof AshB@3 which

abolisheshe interaction between HF& and t he p300 transcription ¢
the transcription of HIF. H'A can al so be -pogitbn af g preif ed at t h
residues, Pro402 and Pro564 in humandH)JF by P H Dablesthb destruction of

t h eubuanit by the ubiquitiproteasome degradation pathifay.

() DNA Repair

Some members of 20GDO family have been found to play a role in the repair of
alkylatiordamaged DNA or RNAwhich if untreated could lead to further toxic and
mutagenic effects on the htst®*One such hydroxylase, AIkB, facilitates the repair of
repair of such alkylated DNA or RNAWgan oxidative dealkylatiorechanism in which

a transient hydroxylated intermediate is prodBipde1.37).1%
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Figure 137: The demethylation of Imethyladenine to adenine by AIkB.

(i) Antibiotic Bio synthesis

20GDOs are capable of catalysing numerous reactions in addition to various reactions
such as desaturations, ring expansion and formation among others, allowing these enzym:e
to play key roles in the biosynthesis of diverse antibfbficsse roles can vary from the
production of precursors to the modification of more complete and complex

intermediate¥’

Clavaminic acid synthase (CAS) is an example of a Jegddyile »xoglutaate
dependent oxygenase that appears to have evolved multifunctional activities, catalysin
three distinct oxi dat-lastanass inhibjtosclavutanictdfice sy
The biosynthesis of clavulanic acid from deoxyguanidoisoproclavaminic acid employs a
two-enzyme cascade involving CAS and proclavaminate hydroxylaséiiRé¢1)38).

CAS catalyses the initial hydroxylation of deoxyguanidoisgprocia acid to
guanidinoproclavamic acid in which the guanidio group is then hydrolysed by PAH to yield
proclavaminic acid, this acid then undergoes sequential cyclisation and desaturatior

reactions catalysed by CAS.
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Figure 138 The biosynthesis of clavulanic acid from deoxyguanidoisoproclavaminic acid using a
two-component enzyme cascade consisting of CAS and PAH.

(\v) Natural Product Biosynthesis in Plants

Plants utilise 20GDOs for the biosynthesis of a variety of natural compounds including
flavonoids, gibberellins and alkaloids. Flavonoids play a number of key roles in plants,
including, protecting them from tlight damage, fictioning as signal and defence
molecules, while also acting as antioxidants, antimalarial therapies and poetamitar anti

agents for humans.

The flavonoid biosynthesis pathway, among others, highlightscalaply interesting
feature of 20GDOs, showcasing that separate enzymesadnle chcatalysing closely
related or sequential steps in a pathway. In the flavonoid pathway, four 20GDOs: flavone
synthase | (FSI), flaveBeAydroxylase (F3H), flavanol synthase (FLS) and anthocyanidin
synthase (ANS), catalyse unique oxidations onC+imeg of the substrates and
intermediates present during the biosynthesis pféegsrel.39 presents anapshot in

the flavin biosynthesis pathway starting with naringenin as substrate. Naringenin is either
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desaturated to apigenin by FSI or hydroxylated to dihydrokaempferol by F3H.
Dihydroykaempferol is next either desaturated to kaempferol by FLS or i®duced
dihydroflavolol reductase (DFR) to leucoperlargondin which is finally hydroxylated to

perlargonidin by AN%®

OH
HO@N\@

OH O

naringenin

OH OH
OH O OH O

dihydrokaempferol apigenin

W
OH OH
o I oo LT
L,

OH O OH OH

kaempferol leucoperlargonidin

ANS

OH
s
OH

perlargonidin

Figure 139 The biosynthesis of flavonoids starting with naringenin. The 20GDO responsible for
each different oxidation has been stated. Each enzyme can oxidise their respective substrate at
different positions on the Gring.

(v) Other Hydroxylations

20GDOs perform numerous other key hydroxylation reactions in nature. Some members
of this enzyme superfamily play integral roles in lipid metabolism, assisting in the synthesi:
of carnitine which isesponsible for the transport of activated fatty acids across the inner
membr ane to promot e t-dxidation pathway rinatideacellular n b
matrix'®” Another member of this family, phytar@glA hydroxylase, is required for the
degradation of the plant lipid phytanic acid, with human deficiencies of this enzyme linked

to disordersigh as Refsum disease among offiers.
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Another interesting example is Taurine dioxygenase (TauD), a hydroxylase that is naturally
expressed iEscherichia.dékpression of TauD is upregulated during periodsipiur
starvation, enabling the hydroxylation of taurine to produce an unstable intermediate that
readily decomposes to aminoacetaldehyde and sulphite, the latter of which is subsequently

utilised by the organism as source of sulpigure1.40).'*°

TauD
HONT"YSsogH — = = [HQN/\/\SOSH
OH

+ H,SO
— > H2N/\(|) 2°U3

taurine aminoacetaldehyde

Figure 140 The release of sulphur from taurine as a result of hydroxylatitwy TauD.

Properties of 20xoglutarate-Dependent Oxygenases
General Structural Features

2-Oxoglutaratelependent hydroxylases are ubiquitous enzymes that catalyse diverse
reactions; however, many structural features of members of this superfamily are highly
conserved’ The structures of these enzymes shasmemon core jellyroll structural fold
consi st i sshpetsatfat foem ajght stradbled siBigpife1.41A).27% 7The enzyme

active site contains a conservedXfssp/Glu-X,-His mdif, ferrous iron, Fe(ll), binding

occurs at the facial triad of these amino acid redfilyes1.418)"

< D
A f ('7\.,:—1\ B
| 3 f; 2 H106 "
I X\ &~ ‘l & D108
A XN 3--¢
r W h\¢Fe F
Xy . H154 e
o Tiee

X 2-0G

Figure 141 (A) The geneal structure of cis4-proline hydroxylase from Mesorhizobium loti

(MIC4H, PDB: 4PZW) with the active site highlighted in the centre. This highlights the general

20GDO structural e at ur e s . The centr al Fe is |l ocagheed within a
(yellow). (B) Active site of MIC4H with the facial triad of H106, D108, H154 highlighted.
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Catalytic Mechanism

Numerous structural and mechanistic studies were usetidatela hypothetical catalytic
mechanism for oxygenation bgxdglutaratelependent oxygenas€¥' The mechanism
(Figure1.42) somewhat resembles that of P450s, however, the sulbstadctive sites
generally contain ferrous iron rather than ferric iron as in P450s, with no reductase
component required as theoxglutarate csubstrate functions as a two electron
reductant to deactivate the molecule which itself does not rdadheviprimary

substraté’®

Figure 142 outlines the general mechanism employe®-dyoglutaratelependent
oxygenasef®r hydroxylation reactions. In the active site, an f¥e(tie is complexed

with three water molecules and the amino acids of the facial triad (2 His, Glu) in a
octahedral coordination geometty, In the first step of the reactionO&% (green)
displaces two of the water molecules, binding to the ferrous iron in a bidentat&manner,
Upon binding of the substrateHR(red)3, molecular oxygen replaces #reaining water
ligand and is activated to a ferric superoxo spgedteiowing the formation of bridged
alkytperoxo complex (brown), cleavage of th@ Gond and decarboxylation of the 2

OG (blue), an Fe(IWxo complex is forme&)( which acts as tlexidant in the reaction.
Next, hydrogen is dbacted §) from the substrate -R, which is followed by the
formation of a € in the substrate via reaction of the substrate radical R. with the ferric
hydroxyl group (rebound), This results in a recovefythe original 2+ oxidation state of

the iron, together with hydroxylation of the substrate and the rele#3@ afsXuccinate

(orange).
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Figure 1L42 Common mechanism forhydroxylation reactions with 20G dependent norhaem Fe2
hydroxylases. Fe(ll), initially complexed octahedral to 3 KD molecules and a facial triad of His,
Glu and His (1), is believed to undergo a series of oxidation/reduction steps to form a reactive
Fe(lV) -oxo species (6), which reacts with the substrate-QH to ultimately hydroxylate it. Figure
adapted from Huttel et a/. (2013176

Applications of 2Zoxoglutarate Dependent Oxygenases

The capacity of 20GDOs to catalyse a broad range of reactions has resulted in the
suggestion that these enzymes may be amengadst versatile oxidising biocatalysts
identified to dat&? Biotechnological processes utilising these enzymes for the production
of small molecules are still limited despite shown, however, there is splomigd as

the catalytic scope of 20GDOs is likely far from fully determined with new reactions

continually being discovered as a result of advancing genomic'&ndfyses.

The most advanced biotechnologicaethods developed for utilising 20GDOs have

focussed on proline hydroxylation, hydiisgieucine production and the transformation
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of penicillin G to cephalosporin’GThe hydroxylation of proline and its derivatives is the

focal point of the work described in this thesis.

1.4.6 Proline Hydroxylases

Amino a&ids are often referred to as the building blocks of life, possessing widespread
functions including roles in the nutrition and health maintenance of living orjaAsms.

a result, it is not surprising that aracids and their derivatives serve as valuable building
blocks in industry. Proline, in particular, is especially useful for stereoselective synthesis du
to possessing a rigid conformation and chiaditicing propertied: Derivatives of

proline, partiglarly those with substitutions in the carbon backbone, hold significant
potential as useful and versatile chiral starting blocks that can be used to expand the chirz
pool of compounds that can be synthesi8€dr example, hydroxyprolines suchraas
4-hydroxyL-proline (t4HyPare extremelyseful and versatile chiral syntheticstmitthe
asymmetricsynthesis of a wide range of pharmaceutiégsre 1.43.°° Such drgs

include carbanepem antibiotics, antispastic agents, galactosidase inhibitors and angiotensi

converting enzyme inhibitd?$.*’

HO,C

i
N.__O
I —CO,H
CO,H O‘COZH

N
carbanepem antibiotic backbone }_|

acromelic acid A

H CO,H
galactosidase inhibitor

meroperem antibiotic

H 0
RO N

MeO N "
‘OH

(0]
benzodiazepin derivative

Figure 143 Examples of productsformed from L-proline and its derivatives.
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Trangl-hydroxyL-proline (t4HyP) is a neassential amino acid present in both plants and
animals, and is associated with a number of key pafiway? possesses chiral centres
at the G2 and &4 positions of the pyrrolidine ring with substitutions at each position of
this ring possible, making this derivative a significant startin@lni@atehe access to

multifunctionalised pyrrolidine rings.

Proline Hydroxylation

A number of processes exist for the chemical synthesis of t4HyP, all of whittte share
feature of being mukitep, requiring highly volatile and toxic solvents to ultimately
produce low yields of proddtt. An example of such a reaction is the A@lsynthetic
process for the production phydroxyproline frontS)-O-benzylglycidaFigure1.44) '

This is a complex process requiring the usgtedmely hazardous reagents and reaction
conditions for a final product yield of just 28 peréedue to such common flaws, there
are now two widely used alterratapproaches for the synthesis of hydroxyprolines:

collagen hydrolysis and microbial biotransformatfons.

1. CoHp, NaH, DMSO NHCOPh
N\ .
[><'|/ 2. Hy, Pd/CaCO; cat. \/% 1. NoHj, EtOH 3
o OBN 3 phthalimide, PPH; DEAD ~ TPhN OBn 2. BzCl, Et;N O
67% 87% OBn
1 2 3

1. BOCzo, Et3N =

1. 15, 3 equ. N 2. KC0s C>_CO2H
H 3. Hy, Pd(OH), N

2. H,O/THF H
2 BnO g. 1R_'l:12|3, NalO,
4 61% 5

Figure 144 The 10step Takano synthetic method for the production of trand-hydroxy-L-proline
(5) using (9-O-benzylglycidol (1) as a starting material. The percentages at the bottom of each
arrow represent the product yield for those steps.

Collagen hydrolysis is a mamzymatic process working on the principle of conducting
acidic (or alkaline) hydrolysis of collaggoraducerangi-hydroxyL-proline andrans3-
hydroxyL-proline (andcis3- and cis4-hydroxyD-proline in trace amounts). These
products are isolated from the complex hydrolytic broth following a series of ion exchange

chromatography steps. This procesgloits the fact that in mammalian systems, the
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biosynthesis of collagen requires the hydroxylation of proline residues in procollagen with
the assistance of-oXoglutarai@ependenttranst and trans3 prolyl hydroxylases,
mimicking thi$¥ Despite its high specificity, this process cannot be appligsk faith

proline in isolation, with low product yields due to the requirement of many reaction and
purification steps, the production of waste materials and the need for toxic components

when extracting products.

An attractive alternative to collagen hydrolysis and chemical synthesis is the usé of bacteri

enzymes as biocatalysts for the production of hydroxyptoline.

Microbial Proline Hydroxylases

Microbial screenings of various microorganisms identifedgRitaratelependent
hydroxylases capable of catalytiegconversion of free-proline to all four possible

regio and stereoisomers of hydrexydroline Figure1.45.%* *® Of these, three have

been successfully cloned and expresseEdcimerichia:oah3-, cis4 andtrangi-proline
hydroxylasec{sP3H, cisP4H andtrans?4H)?°* Unlike their mammalian counterparts
which play aale in collagen biosynthesis, bacterial hydroxylases were found to be

associated with the synthesis of host peptide antibiotics such as etamycin and®felomycin.

OH OH
Eg<COOH O<COOH
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H H )
cis-3-hydroxy-L-proline trans-3-hydroxy-L-proline
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O—COOH
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S &
3 P
® %
%
HO
HO,,

COOH ’
N COOH
H N

H
trans-4-hydroxy-L-proline

cis-4-hydoxy-L-proline
Figure 145 A scheme of the different proftie hydroxylases found in naturecisP3H = cis-3-proline
hydroxylase, cisP4H = cis-4-proline hydroxylase, transP3H = trans3-proline hydroxylase, tfrans
P4H = tfrans4-proline hydroxylase. The source organisms of each enzyme we&feptomycessp.
TH1 (cisP3H), Sinorhizobium meliloti  (cisP4H), Glarea /lozoyensis (transP3H) and
Dactylsporangiumsp. RH1 (fransP4H). Figure adapted from Huttel et a/. (2013):76
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L-proline can be produced cefficiently by fermentation making its enzymatic
conversion to hydroxyproline an economical proc&dJnlike prolyl hydroxylases,
microbial proline hydroxylases hold the attractive feature of being able to catalyse the
conversion of free-proline, with these enzymes the same mechanism as other members in
the 20GDO superfamilyFigure 1.462°> Shibasaki and colleagues recombinantly
overexpressedta@and?4H gene cloned frodactylsporangggmRH1 (DOGDH) irE. coli

and monitored the enzymatic production4iytr. They observed that the enzymatic
conversion was 16@6ld higher than in the native organism and #@&2and ferrous

iron were essential for catal§f8iSimilar findings were also observed by 8a@iwith a

cisP3H fromStreptomyspsTH1 (StP3H) and Haed alfor cisP4Hs fromMesorhizobium
lotiandSinorhizobium melNtC4H, SmC4HY® 20t 208

/OH
D—COOH . E\)—COOH
N Fe(ll N
H H
0, CcO,
+ +
O (@] O
Ao Ay
O O
2-0G succinate

Figure 146 General hydroxylation of proline to hydroxyproline by a proline hydroxylas& molecule
is hydroxylated viaa Fe* dependent mechanisnrequiring molecular oxygen with 2-OG reduced to
succinate

Structural Studiesof Microbial Proline Hydroxylases

The majority of structural studies of 20GDOs have focussed on those originating from
plants and animals with very few microbial structures avé&iHfkeis primarily due to a
number of difficulties associated with isolating and crystallising microbial hydroxylases

(these will be further discussed in Chapter 5).

Clifton and colleagues solved one of the f#@GZependent proline hydroxylase

structuresd that of StP3H% StP3H is a dimer in which the main chain folds into two

domains:an N er mi n al domai n c on ttermimal helgal do®ainA st r and :s
Figurel.47 presents one of the monomers in 88 structure. The f&rminal domain

contains a disshtecertt ecdo rjee Inmayd er oul pl -ridfflinke8 A st r anc

region connects the N and&@minal domains, with the latter flanking one face of the jelly
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roll. Another face of the jellglris flanked by antN e r mi n a | region whi

i nteractions with the roll to extend the

Figure 147. Render of a monomer of StP3H (PDB accession no. 1E5S). Dark blue =t&minal
region, Red = Gterminal and Light green = active site.

The active site of StP3igure1.48 was modelled following the-arystallisation of
monomerA of the enzymedimer with iron () sulphat&’In the active site, the ferrous

iron (Fe(l)) is ligated by a facial triad of His107, Asp109 and His158, while Arg168, Serl70
and His135 are likely involved in binding 28he remaining residuesg5, Arg97,

Argl22 and His43, likely bind the carboxylate group of the proline substrate. In red in the
structure Figure1.48 is an acidic disordered loop, which contains six sequential acidic
residues that may bind to the imngroup of proliné”* Clifton et alalso hypothesised that

Fe(ll) is coordinated in a hexadentate manner to the facial triad and three water
molecule$”’

Disordered Acidic Loop Region

Figure 148Vi ew of the StP3H active site. Dark blue = A bar
loop. PDB accession no: 1E5S.
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Koketsu and coworkers recently solved the structure abgh@oline hydoxylase from
Mesorhizobium (bC4H), presenting both an ammnd cobatbound structur&? The

overall structureF{gure 1.49A) was highly similar to thaf 8tP3H discussed above;
however, this work was the first instance in which a structure of proline hydroxylase in
complex with cobalt (II) (as iron mimeticlQ@ cofactor and the-proline within the

active site was presented (the StP3H structure didmain the latter twé¥,

Figure 149 A: MIC4H monomer. The active site is located in the centre of the structure and encased
by 8 Asheets (blue) which are themselves surrounded layhelices (green). B: Close up of MIC4H
active site. Co is represented by a grey sphere and is neighboured by 20G asferd to its right and
left respectively. Amino acids of interest within the active siteave been labelled.

The active sitd-gurel4dB)c onsi st ed of the previously obsel
sheet motif sandwiched between thtefsinal and € e r mihalieal dorains. The

active site Cdwas coordinated taytriad of His106, Asp108 and His154 comprising the

conserved HXD/H motif;, 20G forms a salt bridge with Arg164 while the keto acid

moiety of the cofactor likely coordinating with the active site Tbe L-proline was

located at the centre of jelly dsBheet core in close vicinity to thé*Cwith the amino

moiety appearing to form a salt bridge with Asp108 and anediated hydrogen bond

to Glulll. The carboxylate groupLgdroline meanwhile forms shitdges with Arg93

and Arg118. The correatientation of thesisface ofL-Pro relative to Coin the active

site rationalised the formation of ti&-hydroxyL-proline product®
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Applications of Proline Hydroxylases

The aplications of proline hydroxylases in biocatalytic processes is a significant area of
research interest in both industry and academia. As mentioned above, the use of thes
enzymes grants access to an unprecedented number of valuable chiral buildorg blocks
the organic synthesis of pharmaceufféals.

20G-dependent.-proline hydroxylases have been found to hydroxylate substrates other
than L-proline!® Klein et al.observed a recombinarélypressedrandP4H thatwas
capable of hydroxylatingpipecolic acid tdranss-hydroxyL-pipecolic acid in 61 %
yield™® Taking this idea further, Hara and colleagues very recently obsispediree
hydroxylase frorBtreptosporangium roapahte of catalysing the simeltaurs formation

of cis3-hydroxyL-proline and cisd-hydroxyL-proling forming the latter in greater
quantities?” When L-pipecolic acid was the substrate, this enzyme producecisBoth
hydroxyL-pipecolinic adi andciss-hydroxyL-pipecolinic acitf’ Hara and colleagues next
evaluated the substrate specificities of a numbaselective hydroxylases, finding that
they were also capable of oxygenatdhdehydreL-proline,L-azetidineg2-carboxyliacid,
cis3-hydroxyL-proline,andL-thioproline®®
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Figure 150 Scheme of hydroxylation of kproline and commercially available congeners with 206
dependent proline hydroxylases. Figure adapted from Huttel (2013}.
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These are only a few examples; many-@&p@éndent proline hydroxylases have very
relaxed substrate specificity, catalysing a diverse range of rEapti@i$(). Following
investigations into the substrate spectrum of proline hydroxylases, it was found that, in a
substrate, only the secondary amino acid moiety is essential for biocatalytic activity and

must not be changed while changes in the hydrocarbon backbone ceatdué’fole

BMS-564929

BMS564929 is a selective androgeceptor modulator (SARM) in development at
BristolMyers SquibbF{gure1.51)?° SARMs hold pharmaceutical interest as alternatives

to traditional anabolic drugs such as anabolicdstenmintaining the same activity while
avoiding side effects, such as liver damage, associated with iy tattars rembers

of this drug class have also entered clinical trials as potential treatments for a range of

disorders including muscle degradation due to HIV, sexual dysfunction and ost€bporosis.

BMS-564929
Figure 151 BMS-564929, a potential selective androgen receptor modulator (SARM).

Johnston and collgues presented a process in which a pBdtydroxylase from
Streptomydds$l (P3H) can be used for the synthesis of a key intermediate for the
production of BM$49929Kigurel.52) 2*°
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Figure 152 Proposed biosynthetic reaction for the production of a key methester intermediate for
use in synthesis of BM$564929.

In the proposed reaction, P3H was expressgédcimerichia,qmioduced on a fermenter
scale and used in a whole cell reaction process at a 10LEtpsohie was converted to
cis3-hydroxyL-proline, with this producBocprotected and subsequently deprotected

back to an amine to result in the formation of methyl ester interrffédiate.

Engineering of Proline Hydroxylases

It has only been in the last few years that mutagenesis and engineering work on microbia
2-oxoglutarate dependent oxygenases have started to come into fruition. This is likely due
to a combiation of increasing structural information, improved homology modelling, and

enhanced strain and reaction media engineering methodologies among many other factor:

An engineering example is described below.

Engineering of MIC4H for Refined Hydroxylation o L -pipecolic Acid

As mentioned above, Koketsu and colleagues managed to recently obtain the structure o
cisA-hydroxylase fronMesorhizobium (BIC4H) with bound substrate and cofatfor.

This structure was used as a model to rationalise the mutagenesis of another, very close
related but difficult to crystallisied-proline hydroxylase: a hydroxylase fsamorhizobium
melilofSmP4H). Previous work showed that SmP4H is alasbleay hydroxylating

pipecolic acid, producingciss-hydroxypipecolic acid cigs-HyPip) and cis3-
hydroxypipecolic acidi€3-HyPip) at an approximately 1:1 r&fidhe goal of this work
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was to refine the regiand stereoselectivity of the SmP4H shatonlycis5>-HyPip was

produced by %

'y
H106 ;
D108
H154

Figure 153 An overlay of MIC4H bound with L-Pro (blue) and L-Pip (orange) respectively. Cas
represented by a grey sphere and the facial triad of H106, D108 and H154 have been labelled. The C4
carbon of L-pro is position 4.6A away from Co, while the C3 and C5 carbons ofRip are located 4.6

A and 5.1A away respectively.

MIC4H was cearystdised withL-proline andL-pipecolic acid respectively and the two
structurs directly comparedrigurel.53. The complex showed thapipecolic acid was
orientated with its C3 and C5 carbons in close vicinity to the actbausideCd’, at
distances of 4.6 and R lrespectively, showing that hydroxylation could readily occur at
both positions. It was thus hypothesised that the hydroxylation ratio could be manipulated
by changing the orientation and proximity -pipecolic acid within the active site by
performing effective amino acid mutations. A triple Val95Trp/Val97Phe/Glul14Gly

mutant of SmP4H ultimately resulted in an engineered enzyme that could selectivity

205

hydroxylate.-pipecolic to exclusively prodwte>-HyPips:
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1.5 Project Aims

2-Oxoglutarat@lependent oxygenases are highly versatile, ubiquitous enzymes that catalys
a diverse range of reactions with hydroxylations at the forefront. Proline hydroxylases are
especially significadue to their ability to react with amino acids and derivatives in
isolation with high regiostereeand enantioselectivity, granting access to a wide pool of

chiral synthons for organic synthesis.

The primary target of this project ifrangi-proline hydroxylase foDactylsporanggpm
(DOGDH). Work was also performed on two -tatgets: ais3-proline hydroxylase
(StP3H) andis4-proline hydroxylase (MIC4H).

The aims of this work included the characterisation and optimisation of biotransformations
of L-proline and congeners with the three hydroxylase targets. In order to do this, an
analytical assay needed to be developed in order to assess and quantify these reactiol
Prior to this work, DOGDH remained one of the few proline hydroxylases without a

solved structure, it was therefore also an aim to pursue a structure in order to inform
mutagenesis studies with the goal of engineering this enzyme for enhanced function anc

substrate scope.
In summary, the aims of this project were to:

1. Develop an angical assay for monitoring biotransformations.

2. Clone, express and produce DOGDH, StP3H and MIC4H.

3. Pursue a structure of DOGDH using protein crystallography and related means.

4. Perform biotransformations piproline with hydroxylase targets at variousssca
and identify key parameters.

5. Optimise enzyme performance witkproline as substrate by manipulating
identified reaction conditions.

6. Screen enzymes with alternative substrates.

7. Perform mutagenesis of DOGDH to enhance performance and substrate scope.
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Chapter 2
Materials and Methods

2.1 Materials

The synthetic genes for DOGDH, StP3H and MIC4H were ordered from and synthesised
by Thermo Fischer Scientific Life Technologies. Cells used for cloning and expression were
provided by Invitrogen. Unless stated otlsenwchemicals were ordered from Merck

(formerly Sigmdaldrich).

2.1.1 Bacterial Growth Media
Table 2.1 Lysogeny broth (LB) media composition

Component Quantity perL Milli -Q HO
Tryptone 10 g
Yeast Extréac 5¢
Sodium Chloride 109

Table 2.2: Terrific broth (TB) media compaosition

Component Quantity per L Milli -Q H-0
Tryptone 129
Yeast Extract 249
Glycerol 5 g (5% wiv)
Phosphate Buffer 100 mL (10% v/v)

Table 2.3: Composition of TB Phosphate buffer. This was prepared in MilQ H20.

Component Quantity perL Milli -Q HO
KH PO, 0.17 M
KoHPO4 0.72 M
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2.1.2 Buffers for Protein Purification

These buffers weprepared all in MH® H,O and their pH was adjusted using 10 M HCI
or 10 M NacCl.

Table 2.4: Compostion of Buffers utilised in the protein purification process.

Buffer Compostion
Resuspension Buffer (A) 50mM TrisHCI, 500 mM NacCl, 10% v/v glycerol. pH 8.0
B 50 mM TrisHCI, 500 mM NacCl. pH 8.0
C 50 mM TrisHCI, 500 mM NacCl, 500 mM Imidazole, pH 8.0
Reductive Methylation (D) 50 mM TrispH 8.0,500 MM NaCl5 % v/ v gl y<ce

mercaptoethanol. pH 8.0

2.1.3 Enzymatic Biotransformations

All reaction components were resuspended in 50 mM potassium phosphate (KP) buffer. A
1 M stock of this was prepared a3able2.5, with pH a@justed to 7.5 by adjusting the
ratio of the phosphate components. This stock diluted IRQMHO to a final

concentration of 50 mM prior to use.

Table 2.5: Preparation of 1 M potassium phosphate buffer pF.5

Component Quantity / L -1 Milli -Q H20
1 M KHzPO4 13.6¢g
1 M KeHPO4 17.4¢

80.2 mL 1 M KH2PO4 was added to 19.8 mL 1 M K2HPO4 to give a final 1 M buffer with |

Table 2.6: Biotransformation Reacton Mix Version 1

Component Quantity / L 150 mM KP pH 7.5
L-proline (20 mM) 2309
2-oxoglutaric acid (20 mM) 290¢
L-ascorbic acid (10 mM) 1.76 g
Fe(I)SQ (2 mM) 0.56 g

Components were resuspended in 50 mM KP and the pH readjusted to 7.5
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Table 2.7: Biotransformation Reaction Mix Il

Component Quantity / L 150 mM KP pH 7.5
L-proline (20 mM) 2.30¢g
2-oxoglutaric acid (30 mM) 4.35¢
L-ascorbic acid (3 mM) 0.53¢
Fe(1)SQ (0.5 mM) 0.14 g

Componewnsre resuspended in 50 mM KP and the pH readjusted to 7.5

2.1.4 High Performance Liquid Chromatography Buffers

Four High Performance Liquid Chromatography (HPLC) methods, each with their own

uniquecolumns antbuffer systems, were utilised in this work.

Table 2.8 Columns utilised in HPLC and LGMS analytical programs. The column stationary
phases are highlighted in bold

Analysis System Column

HPLC Programs 1 and 2 Phenomeex AquaAqua® 3 unC18125 A 150x 2 mm
HPLC Program 3 Phenomeex AquaAqua® 3 unC18125 A 150 x 2 mm
HPLC Program 4 WatersXBridgeBEH C18, 1304, 3.5 pm, 4.6 mxi50 mm
LC-MS Programs Waters Acquit¢18 BEH 1304, 150 x 2.1 1.7 um

Table 2.9: HPLC Program Buffer Systems

Analysis System Buffer System Composition

HPLC Programs 1 and 2 Buffer A: MilliQ water
Buffer B: 100% Acetonitrile

HPLC Program 3 Buffer A: 20% acetonitrile/80% 50 mM sodium acetate pH 5 Bufi
80% acetonitrile2% 50 mM sodium acetate pH 5

HPLC Program 4 Buffer A: 95:5:0.1 4@:Acetonitrile:Formic Acid
Buffer B: Acetonitrile, 0.1% Formic Acid

LC-MS Programs Buffer A: 95:5:0.1 4@:Acetonitrile:Formic Acid
Buffer B: Acetonitrile, 0.1% Formic Acid
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2.1.5 Electrphoresisand Western BlotComponents

Agarose Gel Electrophoresis
Table 2.1Q Components required to make Tris Acetate EDTA (TAE) Buffer (50x).

Component Concentration
Tris 40 mM
Glacial Acetic Acid 20 mM
EDTA 1mM

In order to prepare a 1% agarose gel, 0.6 g agarose was dissolved in 60 mL TAE Buffer

(1x), and resuspended by heating in a microwave for 90 s.

Sodium Dodecyl Sulphate Polyacrylamide Gel Electrophoresis (SIPAGE)

Table 2.11 Recipe for 4x Running Buffer.

Component Concentration
Tris-HCI 120 mM
Glycerol 20% wi/v

SDS 4% wiv
Amercaptoethanol 20% wiv
Bromophenol blue 0.04% wiv

Mixture was adjusted to pH 8.0 with concentrated HCI

Table 2.12 SDS Running Buffer Recipe

Component Concentration
Tris 25 mM
Glycine 200 mM
SDS 0.2% wiv
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Table 2.13 Recipe for two gel quantities of thel2%resolving gel layer.

Component Quantity
Deionised HO 3.2mL
Resolving Gel Buffer (1.5 M FHEI, 0.1% wi/v 2.5 mL
SDS, pH 8.8)
Acrylamide30% w/v stock) 4.2 mL
APS (10% w/v stock) 50 pL
TEMED 8 uL
Table 2.14 Recipe for two gel quantities of thel2% stackinggel layer.
Component Quantity
Deionised HO 3.2mL
Stacking Gel Buffer (0.5 MiFHCI, 0.4% w/v 1.3mL
SDS, pH 6.8)
Acrylamide (30% wi/v stock) 0.5mL
APS (10% wi/v stock) 35 pL
TEMED 8 uL
Table 2.15 Transfer Buffer Recipe (Western Blot)
Transfer Buffer pH 8.3
Component Quantity
Tris (25 mM) 3.03¢g
Glycine (192 mM) 14.4 g
Methanol (20%) 200 mL
Milli-Q H0 Toll
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Table 2.16 10x TBSTFCI pH 7.5 Recipe

10x TBSTCI pH 7.5

Component Quantity
Tris (100 mM, pH 7.5) 6.06 g
NaCl (1N 29.2 g
Tween 20 (1%) 5mL
Milli-Q H-0 ToO5L
2.1.6 Primers

Table 2.17 Primers used in Cloning Experiments

Gene Primer Name Pri mexd)( 508

DOGDH- DOGDH_INF_FOR GGAGATATACATATGATGCTGACCCCGACCGAAC
pET22b

DOGDH_INF_REV  GGTGGTGGTGCTCGAGCACCGGCTGCGCCAGC

DOGDH - DOGDH-SER_FOR CCAGGGACCAGCAATGCTGACCCCGACCGAACT

SER GAAACAG
DOGDH-SER_REV GAGGAGAAGGCGCGTTAAACCGGCTGTGCCAG
TGCAAAACCTG
MIC4H- MIC4H-LIC3C_FOR CCAGGGACCAGCAATGACCACCCGTATTCTGGGT
LIC3C GTTGTTCAG
MIC4H-LIC3C_REV GAGGAGAAGGCGCGTTATTAATAGGTCATAACTT
CACCGGCTGCACGATC
MP4H MP4HLIC3C_FOR CCAGGGACCAGCAATGCTGAGCTATGAAAGCATT
LIC3C GATCTGTATCG
MP4HLIC3C_REV GAGGAGAAGGCGCGTTATGCCAGCAGATCAGCA
CCCGGATC
NP4H- NP4H-LIC3C_FOR CCAGGGACCAGCAATGCTGAGTGATGATAGCTG
LIC3C GATACCTATTATGAAG

NP4H-LIC3C_REV GAGGAGAAGGCGCGTTAAAATTCATCGATCAGCG
GTTCCAGTGC
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2.2 Method's

2.2.1 Molecular Biology
2.2.1.1 Gene Synthesis

Genes of interest were designed using the G&hddat available on Thermo Fisher
Scientific Life Technaly website. For each gene, it was strictly specified that codons were
optimised for expression Escherichia cliinthesis was performed by Thermo Fisher

Scientific.

2.2.1.2 Primer Design

Oligonucleotide primers were designed using one of threecmenslichg on the purpose

of these primers. For standard amplification or ligation independent cloning (LIC), primers
were designed wusing HiTel Primer Desighttp:{/bioltfwsl.york.ac.uk/cgi
bin/primers.cgi. For mutagenesis, primers were designed usinger®rim
(http://www.bioinformatics.org/primerX. In the case of InFusion® cloning, primer
design using the online Takara Clontech Infusion Design tool
(http://www.clontech.com/US/Products/Cloning_and_Competent_Cells/Cloning_Resou

rces/Online_lAFusion_Tools
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2.2.1.3 Polymerase Chain Reaction (PCR)

Polymerase Chain Reaction (PCR) amplifications of the synthetic genes of interest were
performed by first mixing the reaction components listédhle2.18 in a thin walled

PCR tube.

Table2.18 General PCR Reaction Mixture Components for Generic Polymerase.

Component (Stock) Volume / pL
DNA Template (50 n@ L) 1
Forward Primer (20 pmpL-2) 1
Reverse Primer (20 pnutl?) 1
dNTPs (2mM) 5
MgSQ (25 mM) 3
Polymerase Buffer (10x) 5
DNA Polymerase 1
Milli-Q H0 33
Final Reaction Volume/ uL 50

For each gene, the PCR amplification reaction was conducted in a BioEr "lifeECO
Thermal Cycler (alpha laboratories) using the programat#e2.19.

Table 2.19 Basic PCR Amplification Programme. Programme adapted from that recommend for
KOD HotStart Polymerase.

Temperature / °C Time Step Cycles
94 3 min Initial Denature 1
94 30s Denature
55 30s Anneal 35
72 1 min Extend
72 1 min Final Extend 1
10 Hold Cool
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2.2.1.4 Touchdown PCR
The PCR reaction components were prepared as descilibbei18 The Touchdown

PCR amplification was conducted in a thermocycler using the progrdiaibheia0

Table 2.20 Touchdown PCR Reaction Programme. This was adapted froiorbie et al?0using
KOD HotStart Polymerase Parameters.

Phase 1 Step Temperaure/ °C Time
1 Denature 95 3 min
2 Denature 95 30s
3 Anneal 72 45s
4 Elongate 72 6 min

Repeat steps2(15 times), with the annealing temperature reducé@ lepdh cycle.

Phase 2 Step Temperature/ °C Time
5 Denature 95 30s
6 Anneal 57 45s
7 Elongate 72 6 min

Repeat stepsB(20 times)

Termination Step Temperature / °C Time
8 Elongate 72 5 min
9 Halt Reaction 4 15 min
10 Hold 10 -

2.2.1.5 Fragment Analysis by Agarose Gel Electrophoresis

PCR amplifiedamples were analysed by agagel electrophoresis with samples loaded
onto a 1% agarose gel (0.6 agarose in 60 mL 1 x TAE buffer with 1 uL added SYBRSafe)
and the gel run at 110 V for 50 min. The band corresponding to the amplified product was
excised with a scalpel and the DNAraexted using &e n El ut e E Ge l Ext

(Sigma).
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2.2.1.6 Ligation Independent Cloning
For the purpose of purification, the amplified genes were cloned into tf8pET3C
(LIC3C) vector, which adds a cleavabkerMinal hexahistidine tag to thetein, by

ligation independent cloning methods.

The LIC3C vector was linearised by reabttig Og vector DNA, 50 OL
buffer (NEB 2) and MillQ water (to give a final volume of 1 mL) in a 1.5 mL Eppendorf
tube at 37°C for 110 minutes. The linearised product of this reaction was isolated by
running it on a 1 % agarose gel,sexgithe fragment and extracting the DNA using a

GenEluteE Gel(Sigmatraction Ki-t

For the purpose of the LIC annealing reaction, the linearised vector and amplified PCR

product each underwent a T4 polymerase digest reaction in order to introduce

conplementary sticky ends to each

Table 2.21 T4-treatment recipe for DNA Insert.

Component Quantity
Extracted PCR product 0.2 pmol
T4 Buffer (10x) 2 uL
dATP (25 mM) 2L
DTT (100 mM) 0.5 pL
T4 DNA Polymeras 0.5 uL
Milli-Q H0 To 20 pL
Table 2.22 T4-treatment recipe for linearised vector.
Component Quantity
Linearised pEIYSBLIC3C Vector 4.0 pmol
T4 Buffer (10x) 40 pL
dTTP (25 mM) 40 pL
DTT (100 mM) 20 |L
T4 DNA Polymerase 8.0 uL
Milli-Q H0 To 400 pL

The reactions were incubated at@@r 30 min followed by 7& for 20 min.
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Upon formation of the complementary sticky ends, the insert andSELTC3C vector
were annealed by reacting 4indert wih 2 pL vector for 10 min at room temperature.
Following this, the reaction was quenched by addition of 1.5 uL EDTA (25 mM) and left

to stand for a further 10 min.

The annealed product (2N®WLYBlweaes Sirmqlsd oF
Cellswith 30 ug mtt kanamycin as the antibiotic. A starter culture was prepared from one
colony and grown overnight at € with shaking. The YSBLIC3C inserted gene product

was extracted from this culture using a

A double dig&t of the annealing product was performed in order to determine the success
of the process. This was ddneultys mairxi Bag f
Ncol and 1 QL Ndel I n a o redq gt 876 ra2’5 hThe u b e,

digested product was analysed by agarose gel electrophoresis.

2.2.1.7 IaFusion® Cloning into pET22b Vector

Genes of interest were amplified by PCR and isolated by gel extraction. The circular
PET22b vector was linearised by mixing the componentbie2.23 and the reaction

was incubated at 3C for 3 h. Following this, the linearised vector was isolatechioyg

the sample on &4 agarose gel, excising the fragment and extractprgdhetusing a

GenEl uteE Get(Sigmat raction Ki

Table 2.23 Reaction mixture for linearisation of circular pET22b vector.

Component Quantity
Circular pET22b 2 Qg
Ndel 2 uL
Xhol 2 uL
Cutsmart Buffer (10x) 5uL
Milli-Q HO As much as requiréd make up mix to 50 pL

The linearised pET22b and amplified gene insert were annealed by mixing the component:

in Table2.24
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Table 2.24: In-Fusion® Annealing Reaction Mixture

Comporent Quantity
Linearised pET22b 50 ng
Amplified Insert 50 ng
Infusion Mix 1uL

Milli-Q H-0 To 5 pL

This mixture was left to react at®®&0for 15 min. All 5 plof the annealing product was
transformed into 25 pNov a Bl ue Si n gl e with 100 pgfmb arpiit Ce |l | s
as the antibiotic. Starter cultures were prepared using a single colony for each and the
process as described in the LIC annealing reaction. D@EDERb was extracted using

a GenEluteE Plasmid Miniprep Kit (Sigma).

A double digest ohe annealing product was performed in order to determine the success
oftheprocess. Thi s was done by @LxICongswma®OL 8uLUf peodu
Xholand 1 QL Ndel I n an Eto pachatl3iC for 2.5 hirthee , whi c h

digested product was analysed by agarose gel electrophoresis.

2.2.1.8 Sequencing

DNA sequacing was conducted in order to confirm if the gene encoding the protein of
interest had been successfully inserted into the desired plasmid vector. Sequencing was

performed externally by GATC Biotech.
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2.2.2 General Procedures
2.2.2.1Bacterial Transfomation:

Cloning straimiNov aBl ue Singl e@é&ckCompetent Cell s

Expression strain®8L21(DE3) Competent cel(NEB), B834(DE3) Competent cells
(Merck)

Antibiotic stocks: Kanamycin (30 mg¥nlampicillin (100 mg m)L
General Protocol:

1 pL of plasmid as added to an Eppendorf tube containing 25 L of cells, and left on ice
for 30 min. This mixture was hshbcked at 42C for 45 s and placed back on ice for 5

min. The tube was topped up with 1 mL of autoclaved LB and incubaté@ &3 h

with sh&ing at 180 RPM. The sample was next centrifuged at 2800 g for 5 min to form a
pellet of cells. 800 pL of supernatant was discarded and the pellet resuspended. 100 L ¢
cells were transferred to an agar plate containing respective antibiotic andegehtly sp

with a spreader under aseptic condition. Plates were incubated overnight at 37

2.2.2.2 Preparation dPlates

Solid LB agar was microwaved until melted. Once cool to the touch, antibiotic was added
in a 1:1000 dilution relative to the total volmihagar. This mixture was swirled and
distributed between plates under aseptic conditions. Plates were left at room temperature it

order for the agar to solidify.

2.2.2.3SmallScale Cultures

Under aseptic conditions, LB was transferred to a 50 mL tisheoand antibiotic added
in a 1:1000 dilution. A bacterial colony was selected from the prepared plates using &
pipette tip and ejected into the-aBtibiotic solution. The tube was sealed and the mixture

grown overnight at 3T in an orbital shaker wghaking set to 180 RPM.
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2.2.3 Protein Production

General: Proteins cloned into the Y&BL3C had kanamycin resistance, while those
cloned into pET22b had ampicillin resistance. As a result, the antibiotic used during

protein production varied dependamgthe vector.

2.2.3.1 Expression Tests

E. colexpression strains were transformed with recombinant plasmi8s?a3 and two
smaklscalecultures prepared as #2.22 These starter cultures (750 pL) were used to
inoculate fresh LB (7.5 mL) caiming antibiotic (1:1000 dilution). 5 cultures were
prepared in this manner and grown at@7in an orbital shaker set to 180 RPM. The
optical density at 600 nm (gD of the cultures was monitored every 20 min until it had
reached 0.8, after which #nref the cultures were induced with 1 iml o p r-b-p vy | A
thiogalactopyranosidéPTG). The induced cultures were grown overnight with shaking
(180 RPM) at 18C, 30°C and 37C respectively. The two-induced cultured served as

controls and were grownl#&°C and 37C.

Cells were harvested by centrifugation at 2300 g for 1 miARragen Genfuge 24D

Digital MicrocentrifugeThis was repeated until all the cultures had been harvested. Cell
pellets were formed and each resuspended 500 yO.dOkEse rguspensions were
subjected to cell disruption using an ultrasonicator set to 13.0 microns on ice for 2 x 30 s,
with 45 s intervals. Following this, the sonicated resuspensions were centrifuged at 16300 g

for 5 min.

The supernatant believed to containtdelprotein was separated from the pellets. The
pellets were resuspended in 500 pL@dithd represented the insoluble samples. 10 L of
sample was mixed with 10 2k SDS loading dy@00 mM TrisCl (pH 6.8); 4% (w/v)

SDS (sodium dodecyl sulfate; elebtvogsis grade); 0.2% (w/v) bromophenol blue; 20%
(v/iv) glycerol; 200 mM DTT). Samples were analysed bypdB@Srylamide gel
electrophoresis (SBEAGE) on a 12 % gel run at 200 V for 50 min. Gels were developed

using Coomasie Blue.
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2.2.3.2 LargeScale Potein Production

Bacterial transformations and starter cultures were performed as above. On a larger scal
each 7.5 mL (5 mL in case of TB media preparation) starter culture was used to inoculate
750 mL LB (or 500 mL TByvith antibiotic) and the cultwgrown to an optical density

of 0.8 (1.2 in the case of TB growth). Following induction with 1 mM IPTG, cultures were
grown overnight at 1. Cells were harvested the following day by centrifugation at 5000

g for 20 min in a Sorval RC5B Plus centrifigjieg a GS3 rotor. Following this, each
resultant pellet was resuspended in 15 mL Buffer A (50 mNCTri800 mM NaCl, 10%

(v/v) glycerol, pH 8.0) and the resuspensions pooled. Cells were lysed by sonication ac
described above but for 12 cycles of 30 affantervals. Soluble fractions were collected

by centrifuging the lysed cell mixture at 26892 g in a Sorval SS34 rotor for 60 min.

2.2.4 Protein Purification
2.2.4.1 Ni*-Affinity Purification

Supernatants frorg.2.3. Avere filtered using 0.45 um filtenit and loaded onto a His
Trap™ FF Crude column equilibrated with 5 column volumes 0.1 M, 8i8G column

volumes of Buffer B (50 mM T4##Cl, 500 mM NacCl, pH 8.0).

The column was attached to an AKTA system (GE Healthcare Life Sciences) and Ni
affinity purification conducted by applying a gradient of Buffer B (50 mMCTriS00

mM NacCl, pH 8.0) to Buffer C (50 mM THEI, 500 mM NacCl, 500 mM Imidazole, pH

8.0) over 100 mL (Flow Rate: 2.5 mLYnfhable2.25).

Table 2.25 Programme for Ni+-affinity Chromatography Purification

Step Description Buffer Duration / CV
1 Initial Wash 100% Buffer B 5
2 50 mM Imidazole Wash 90% Buffer B: 10% Buffer C 7
3 Elution and Fractionain Increase to 100% Buffer C 20
4 500 mM Imidazole Wash 100% Buffer C 5

CV = column volumes; 1 CV =5.027 mL; Flow Rate = 2.5 mL min

Samples of interest were analysed byPRIE and pooled together.
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2.2.4.2 Buffer Exchange

Pooled fractions were $eitted to buffer exchange by concentrating down to 2 mL in a
VIVASPIN 20 column with 30 KDa coff, topped up to the starting volume with Buffer

B and concentrated once more to 2 mL.

2.2.4.3 Size Exclusion Chromatography

The buffer exchanged protein waeded onto a Hiload Superdex 75 16/600 GL column

(GE Healthcare Life Sciences) equilibrated with Buffer B. Size exclusion chromatography
(SEC) was performed using an AKTA System (GE Healthcare Life Sciences) using the

programme describedTiable2.26.

Table 2.26. Programme for Size Exclusion Chromatography Purification

Step Description Buffer Duration / CV

1 Isocratic Elution and Fractionation 100% Buffer B 1

CV = column volumes; @V = 120.637 mL; Flow Rate = 1.0 mL#in

Samples were analysed usingPASE and pooled.

2.2.5 Histag Cleavage

Proteins fractions purified by -&fifinity chromatography and SEC were pooled and
diluted with Buffer B to a concentration of 1 mg-nllmg HRV 3C protease per 100 mg
of protein was added to the diluted protein. The reaction was incubat€dfat 46 h.

The cleaved protein was purified using nrafkelty chromatography using the
programme iMable2.27. Thelack of Histag on the protein should allow its isolation in

Sample Wash step (2) prior to the application of an imidazole gradient in the Step 3.

Table 2.27 Ni-affinity purification for isolation His -Tag cleaved protein.

Step Description Buffer Duration / CV
1 Sample Application
2 Sample Wash 100% Buffer B 5
3 Column Wash Gradient Increase to 100% Buffer C 5

Hold at 100% Buffer C

CV = column volumes; 1 CV =5.027 mL; Flow Rate = 2.5 mE min
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2.2.6 Reductive Methylation

The protein of interest was purified byafinity purificationfollowed by SEC (with
buffer containing iIneRapteethanol,d0 M Eris pH 8,0, 5000
mM NacCl). The purified enzyme was concentrated to 10 rhgtralfinal volume of 1

mL. The reductive methylation reaction was commenced by addi@d- 20 1 M
dimethylamind or ane compl ex ( ABC) and 40 QL 1 N
reaction solution was gently mixed aC4or 2 h, after which ABC and formaldehyde

were again added and solution mixed once more for 2 h. This was followedlby a fina
addition of 10 QL ABC, after whi°C.Hhet he
mixture was centrifuged in order to remove any resultant precipitate and the reaction
qguenched by addition of 5 mg glycine and Hithgthreitol (DTT) to the mixture.

Finally, the protein was buffer exchanged into 50 mM Tris pH 8.0 and 500 mM NacCl by
SEC.

2.2.7 Crystallisation
2.2.7.1 98VNell Sitting Drop Screening

Purified proteins obtained following SEC were concentrated to concentrations of between
1050 mg mt depeding on the protein of interest. Concentrated proteins underwent
crystallisation screening in 96 well MRC plates using three screens: PACT (Moleculal
Dimensions), INDEX (Hampton Research) and Clear Strategy Screen | and Il (Molecular
Dimensions). The s&ms were dispensed into the 96 well MRC plates using a HYDRA I
96-channel micraispenser liquid handling robot (Thermo Scientific). A mosquito liquid
handling robot (TTP Labtech) was used to transfer 150 nL of protein stock and 150 nL of
reservoir solutn onto each well of the plate and the mixture left to incubate in a sitting

well format. Plates were sealed and stored in the dafCat 18

2.2.7.2 Optimisations in 24vell Plates

Screening drops deemed to hold potential were optimised on a lergeldcaell MRC

plates. Conditions of interest were identified and optimised via addition of detergents,
modification of pH and/or salt concentrations, or addition of additives. Components of

the optimised mother liquor solution were mixed to givelavdilmane of 1 mL in their
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respective wells. Varying quantities of protein (usually betw2grpPwere mixed with
similarly varied amounts of the well condition on siliconized coverslips which were next
placed over vacuum greased wells to creatda si@lision. Drops were left to incubate

in a hanging drop format. Plates were stored in the dariCat 18

2.2.8 Enzymatic Biotransformations
2.2.8.1 Generation of Cells

In order to perform whole cell biotransformations, it was necessary to firse getisra
expressing hydroxylase targets. Cells were generated in 1 L fermenters uBetgha Fed
Fermentation protocol devel oped by N. Triggs

called 06Glucose Fed 5.0.508
In brief, this protocol involved three stage
Stage 1: Preculture (50 mL)

2 x 50 mLstarter culturewere prepared for each enzyme (containing: 50 mL LB; 30 ug
mL* kanamycin; 1 colony from transformation plate) and growrf@t\@ith shaking at

250 RPM until OR,= 5-8.
Stage 2: Seed cutfar(L)

In a 1 L shake flask, an appropriate amount of preculture was added to 200 mL Vegetable
peptone broth medium with 10 g g¢lucose, such that starting @Bvas roughly 0.05.
Two of these were prepared for each enzyme. These cultures were gro\@nwath

shaking at 250 RPM until @pPwas between 6 and 8.
Stage 3: Fermentation (1 L)

To 500 mL starting volume of fermentation med@if#.0 (confidentigl D r Reddyds
Laboratories Ljdwas added seed culture such that the startigg @43 approxintaly

0.3. The temperature was set to °87 dissolved oxygen maintained at 20% by
manipulation of stirring rate (automatic) and pH kept at 7.2 by addition of 2 M phosphoric

acid and 28% ammonium hydroxide (also automated). These conditions were maintained

until ODg,,was greater than or equal to 70, after which cells were induced with addition of
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0.5 M IPTG and the growth temperature reduced &€ 26ultures were then grown for

48 hours, after which they were harvested.

Two fermentations were performed éach enzyme.

Following fermentationgrowth media was centrifuged at 5@0for 30 min, the
supernatant discarded and remaioglfpaste was stored-80 °C until required for

biotransformations.

2.2.8.2 Whole Cell Biotransformations in Shake Flasks

Whole cell biotransformationsieproline and._-pipecolic acid were performed using the
cell paste expressing the respective hydroxylase targets produced by fermentations
Reactions were performed in both baffled anebaéfted shake flasks at 50 mL 206

mL scales.

The reaction mixtuseconsisted of 10 % w/v cells and 200 (oL 50 mL)reaction
mixturel or Il (see2.1.§ and left to react in a 2(ar 250 mL)olumetric flask at 3@
with shaking set to 180 RPM. 2@0aliquots wergéaken from edcreactionat specific

time pointsand snap frozen in liquid nitrogenanalysis at a later point.

2.2.8.3 Whole Cell Biotransformations in MultiMax Reactors

Reactions were performed in MultiMax Reactors (Mettler Toledo) at 30 mL and 120 mL
scales. Reamhs mixtures were prepared ag.in8.2 Stirring rates were varied between

200 and 1000 RPM, while the reaction temperature was maintaih&@d @t the 120

mL scale, one of the vessels had a tube attached which served as an oxygen inlet, wit
oxygenflown into the system from a gas tap0 pL aliquots were taken from each
reaction at specific time points and snap frozen in liquid nitrogen for analysis at a later

point.

2.2.8.4 Reaction of -proline with Purified Enzymes

The three hydroxylase targetxe purified as standard and their stability confirmed by
SDSPAGE. A reaction mix stock containing 20 migrdline, 30 mM -®xoglutaric acid,
3 mM L-ascorbic acid and 2 mM Fe(ll)3@s prepared in 50 mM potassium phosphate

buffer pH 7.5. Reactions wererformed on a 4 mL scale in 50 mL falcon tubes, with this
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volume consisting of 0.6 mg Ténzyme and reaction mix, at°@0with shaking set to
180 RPM. Samples were taken at regular intervals for 24 h and snap frozen in liquid

nitrogen.

2.2.9 ProductRecovery

This protocol involved the protection of proline and hydroxyproline Distegt-butyl
dicarbonat€Bocg) followed by isolation via a series of extraction stigpse2.1 presents

a scheme of this reaction.

D<COOH (BockO | D<COOH
N
H

- N
THF/H,O rt 12 h N .

Figure 2.1:: Boc protection scheme ofL-proline

Protocol:

Following reaction, cellular matter was centrifuged for 60 min at 10000 g and the
supernatant retained. The supernatant vaasivddged by heating at@for 10 min, after

which, the precipitate was removed by filtration with celite. The filtered celite cake was
washed with water and the wash combined with the filtrate. The pH of this solution was
adjusted to 2.0 and the mietleft overnight at 4C. The resulting precipitate was filtered

once more using celite, following by a wash and pooled. This solution was further cleaned
up by performing an extraction with ethyl acetate in which the agueous phase was retained.
The pH of the aqueous phase was adjusted to 12.5 and 2 molar equivdBewts of
anhydride (dissolved in THF) relative to the starting concentradiofine added to it.

The reaction was left overnight with stirring. The reaction was quenched by adjusting the
pH to 2.5 and the acidified solution extracted with ethyl acetate, with the organic phase

retained.

2.2.10 NMR Analysis

1 mg of isolated sample was resuspended in 0.5 ml &@dd@ansferred into an NMR
tube.'H and *C NMR were recorded on a Bruker Avance sg@@trometer. Proton

spectra were recorded at 400 MHz and carbon spectra were recorded at 100 MHz.
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2.2.11 HPLC and L&VS
2.2.11.1 HPLC Analysis

Samples were analysed by Reverse-IRighsBerformance Liquid Chromatography- (RP
HPLC) on an Udtegratddavice Eapifary ladd Wano HPLC System (LC
Packings, Thermo Scientific) equipped wlhenomeex Aqua 3u C18 125&olumn.
The column temperature was set td@and solvent flow rate 200 pL miAnalysis was

performed at 254 nm.

The gradiets and solvent systems employed were as follows:

Table 2.28 HPLC Program 1

HPLC Program 1

Step Time (min) Buffer Gradient
1 0-6 10%- 16% Buffer B
2 6 16%- 100% Buffer B
3 6010 100% Buffer B
4 10 100%- 10% Buffer B
5 10- 15 10% Buffer B

Solvent SystemBuffer A: MillkQ H.O; Buffer B: 100% Acetonitrile

Table 2.29 HPLC Program 2

HPLC Program 2

Step Time (min) Buffer Gradient
1 005 10% - 40% Buffer B
2 5 40%- 100% Buffer B
3 5815 100% Buffer B
4 15 100%- 10% Buffer B
5 15-25 10% Buffer B

Solvent SystemBuffer A: MiliQ H2O; Buffer B: 100% Acetonitrile
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Table 2.30 HPLC Program 3

HPLC Program 3

Step Time (min) Buffer Gradient
1 062 0% Buffer B
2 2-17 0%- 9% Buffer B
3 17625 9%- 30% Buffer B
4 250 27 30%- 100% Buffer B
5 27-32 100% Buffer B
6 32-34 100%- 0% Buffer B
7 34-40 0% Buffer B

Sdvent SystemBuffer A: 20% acetonitrile/80 % 50 mM sodium acetate pH 5;
Buffer B: 80% acetonitrile/20 % 50 mM sodium acetate pH 5.

Analysis using HPLC ProgramT4lfle2.31) was performed on a Waters® 2695 HPLC
Separation Modieiwith a Waters XBridge C18 125 A Column. Flow rate was 600'L min

with samples analysed at 254 nm.

Table 231 HPLC Program 4

HPLC Program 4

Step Time (min) Buffer Gradient
1 0615 0% Buffer B
2 15-14 0%- 95% Buffer B
3 14-18 95 % Buffer B
4 18 100% Buffer B
5 18-21 100% Buffer B

Solvent SystemBuffer A: 95:5:0.1J:Acetonitrile:Formic Acid
Buffer B: Acetonitrile, 0.1% Formic Acid
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2.2.11.2 LEMS Analysis

LC-MS analysis wasrfiemed using a Waters AcquityCtass Bio UPLMS equipped

with an Acquity C18 BEH 150 x 2.1 1.7 pum column. The column temperature was set to

40°C.

The programs were as follows:

Table 2.32 LC-MS Long Acidic Program

LC-MS Long Acidic Program, Flow Rate = 300 uL mi#

Step Time (min) Buffer Gradient
1 00615 0% Buffer B
2 1.5-7 0%- 95% Buffer B
3 7-9 95 % Buffer B
4 9 0% Buffer B
5 9610.5 0% Buffer B

Solvent SystemBuffer A: 95:5:0.10:Acetonitrile:Formic Acid
Buffer B: Acetonitrile, 0.1% Formic Acid

Table 2.33 LC-MS Short Acidic Program

LC-MS Short Acidic Program, Flow Rate = 600 pL mih

Step Time (min) Buffer Gradient
1 000.3 0% Buffer B
2 0.3015 0%- 95% Buffer B
3 15624 95 % Buffer B
4 2.4 0% Buffer B
5 24625 0% Buffer B

Solvent SystemBuffer A: 95:5:0.1J4:Acetonitrile:Formic Acid
Buffer B: Acetonitrile, 0.1% Formic Acid
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2.2.12 Electrophoresis and Vgeern Blotting

2.2.12.1 Agarose Gel Electrophoresis

Agarose gel electrophoresis was performed in order to analyse DNA fragments.1% agarose
gels were prepared as describeg. 1n5 DNA samples were prepared for analysis by
mixing the reaction sample with[BNA Loading Dye (NEB) in a 1:6 ratio. A 1kb DNA

ladder stock was also prepared in each case by mixing 1kb DNA ladder (NEB) with 4 x

loading buffer in a 1:4 ratio.

Agarose gels were usually run for between 50 min and 1 h 30 min depending at 110 V
depenthg on the purpose of the analysis. Follow the run, gels were visualised under UV

light or with a Safe Imager (Invitrogen).

2.2.12.2 SD®olyacrylamide Gel Electrophoresis

SDSPAGE was performed to analyse protein samples. The resolving and stacking gel
layers for 12% SDS gels were prepared as desciiladteihl3 andTable2.14 A 12%

SDS gel was assembled by first pipetting the resolving layer into the assembly module and
allowing this to solidifyftar which the stacking layer was pipetted onto this and a well

strip added to this.

Protein samples were prepared mixing samples with 2xa8iD§ dye in a 1:1 ratio, after
which samples were denatured by heating@tf®65 min. Low molecular weigharker

(Bio-Rad) was also prepared in a similar manner.

Gels were transferred into a running tank, running blifble@.12 was added to this,
and the gel run for 70 min at 200 V. Following the run, gels were stained m#bki€00

blue to visualise bands.
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2.2.12.3 Western Blot

Protein samples were first run on a 12%-BBSE gel as described above, however, the

gel was not stained following completion of the run. The western blot was first thoroughly
rinsed with water. Orgheet of nitrocellulose was prepared by soaking the membrane with
methanol, leaving for 2 mins, followed by equilibration in transfer buffer for 10 min. 8
sheets of Whatmah3MM paper was prepared by soaking in transfer buffer. The SDS gel
was rinsed invater and transfer buffer. The apparatus was assembled in the following
order: anode, 4 sheets of paper, membrane, gel, and 4 sheets of paper. The transfer proce

proceeded for 50 min at 25 V.

The blotting solutions (per membrane) were prepared byereogp2.5 g low fat milk
powder (5%) in 50 mL TBST. 5 mL of this solution was aliquoted into a fresh tube to

which was added 3 pL aHis antibody and the tube left on ice until needed.

Following the transfer process, the apparatus was disassemivlethittane rinsed with

TBST and the gel stained with Ponceau Red. Following this stain, the ladder marker wa:
visualised and marked with pencil, the blotting components were then incubated in milk
for a few minutes and the solution discarded. The blotlacked following addition of
blocking solution (TBST + 5% Milk) for 1 hour at room temperature, rinsed twice with
TBST, and incubated with the primary antibody for 1 hour at room temperature. Upon
completion of incubation, the blot was washed with TB8& times for 10 minutes at a

time, incubated with the secondary antibody for 30 min at room temperature and washed
with TBST for 10 minute intervals three more times. The blot was finally visualised using a

SigmaFast tablet.
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Chapter 3

Assay Development

3.1 Intoduction

The quantification of proline and derivatives in a mixture can be achieved by several
methods, with each introducing a detectable element into the amino acid of interest.

Chromatography methods are among the most widely used techniquesrialysigh a

Traditionally, the method of choice for the quantitative determination of amino acids in a
mixture was ion exchange chromatography {t8@yore and Stein dedicated a great deal

of effort into developing such an approach, and in 1958, together with Spackman,
described an amino acid analyser for the qualitative and quantification of anima acids
protein mixture by performing IEC following postcolumn derivatisation with nirffi/drin.

14 This seminal work awarded the pair with a Nobel Prize in 1972, and the amino acid
analyser approach using IEC follmyv derivatisation with ninhydrine or related
compounds was widely used until the early 1898sThe described approach is
frequently mentioned for its quantitative accuracy, reproducibility and large sample
capacity, however, the requirement to perform more rapid analysis with smaller sample

volumes resulted in the development of alternative analytical fiethods.

Precolumn derivatisation of amino acids followed by the resolution of subsequent
derivatives by reverphase higiperformance liquid chromatography -BRR.C) is
increasingly becoming the method of choice for quantitative amino acid”afdlgses.
derivatisation reactions introduce a covalently bound chromophore or fluorophore to the
amino acid analytes of interest which serve the dual function of interacting with the apolar
stationary phase in the pursuit of epbdrresolution as well as aiding in the photometric

and fluorometric detection of sampgléFhese analytical quedures generally allow for

rapid analysis and possess high sensitivity with detection limits reaching the femtomole

scalg®®
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Table 3.1 summarises some of the commonly used derivatising agents. It has been
suggested that the ideal derivatising agent should phssespacity to rapidly and
guantitatively react, under mild reaction conditions, with amino acid analytes without facing
interference from matrix components such as salts, to ultimately yield a single, stable
derivative for each respective amino acidtefeist. The formed derivatives must be
detectable with high sensitivity and the derivatising agent or its degradation products

should not interfere with the chromatographic separation pgrocess.

Table 3.1 Examples of compounds used for the derivatisation of amino acids.

Derivatisation Agent Derivatisation Details
NO2H NH, Mar feyf6s Reagent
N ~ o (Na-(2,4Dinitro-5-fluorophenyb_-alanine amide)
HoC H RRHPLC with UV detection at 340 nm
O5N

F (Peterseet al.20038

Marfey's Reagent

NH, NBD-CI
_N (4-Fluoro7-nitrobenzofurazan)
\N,O RPHPLC with UV detection at 495 nm
¢l (Lindblad and Diegelmann, 198%)
NBD-CI
CI\ o Dansyl chloride
O//S/ (5-(Dimethylamino)naphthaletesulphonlyl

chloride)
OO RP-HPLC with UV detection at 248 nm

N (Johnstoret a].2009°
HsC™ “CHj

Dansyl chloride

FMOC-CI

(9-Fluorenylmethyl chloroformate)
RP-HPLC with UV detection at 254 nm
(Koketsuet al.2014%05

FMOC-CI
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3.2 Aims

A precolumn derivatisation assay must be developed in order to analyse the activity
hydroxylase targets with proline, derivatives and their hydroxylated equivalents. This assa
should be suitable for application withHRR_.C and LGMS while alsbeing safe, swift,

reproducible and quantitative.

3.3 Marfeyobs Reagent

3.3.1 Overview

N;-(2,4Dinitro-5-fluorophenyb_-alanine amide-DAA) (Figure3.1) commonly known

as Marfeyds reagent, why darfeywiathe teacsoy of t1;h e s i s
difluoro-2,4dinitrobenzene (DFDNB) with-alanineNH,.?°%! L-FDAA, a pure chiral

agent, is frequently used as a derivatising agent due to its ability to resolve and quantif
specific enantiomers in racemic amino acids mixtures by forming bd@ih dhd L-
diastereoisomers, which can be separated under an achiral environment by chromatograpt

due to differences in product retention factors.

NO, . NH,
N
N O
HsC H
0N
F

Marfey's Reagent
Figure 3.1 Structure of Marfey's Reagentl(-FDAA).

In the general derivatisation reactieigure3.2), Ma r f reagénteacts with sample

under alkaline conditions following the addition of base (NakHC@e illustrated
example), with its reactive aromatic fluorine undergoing nucleophilic substitution with the
free imino/amino group of the sample of inte¥@sthis results in the formation of
derivatised complex that can be detected BYyHRE at a wavelength of 26 (in the

case of proline).
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NO (0]

‘X
<" “NH,
H NO, ,, O
OoN N
2 ﬁj v

F

L-FDAA O,N
+ NaHCO3 HO2C N
G
HO,Ca N R R
\S_Z L-FDAA-amino acid complex
R R'
amino acid
Figure 322 React i on s c h e Reageotfderidtssatibone pm@prsol i ne R and R3® = H,

hydroxyproline R=ydolprdime®R=HRd RO Hs CH

Marfeyds reagent was chosen as the initial de
derivatise 18 of the naturally occurring amino acids, including proline and its hydroxylated
equivalent&Fur t her advantages of Marfeyds reagent
include the possibility to carry out chromatography on any HPLC system without column

heating, its general simplicity and stable agsithdexivatived®

3.3.2 Derivatisation Protocol

Standards oL-proline andtrangl-hydroxyL-proline of varyig concentrations were
prepared by dissolving samples in 20% acetonitrile before derivatisation. 200 pL of amino
acid standards were transferred into a fresh vial and to this were added 20 pL of 1 M
NaHCQ, and 80 pL of 36.7 mMFDAA (in acetone). The remat vials were incubated

in the dark at 46C. Derivatisation reactions were quenched by addition of 20 pL of 1 M
HCI followed by 200 pL of a 50:50 v/v mixture of acetonitri@/HPrior to injection

onto the HPLC apparatus, samples were briefly spuntdosemove any particulate

matter and filtered through a 0.45 um membrane filter.

3.3.3 RRHPLC Analysis

Standards derivatised as described above were analysed usiA§ly &sng HPLC
Program 1 detailed Trable2.28in sectio 2.2.11.1To summarise, this program employed
a H,O/acetonitrile gradient to elute detectable analytes based on polarity, with the more

polar compounds eluted first.
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For the purpose of assessing the effectiveness of this derivatisation assay amjdetermin
analyte retention times, standards of \Y
derivatised_-Proline (20 mM stock in 20% acetonitrile), derivatrsesd-hydroxyL-

proline (20 mM stock in 20% acetonitrile) and a derivatised 1:1 mixtymelofe and

t4HyP were analysed using this methigalre3.3 presents the output chromatograms for
these standards. These chromatograms provided qualitative evidence suggesting that tt
amino acid standards were being derivatisedles \pere observed foptoline (5.4 min)

and t4HyP (3.5 min) in their respective samples at a wavelength of Z5dune3.3

summarises the retention times of these standards.

1400150 WvL254 nm 590 rau WVL254 nml
] L-FDAA
7oA I\ (B)
1 500-| L-FDAA
1,000; I
: | 400 ‘-
4 \ ]
750 | |
] | 300 |
500—‘ ‘ \
] \ 200
‘ | Pro
25[); N
] 100-]
o _
] = — ) —
R R R R T T T AL . . : ; ; . - riny
00 13 25 38 50 63 75 8.8 100 00 13 25 38 5.0 6.3 7.5 8.8 10.0
100150 i WULzsd om0 AU WVL:254 nm
| L-FDAA L-FDAA
(@ (D) |
500-] { 500-] I
[
375 I 375 |
] taHyP ||
1 t4HyP
250 o 250 |
[l
125.] | | 125 I | Pro
)
04— — L L T — o — — -
10 T T T T T 0100 T T T T T o
0.0 1.3 25 38 5.0 6.3 7.5 8.8 10.0 0.0 13 25 38 50 6.3 75 8.8 100

Figure 3.3: RP-HPLC chromatograms of four standards: (A)L-FDAA,; (B) derivatisedL-proline; (C)
derivatised frans4-hydroxy-L-proline (t4HyP); (D) derivatised 1:1 mixture of -proline and t4HyP.

Table 3.2: Retention times for samples derivatised with Marfey's Reagent at UV = 254 nm

Sample Approximate retention time (min)
Mar feyods-Fld\)agent 41

L-proline 5.4
trans4-hydroxyL-proline 3.5
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These retention times were consistently observed in degei@atisations of standards,
providing confidence to proceed with Marfeyo
robustness of this derivatisation reaction at varying concentrations of proline and t4HyP

was next investigated to see if it was amer@blbef analysis of biotransformation

samples. Jproline and t4HyP standards at stock concentrations ranging from 5 mM to

100 mM were derivatised with Marfeyods reagent

Figure3.4 presents the chratograms obtained following derivatisation and analysis of

varying stock concentrations of t4HyP (similar finding were observed for proline). The
amplitude of t4HyP peak relative to the MarHf
increasing stock concemima. This suggested that this derivatisation assay was both
reproducible and robust enough to be used to analyse biotransformations at different

reactant scales.

®o AL L-EDAA 2 WVL 254 nm mAL t4HyP WAL254 rm
(A) (8) ‘
L-FDAA
t4HyP
AL t4HVP WL2% mm T A t4HVP WVL254
C
() (D)
L-FDAA . L-FDAA

Figure 3.4: RP-HPLC chromatograms of t4HyPstandards at varied stock concentrations derivatised

with Marfeyds reagent. (A) 5 mM t4HyP; (B) 30 mM t4HyYyPF
The assumed peak identities have been stated. It can be seen that the amplitude of the t4HyP peak

relative toL-FDAA increases with increasing stock concentration.
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3.3.4 Assay Difficulties and Troubleshooting

Shortly after the generation of the above data, there was a sudden loss of reproducibility
and consistency in this assay. The standards were no longer ab8ervetention times
reported above, and there was a substantial decrease in the peak intensities of any pea

observed.

Figure 35 presents two examples of the abnormal output chromatograms observed
following attempted derivsation of amino acid standards. It should first be noted that
there was a substantial decrease in the intensities of the peaks observed as evident from t
scale of the absorbance axes (max out at 60 mAU). Secondly, in the best cases the on
familiar pak t o be observed was that correspo
suggesting the possibility that derivatisation was not occurring. Thirdly, unfamiliar peaks
were observed in the void volume (less than 3 minutes in the run), this was hypothesised t
have been the result of the acetonitrile concentration in the gradient being at too high of

level, causing analytes to be swiftly eluted.

500140 WVL:254 nm

mAU WVL:254 nm| Unknown
1 (8) |

L-FDAA
(A)
40.0

Unknown 1
h 30.04 Unknown

30.0

0.0
200 08

10.0 | 10.0-]

7 ?
0.0 L-FDAA?

-10.0 . T L T T e e o e S e o S o
0.0 13 25 38 50 6.3 75 8.8 10.0 0.0 13 25 38 5.0 6.3 75 838 100 120

Figure 3.5: Examples of the abnormal chromatograms observeduring assay troubleshooting

efforts. (A) Proline sample derivatised with Marfey?o:
peak and a split unknown peak in the void. (B) A
reagent ; a p o s sid pbekeat tolyesher fwithythées unknevan lpeaks in the void volume.

The poor peak intensities can also be noted based on the absorbance scale.

The hypothesised issue of sample loss in the void volume was confronted by designing «
new HPLC analysis progranP{tC program 2 ifable2.29in section?.2.11)7in which a
milder acetonitrile gradient was steadily applied over a greater period of time; it was hopec
that this would improve the separation of samples in the void. Unforfuhesteld not

occur and the similar abnormal results continued to be observed. Following this, an
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isocratic gradient of 40% acetonitrile followed by a 100% acetonitrile wash was applied

with little success.

It was next hypothesised that the loss of stemsly was a result of the HPLC apparatus.

As a result, a significant overhaul (change in column, guard column, tubing and UV

detector) was performed, yet this issue remainddSL&halysis of derivatised samples

was next performed in order to assessehgatisation itself, with results suggesting that

the reaction was not proceeding (data not shown). This initially suggested that the

chemicals employed were compromised, so fresh supplies were ordered from a different
supplier. The issue unfortunatetynained and as a result, it was concluded that the

derivatisation was no longer occurring.

Troubleshooting of the reaction itself was performed. A preliminary hypothesis was that
the issue may have resulted from loss of the derivatised complexestire gigiiet of
particulate matter formed after spinning or loss during the filtration step. To assess this, the
reactions were conducted under three conditions: i) without spinning and filtration, ii)

without filtration and iii) without spinning. All thoeaditions yielded poor results.

It was finally hypothesised that the reaction may have not been proceeding due to reaction
conditions not being sufficiently alkaifAiés a result, the derivatisation protocol was
modified to incorporate boric acid buffer and sodium hydroxide, with the desire to keep
conditions sufficiently basic.el'modified derivatisation was as folld®8: uL standard,

50 pL 0.5 M boric acid (pH 9.0), 9 uL 5 M NaOH and 50 pL 15-FNAA were added

to an Eppendorf tube, and reacted for 1 h &C4@ith shaking in the dark. The reaction

was quenched with additioh50uL 1 M HCI, and the sample filtered into a GC vial prior

to analysisThis too did not yield satisfactory results, with no evidence of derivatised

products observed in the chromatograms.

The wuse of Mar f eyds r eag éially verpa promsingdThe | vati sat
precolumn derivatisation reaction was swift, sample resolution was high and the analysis

runtime was short. However, the assay proved to be unreliable and unrepeatable, resulting

in this derivatising agent not adhering to th&l igatures discussed in the introduction of

this chapter. It was thus deemed necessary to pursue alternative derivatisation methods.
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3.4 NBD Chloride

3.4.1 Overview

4-Chloro-7-nitrobenzofurazan (NBIZI) was selected as a derivatisation reagent due to its
frequent useas precolumn derivatisation agent for chromatography amnalyBes
literature, particularly by the Ozaki grdtig’®°% *NBD-CI reacts with proline and its
hydroxylated products to form anes$ that are detectable at a wavelength of 49% nm.

NH,

Figure 3.6: Structure of NBD-CI

The general mechanism of the derivatisation reactioningutiFigure3.7. NBD-CI
reacts with methanol and potassium tetraborate buffer in the reaction mixture to form
NBD-OCH,. Both NBGCl and NBDOCH; can undergo nucleophilic substitution with

the amino acid analyte of interest #ie latter reacting twice as fast.

Ho,C N 0
CH3OH j/\) - =N
HO HO,Ca N
NH, 4-hydroxyproline
N HO
O NBD-4-hydroxyproline

OCHj,
NBD-OCH,

Figure 3.7: Derivatisation of hydroxyproline with NBD-CI. Hydroxyproline can react with either
NBC-CIl or NBD-OCHS3, however, reaction wih the latter proceeds twice as fast.

97



3.4.2 Derivatisation Protocol

1 mg of standard was dissolved in 500 pL-QMiMater in an Eppendorf tube. To each
tube was added 100 pL 0.4 mM potassium tetraborate buffer (pH 9.5) and 100 uL 200 mM
NBD-CI. The mixtee was incubated in the dark at’@7for 20 min. The reaction was
guenched with addition of 50 uL 1 M HCI and 150 pL 50 % methanol. Samples were spun

down briefly prior to being filtered into GC vials for analysis.

3.4.3 RRHPLC Analysis

Standards deatised with NBBECI were analysed using HPLC programs 1 and 2 as well as
the isocratic program described?if.4 The UV wavelength for analysis was set to 495

nm.

- mAU mAU
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Figure 3.8: RP-HPLC chromatograms of: (A)NBD -ClI standard; (B) proline/t4HyP mixture reacted
with NBD -ClI.

Figure3.8 presents two chromatograms obtained during these trials. The first feature to
note is the poor absorbance measurements in both as evident from tlae@bsoEs.

The chromatogram for an NBOI standard (Figure 3.8A) shows the absence of a peak
with poor baseline, while that for a derivatised mixture of proline and t4HyP (Figure 3.8B)
presents a single peak in the void volume. Such inconsistent andspl®rwere

observed throughout the entirety of the work performed with-GIBD

This lack of success despite considerable efforts withkONBB a derivatisation agent

suggested that an alternative agent be pursued.
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3.5 FMOC Chloride

3.5.1 Overview

9-Fluorenylmethyl chloroformate (FM@ZI) is argued to be a derivatisation reagent that
meets most of the criteria discussed in the introduction of this chapter, having historically
been observed to be detectable at high sensitivity while giving risegte, atalvie
derivative per amino aétldFMOGC-CI (Figure3.9) itself serves as fluorescent label when
bound to an analyte and was first used for the labelling of amino acids by Einarsson and
coworkeré®*® The reagent rapidly reacts with both pgnaad secondary amino acids
under mild conditions whilst itself being relatively insensitive to salts in the reaction
mixture, forming highly fluorescent carbamate complexes (detection can occur at the
picomole level) that are stable at room temperatute damonstrate excellent

chromatographic behaviour on revgisase columifs’

e

O]
)—ci
O
FMOC-CI

Figure 3.9: Structure of FMOGCI

The general FMOCI derivatisation reaction proceeds under alkaline condition®Cat 60
with vigorous shaking of samples arfdllowed by an acidic quench. The reaction suffers
from the disadvantage of FM@IT being reactive towards water, undergoing subsequent
hydroxylation and decarboxylation to form a fluorescent alcohol,-BMO®&hich elutes

in the middle of the chromatagn. At high FMOC concentrations, this peak poses the
risk of overlapping with other amino acids peaks, making their quantification cumbersome.
As a result, it is very important the concentration of Fa@ilised in the reaction is

carefully controlled.

The use of FMOKI for the analysis of proline and derivatives in reaction mixtures in
recent publications also contributed towards its selection as a potential derivatisation

age nf94, 205
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3.5.2 Derivatisation Method 1

The first derivatisation method to be tested was based on one utilised by Klein and
coworkers?* Figure3.10outlines the general mechanism of this reaction. In brief, FMOC

Cl reacts with the amino acid in the presencerafebbuffer. The reaction is quenched by

the addition of -adamantadine (ADAM), which forms complexes with any excess FMOC
OH produced as a fproduct of the reaction, theoretically eliminating them from the

mixture.

S Ng o
N
. HOZC\S_Z Na,B,0;-10H,0 o COaM
o) R R ADAM O)\ \i/R
)¢l
(0]

FMOC-CI amino acid FMOC-amino acid complex
Figure 3.1Q Derivatisation of an amino acid with FMOGCCI using the Klein Method

Protocol

The protocol involved adding 40 pL 10 mM amino acid standard, 40 pL 0.5 M sodium
borate buffer, pH 7.7, and 80 uL ta& FMOGCI to an Eppendorf tube. The mixture

was vortexed vigorously for 60 s, followed by the addition of 100 uL 40 mM ADAM and a

final vortex for 45 s.

This derivatisation protocol required a fraction of the amount of time for derivatisation

with L-FDAA allowing for the rapid analysis of a number of samples daily.

RP-HPLC Analysis

Following derivatisation, standards were analysed usingPrHRRjt&m 3 (Table 2.26 in
2.2.11)11In order to determine the retention times of all the possible reactiomentspo
standards of FMOCI| mixed with ADAM, derivatised proline, derivatised t4HyP and a
derivatised pro/t4HyP mixture were analysed at 254 nm. The output chromatograms are

shown inFigure3.11
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Figure 3.11 Chromatograms obtained following analysis of A: FMO®&DAM, B: 10 mM L-proline,

C: 10 mM trans4-hydroxy-L-proline and D: 1:1 mixture of B and C. Well defined peaks can be seen
in each chromatogram. Approximate retention timesFMOC-ADAM, 5.5 min; L-proline, 8 min;
t4HyP, 7.3 min.

The output chromatograms suggested that the derivatisation was occurring, with FMOC
ADAM observed at 5.5 min;prolineFMOC at 8 min and t4HyP at 7.3 min. This data
showed significant promise, howgwerwas important to note that proline and t4HyP

eluted very close to each other which may have posed issues in future.

Though the derivatisation protocol was outwardly straightforward, a number of difficulties
were encountered. Firstly, the reactioninej.5 M sodium borate buffer at pH 7.7.

Such a high concentration resulted in the buffer being very saturated causing the borate t
precipitatingout of solution as crystals. This required the buffer to be heated every time
this phenomenon was obseraad cooled to room temperature prior to adjusting the pH

due to its temperature sensitivity. Second, ADAM was found to require heat in order to be
resuspended and would very epsdyipitateout of solution. Such sensitivity made it very

difficult to kee reaction conditions consistent making reproducibility a challenge.
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3.5.3 Derivatisation Method 2

Koketsu and colleagues recently published an alteRM@@Cl derivatisation protocol
(Figure 3.12 which does not require ADAMNr borate buffer at such a high
concentratio”’”® This method involved the use of two borate buffers; 100 mM sodium

borate at pH 9 and 250 mM sodium borate at pH 5.5.

O.Q . O’O

. HOzCﬁ (i) 100 mM Sodium Borate pH 9.0 5
o . 60 °C DN R

R
)’\cn (i) 25% MeCN: 75% 250 mM Sodium Borate pH 5.5 o
o Ho,C R
FMOC-CI amino acid FMOC-amino acid
complex

Figure 3.12 Koketsu et a/. method of FMOC-CI derivatisation.

Protocol

15 pL amino acid standard wass diluted with 285 pL 100 mM boratetb@ffgand 300

pL 5.6 mM FMOGCI added to this.he mixture was mixed vigorously and left to react for

40 min. Finally, the reaction was quenched by addition of 600 uL 25% acetonitrile: 250 mM
borate buffer (pH 5.5).

RP-HPLC Analysis

Standards of FMOCI, derivatised-proline, derivatised t4HyP andemivatised mixture
of proline/t4HyP were analysed using HPLC program 4 as before with wavelength set to

254 nm.

Table3.3 summarises the observed retention times for these standards.

Table 3.3: Retention times of FMOGderivatised sanples analysed by HPLC Program 4

Sample Approximate retention time (min)
FMOC species 5.2 and 23.6
L-proline 16.5
trans4-hydroxyL-proline 131
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Figure 3.13 Chromatograms of samples derivatised with the Koketsu method. (A) FMOC standard;

(B) FMOC-proline; (C) FMOC-t4HyP; (D) FMOC -pro/t4HyP mix.
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The chromatograms obtained following analysis of standards are dAgwredil3 In

general, it could be seen that shifting to the Koketsu method resulted in the observation of
peaks with greater resolution and separation. Peak identities were assigned by comparing
chromatograms of the standards. Though such a methadsignment resulted in
indications that this derivatisation protocol was effective, these finding were merely

assumptions drawn from qualitative information.

Optimisation and LC-MS Analysis

Derivatisations of standards continuously performed whilshisipg the reaction
conditions. The first modification was that FMCICwvas resuspended in acetonitrile
rather than acetone for the purpose of keeping the reaction solvent system consistent with
analysis solvents (the-MS programs employed acetonigiiadients). Reactions were
performed in glass vials following an investigation of the literature into the effect of
performing derivatisations in Eppendorf tubes or glass vials, suggested that the latter is
preferable due to the possibility of peptidedirmnto the walls of the plastic which could

have an effect on sample detection at low concentfatidhgdly, the derivatisation

reactions occurred with shaking at@€r 40 min.

In order to confirm that #derivatisation reactions were occurring, tN&@nalysis of
derivatised samples was performed using the progrdiaisie2.32 and Table2.33 in

22112

FMOC species
trans-4-hydroxy-L-proline

L-proline

2.00+2 /

o]
< 1.00+2 l d
v - v . -. A

0.0 Sp—
4.00 6.00 8.00 10.00

Time

Figure 3.14 UPLC-MS chromatogram of 1:1 mixture of iproline and trans4-hydroxy-L-proline (20
mM each) derivatised with FMOGCI resuspended in acetonitrile. Clear, distinct peaks
corresponding to L-proline-FMOC (7.45min), FMOC species (730 min) and t4HyP-FMOC (6.70
min) were observedReaction was analysed using the Long Acidic Method (Table 2.28).
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Figure3.14presents a UPL-MS chromatogram of a derivatised 1:1 mixture of proline and
t4HyP. Analysis at 254 nm presenteéet peaks: a 6.70 min peak corresponding to
derivatised t4HyP, a 7.30 min corresponding to an FMOC species and a 7.45 min peak
representing derivatiseeproline. The identities of these peaks were confirmed by MS
analysis which showed that they correfgabrio protonated mass of the derivatised

products Table3.4).

Table 3.4: Retention times of standards as well as MS weight

Analyte MH + Retention Time (min)
L-prolineFMOC 338.2 745
trangl-hydroxyL-prolineFMOC 354.2 6.70
FMOC species 179.1 730

Following these findings, derivatisations of standards using this modified protocol were
repeated in order to test its replicability, robustness and success rate. Samples were alwe
analysed by L-®IS in order to confirm peak identities by MS. The assay was found to fulfil

all of the above criteria and it was decided that it would be employed for the analysis of

biotransformations.

Final Derivatisation Method

To 15 pL of sample wasdadl 285 puL of 100 mM sodium borate pH 9.0 and 300 pL of
FMOC-CI (5.8 mM stock for 20 mM sample). The derivatisation mixture was left to react
at 60°C for 40 min. The reaction was quenched with addition of 600 pdc@sffitrile:

75% 250 mM sodium borgiél 5.5. Reactions were performed in glass vials and samples

were filtered prior to transfer into glass vials feMiSCanalysis.
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3.6 Discussion and Conclusions

For the purposes of observing and quantifying the activity of hydroxylase targets towards
proline and its derivatives, it was imperative that a derivatisation assay be developed for the
analysis of said analytes by chromatography. The goal of the derivatisation reaction was to
attach a detectable component to proline and its derivatives toali@ieétion under

UV light by chromatography. It was important that the developed assay was sensitive,

robust, reliable and replicable.

Marfeyds reagent was the first derivatisati or
amino acid standards reevery promising with both derivatised proline and t4HyP

observed as clear peaks in the output chromatograms. The derivatisation reaction was also

robust enough to be functional at varied concentrations of proline and t4HyP.
Unfortunately, the assay ineqbly proved difficult to control shortly after confidence

had been gained. Peaks were not observed where expected and in most cases, it appeared

as if the derivatisation reaction itself W a S
observed. A great de# effort was spent in troubleshooting the reaction and analytical

methods as well as in overhauling thd/iSCapparatus. It was ultimately concluded that it

woul d not be beneficial to continue pursuing

it was neither reliable nor reproducible.

Foll owing the failure of Mar feyds -Cleagent s,
This was selected due to the fact that it had been frequently used in the literature for the
derivatisation of amino acidseTrieaction itself was also relatively simple which worked in

favour of this method. However, there was no success in derivatising the standards these

resulting in this method being abandoned due to lack of promise.

The final derivatisation agent to basetil was FMOCI, an agent that had seen a great
deal of success in recent work. A number of methods were adapted and modified in this
work. The first method was based on one used by Klein and cowbTkessreaction

method was very rapid, requiring thas 20 min in total. It also appeared successful as
evidenced by the chromatograms. However, the reaction required ADAM for the purpose

of eliminating any produced FM@® as well as 0.5 M sodium borate buffer which
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could be deemed to be somewhat higha#t challenging to completely resuspend these
components, making this a very difficult reaction to keep consistent hence affecting its
reproducibility. As a result, a second derivatisation method was pursued, this time based ol
one utilised by Koketsu arambworkers in which ADAM was not utilised and the
concentration of borate buffer was reducedHRIEC analysis suggested that this was a
functional assay. In order to confirm this;M& analysis was performed which identified

peaks of interest as corrasgiog the derivatised proline and t4HyP.

Having observed that Koketsu protocol for FMOIQlerivatisation was functional, the
reaction protocol was further optimised. In order to limit contaminants from plastic
Eppendorf tubes reactions were conducteglass vials, the reaction was also performed

at 60°C rather than room temperature in order to promote the reaction and resuspension
solvents were kept consistent with mobile phase solvents. All of these modifications

resulted in a robust, reproducible @lidble assay.

It must be noted that the removal of ADAM from the reaction mixture likely resulted in
the occurrence of large FMOC peak in the centre of the chromatogram. Though somewhat
inconvenient and likely to add complications to product recdeps; the adapted
Koketsu protocol was retained. In a sense, the central FMOC peak could serve the positive
function of acting as an internal standard of sorts with products generally appearing before

it and substrates following it.

Conclusion

An assay wasuccessfully developed for the analysis of proline and derivatives by RP

HPLC and LEMS. This assay involved the precolumn derivatisation of analytes using
FMOC-CI, with the final assay based on one employed by Koketsu and coworkers. This
assay appeareobust, reliable, sensitive and replicable. As a result, it was employed for

analysis in later work.
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Chapter 4

Cloning and Expression of Targets

4.1 Introduction

Proline hydroxylases are of significant industrial interest due to their ability to perform the
biocatalytic hydroxylation of proline ataflerivatives. The production of enantiopure
hydroxylated proline, and derivatives, is synthetically attractive as these compounds provid
access to a wigtange of chiral synthons that can be particularly usetut feynthesis of

a host of pharmaceuticals. Microbial and fungal screenings identified individual proline
hydroxylases capable of forming each respective enantiomer of hydroxyproline. These ar

summarised in Table 4.1.

Table 4.1: Microbial and fungal poline hydroxylases

Enzyme Product Organism Abbreviation
Trangproline4- Transi-hydroxyproline Dactylsporangspm DOGDH
hydroxylase
Trangroline3- Trans3-hydroxyproline Glarea lozoyensis GIP3H
hydroxylase
Cisproline4-hydroxylase  Cis4-hydroxyprtine Mesorhizobium loti MIC4H
Cisproline3-hydroxlase  Cis3-hydroxyproline StreptomysesTH1 StP3H

Trangproline4-hydroxylase fronbactylsporangapn (DOGDH) was first discovered by
Shibasaki and colleagues during microbial scré@fihg:The group successfully cloned
the gene encoding DOGDH and expressed E. isoliComparisons of the DOGDH
sequence with those of otheroxdglutatate dependent hydroxylases revealed little
sequence similgri with the only significant shared feature being the consexX/&d-H

motif 2% 292 2POGDH was chosen as the primary hydroxylase of this work due to the
significance of itiranst hydroxylation activitypdustrial potential and the fact that its

structure had yet to be solved at the start of this project.
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The second targetisproline3-hydroxylase fronStreptomysgs TH1 (StP3H) was
discovered by Mori and coworkers in 1&96his group also successfully cloned and
expressed this emag inE. colf™ StP3H was the first proline hydroxylase to have its
structure determined with this performed by Clifton and collé4duiles. DOGDH, this

enzyme holds significant industrial potential.

The third target of this project wascigproline4-hydroxylase fronMesorhizobium loti
(MIC4H). This hydroxylase was first reported by Hara and’Kfmdetsu and colleagues
recently solved the structure of MIC4H and used it as a model for rationalising mutagenesis
in a closely relatetisproline4-hydroxlase fronBinorhizobium melj@P4H5>> This

work was significant because following a series of mutations this group was able to evolve
the regioselectivity of SmP4H towargspecolic acid, showcasing the potential of proline

hydroxylases$:

4.2 Aims

For the purposes of performing biotransformations and crystallisation trials, the
hydroxylase target genes must be in a plasmid system that can be heterologously expressed
in E. colicells. As a result, DOGDH, StP3H and MIC4H will be cloned inte pET

expression vectors.

All three hydroxylase were subjected to expression teskngatito determine the

optimal growth conditions to obtain soluble recombinant protein forr funthe
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4.3 Hydroxylase Target Genes

DOGDH

The DOGDH gene fromDactylsporangism Strain RH1 was codon optimised for
expression ifk. coland ordered from and synthesised by Thermo Fischer Scientific Life

Technologies. The synthesised gene segsgmesdnted iRigure4.1.

DOGDH 819 BP;
ATGCTGACCCCGACGGAGCTCAAGCAGTACCGCGAGGCGGGCTATCTGCTCATCGAGGACK!
TCGGCCCGCGGGAGGTCGACTGCCTGCGCCGGGCGGCGGCGGCCCTCTACGCGCAGGACT!
GGACCGCACGCTGGAGAAGGACGGCCGCACCGTGCGCGCGGTCCACGGCTERANACCGGLCG
CCGGTCTGCCGCGACCTGGTCCGCCACCCGCGCCTGCTGGGCCCGGCGATGCAGATCCTGT
GCGACGTGTACGTCCACCAGTTCAAGATCAACGCGAAGGCCCCGATGACCGGCGATGTCTGC
GTGGCACCAGGACTACATCTTCTGGGCCCGAGAGGACGGCATGGACCGTCCGCACGTGGTC/
GTCGCGGTCCTGCTCGACGAGGCCACCCACCTCAACGGGCCGCTGTTGTTCAIGCCGGGCA
ACGAGCTGGGCCTCATCGACGTGGAGCGCCGCGCGCCGGCCGGCGACGGCGACGCGCAGT
GCCGCAGCTCAGCGCCGACCTCGACTACGCCATCGACGCCGACCTGCTGGCCCGGLCTGACG
GGGCGGGGCATCGAGTCGGCCACCGGCCCGGCGGGCTCGATCCTGCTGTTCGACTCCCGG!
TGCACGGCTCGGGCACGAACATGTCGCCGCACCCGCGCGGCGTCGTCCTGGTCMACCTACAA
CACCGACAACGCCCTGCCGGCGCAGGCCGCTCCGCGCCCGGAGTTCCTGGCCGCCCGCGAC
ACCCCGCTGGTGCCGCTGCCCGCGGGCTTCGCGCTGGCCCAGCCCGTCTAG

Figure 4.1 The codon optimised gene sequence of DOGDHUniProt ID: 006499

StP3H

The StBH gene fromStreptomysps TH1 was also codon optimised Eorcoliand
synthesised by Life Technologies. This sequence is skayunah?2.

StP3H 870 BP;
ATGCGTAGCCATATTCTGGGTCGTATTGAACTGGATCAAGAACGTCTGGGTCGCGATCTGGAA
ATCTGCAACCGTTCCGACCGTTGAAGAGGAATATGATGAATTTAGCAACGGCTTCTGGAAAAA
CATTCCGCTGTATAATGCAAGCGGTGGTAGCGAAGATCGTCTGTATCGTGACCTGGAAGGTAC
CCGGCACAGCCGACCAAACATGCAGAACAGGTTCCGTATCTGAATGAAATCATTACCACCGTC
ATAATGGTGAACGTCTGCAGATGGCACGTACCCGTAATCTGAAAAATGCAGTTGTTATTCCGC!/
CCGCATTTTGTTGAGCTGGATCGTGAACTGGACCAGTATTTTCGTACCCATCTGATGCTGGAA
GATTCACCGCTGGCATTTCATAGTGATGATGATACCGTTATTCATATGCGTGCCGGTGAAATTT
GGTTTCTGGATGCAGCAGCAGTTCATAGCGCAGTTAATTTTGCAGAATTTAGCCGTCAGAGCC
GTGTGTTGATCTGGCATTTGATGGTGCCTTTGATGAAAAAGAAGCATTTGCAGACGCAACCGT
TATGACCGAATCTGAGTCCGGATGTTCGTGAACGTAAACCGTTTACCAAAGAACGTGAAGCAC
GTATTCTGGCACTGAGCGGTGTTATTGGTCGTGAAAACTTTCGTGATATTCTGTTCCTGCTGAC
CAAAGTGCACTATACCTATGATGTTCATCCGGGTGAAACCTTTGAATGGCTGGTTAGCGTTAG(
AAAGGTGCGGGTGATGATAAAATGGTTGAAAAAGCAGAACGCATCCGTGATTTTGCAATTGGT
CACGGCCCTGGGTGAACGTTTTAGCCTGACCACCTGG

Figure 4.2: The codon optimised gene sequence for StP3HniProt ID: P96010
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MIC4H

The MIC4H gene frorivlesorhizobiumats identified following a BLAST search, codon
optimised for expression i coland synthesised by Life Technologies. The resulting gene

sequence is presentedrigure4.3.

MIC4H 935 BP;
CGAATTGGCGGAAGGCCGTCAAGGCCACGTGTCTTGTCCAGAGCTCATGACCACCCGTATTCTG
GGTGTTGTTCAGCTGGATCAGGCHEITTTGACCGATGATCTGGCAGTTCTGGCAAAAAGCAATT
TTAGCAGCGAATATAGCGATTTTGCATGTGGTCGTTGGGAATTTTGTATGCTGCGTAATCAGAG
CGGTAAACAAGAAGAACAGCGCGTTGTTGTTCATGAAACACCGGCACTGGCAACACCGCTGGGT
CAGAGCCTGCCGTATCTGAATGAACTGCTGGATAATCATTTTGATCGTGATAGCATTCGCTATG
CCCGTATTATTCGTATTAGCGAAGECTGCATTATCCCGCATCGTGATTATCTGGAACTGGA
AGGCAAATTTATCCGTGTTCATCTGGTTCTGGATACCAATGAAAAATGCAGCAATACCGAAGAG
AACAACATCTTTCATATGGGTCGTGGCGAAATTTGGTTTCTGGATGCAAGCCTGCCGCATAGCG
CAGGTTGTTTTAGCCCGACACCGCGTCTGCATCTGGTTGTTGATATTGAAGGCACCCGTAGCCT
GGAAGAAGTTGCAATTAACGTTGABCCGAGCGCACGTAATGCAACCGTTGATACCCGTAAA
GAATGGACCGATGAAACCCTGGAAAGCGTTCTGGGTTTTAGCGAAATCATTAGCGAAGCCAATT
ATCGTGAAATTGTTGCCATTCTGGCCAAACTGCACTTTTTTCATAAAGTGCATTGCGTGGATAT
GTACGGTTGGCTGAAAGAAATTTGTCGTCGTCGTGGTGAACCTGCACTGATTGAAAAAGCAAAT
AGTCTGGAACGCTTCTATCTGAATGGTGCAGCCGGTGAAGTTATGACCTATTAAGGTACCT
GGAGCACAAGACTGGCCTCATGGGCCTTCCGCTCACTGC

Figure 4.3: The codon optimised gene sequence of MIC4HJniProt ID: Q989T9

4.4 Cloning of DOGDH and StP3H into the LIC3C Vector

DOGDH and StP3H were cloned into the YSBLIC3C vector by Laila Roper using the
ligation independent cloning protocol describefidri. &luring a previous PhD project.
At the start of this project, the identity of these cloned plasmids was confirme#l by DN

sequencing performed by Eurofins Genomics.

4.5 LIC Cloning of MIC4H into the LIC3C Vector

As mentioned above, tlie colioptimised synthetic gene of MIC4H was obtained from
Thermo Fisher Scientific Life Technologies. The synthetic gene was delaveMéT

vector Figure4.4), a GeneArt® cloning vector utilised by Thermo Fisher Scientific.

112



Sfil(361)
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Col E1 origin

Figure 4.4: Plasmid map of the synthesised MIC4H gene in the pMA vector. The hexalistidine tag
was inserted at the Sacl restriction site so that it was positioned at thetBrminus of MIC4H

Amplification of MIC4H by PCR

Primers specific to MIC4H were ordered from and synthesised by Eurofins Genomics. The
required primers were named MI@4C3C_FOR and MIC4HIC3C_REYV respectively

and their sequences are describ@alite2.17in Section?.1.6 PCR amplification of the
synthetic gene was performed by mixing the components in Table 2.14-walethin

PCR withKOD HotStart DNA Polymerase used as the polymerase component in the
mixture. The PCR amplification reaction itself was performed in Thermal Cycler using the

program described Trable2.19

Following the PCR amplification proceaks success of the reaction was determined by
analysis by agarose gel electrophoresis on a 1% agarose gel. The band corresponding to 1
amplified MIC4H gene was excised with a scalpel and extracted using a GenElute ge
extraction kit (Sigma) with 100 pf. PCR product at a concentration of 51.4 n§ pL

isolated.

Linearisation of pET-YSBLIC3C Vector

Circularised pEW¥BSLIC3C was obtained from a laboratory stock. A starter culture of
this stock was prepared using the protocol describ2g. m3 with kammycin (30 mg

mL* stock) utilised as the antibiotic. This culture waspmine pped usi ng a
Plasmid Miniprep Kit to yield 200 pL of 45.1 ngioduct. The purified circular vector

was linearised at the site of gene insertion using theioasémtonuclease, BseRIl as
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described iTable2.23and this product purified by agarose gel electrophoresis. Following

gel extraction, 100 pL of linearised vector at a concentration of 36 4vagqlitained.

T4 Polymerase Reetions

The linearised vector and gene insert were treated with T4 polymerase and dTTP or dATP

respectively to introduce complementary sticky ends in each to aid annealing.

LIC Annealing Reaction

The T4 polymerase treated vector and MIC4H gene inserarmeded together by
simply adding 4 pL of the former to 2 pL of the latter, with this reaction mixture incubated
at room temperature for 10 min. Following incubation, 2 pL EDTA (25 mM stock) was
added to the mixture to quench the reaction and left atteogperature for a further 10

min. This mixture was transformed into NovaBlue cells with kanamycin as antibiotic and
plates left overnight at 3€. The following day, colonies were observed in the plates.
Three colonies were selected and used to prégréee aultures which were minprepped

to recover the DNA.

Restriction Digest

A sample of each of the three recovered samples was digested with two restriction enzymes
(Ndel and Ncol) to confirm that MIC4H had been successfully inserted into the vector.

The results were visualised by agarose gel electropfRig@s4.5).
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Figure 4.5: Agarose gel of MIC4H following double digest of MIC4HLIC3C with Ndel and Ncol.
All three samplelanes correspond to identical samples. Circled are the bands that likely correspond
to the MIC4H gene.L = ladder; 1-3 = digested samples-B
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The restriction digest experiment showed that in each case the MIC4H insert appeared tc
have been successfullyeiried as evident from the circled bands at approximately 0.8 kb.
The bright bands are approximately 6.0 kb likely corresponded to digest&1 |6E3IC

vector. It is important to note that such analysis only provided qualitative evidence

suggesting thateahinsertion had occurred, as a result, further confirmation was required.

DNA Sequencing

As discussed above, the agarose gel electrophoresis analysis of the restriction digestt
products suggested that insertion of MIC4H had occurred. In order to gonordieh

that cloning was successful, the three DNA samples were sent for sequencing by GATC.
This sequencing confirmed that all three products possessed 100% identity to MIC4H
inserted into the pEYSBLIC3C vector. As a result, it could be confidentigluabed

that MIC4H had been cloned into the pEIBLIC3C vector by ligation independent

cloning.

4.6 Infusion® Cloning of DOGDH into the pET22b Vector

DOGDH was cloned into the pET22b vector in order to produce a variant containing a C
terminal hexahigline tag. InFusion® cloning was selected as the method of choice due to
its speed and efficiency as it allows for the direct insertion of one DNA fragment into
another (DOGDH into the pET22b vector). In this method, two products are generated
with complemetary 15 bp overhangs by PCR and directly annealed to one another using

the InFusion enzyme.

Linearisation of pET22b Vector and Amplification of DOGDH

Circularised pET22b vector was obtained from a laboratory stock and it was necessary tc
first linearisehis. The pET22b vector was linearised by mixing the compon€&atden

2.23in 2.2.1. And leaving the reaction to proceed for 3 h & .37

In parallel to this, the DOGDH gene was PCR amplified using newly synthesised primers
(DOGDH-pET22b_FOR and DOGDHET22b_REV in Table 2l using the standard
PCR program with KOD HotStart DNA Polymerase.
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The linearised pET22b vector and newly amplified DOGDH were visualised by agarose gel

electrophoresi§igure4.6).
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3.0

2.0
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L pET22b DOGDH

Figure 4.6: 1% agarose gel of linearised pET22 vector and PCR amplified DOGDH. The laddg)
has been highlighted together with the size of the key marker bands. A clear linearised pET22b
vector can beseen at roughly 8.0 kb (circled). PCR amplified DOGDH has also been circled and can
be seen at approximately 0.8 kb.

The agarose gel presented bands that likely corresponded to linearised pET22b at 8.0 kb
and PCR amplified DOGDH at 0.8 kb. In the cdgbelatter, other bands could also be

seen in the sample suggestingspatific primer binding; however, it was deemed okay to
proceed due to how abundant the DOGDH band appeared. The circled pET22b and
DOGDH bands were excised with a scalpel and gettex to give 100 pL of linear
pET22b vector at a concentration of 45.8 ng ahd 100 puL of DOGDH at a

concentration of 120 ng fiL

Infusion® Reaction

The linearised pET22b was mixed with amplified DOGDH aneQmiliter as described
in Table 2.20The Infusion® reaction was left to proceed at room temperature for 15 min.
Following this, the entire reaction mixture was transformed into NovaBlue cells with

ampicillin (100 mg niLstock) as antibiotic. The following day, two colonies were selected
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andused to prepare starter cultures with ampicillin as antibiotic. The DPEIA2b

plasmid was extracted from these cultures using a Miniprep Kkit.

Restriction Digest and Sequencing

The result of Infusion reaction was investigated by performing restriatendigests of
the isolated products using Xhol and Ndel. The double digest reactions were left to
proceed for 3 h at 3. Following the reaction, samples were visualised by agarose gel

electrophoresi&igured.7).
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Figure 4.7: 1% agarose gel of the double digest produwdf DOGDH -pET22b. Circled are the bands
likely corresponding to the DOGDH insert (0.9 kb), while the bright band at approximately 6 kb
likely corresponds to thetruncated pET22b vector L = ladder; 1-2 = identical DOGDH-pET22b
samples treated with Xhol and Ndel.

The above agarose gel suggested that the insertion of DOGDH into the pET22b vector
had been successful as, for each sample, two bands were obsed/at apfr@ximately

6 kb likely corresponding to truncated pET22b and a band at roughly 0.9 kb likely to be the
DOGDH insert. These plasmids were sent for sequencing by GATC and the results
confirmed that DOGDH had been inserted into the pET22b vectaovdcagzterminal

hexahistidine tagged variant of this enzyme.
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4.7 Expression Testing

Expression testing in different strain€otolwas performed in order to determine the

optimal conditions for the expression of soluble protein. The detailed pobttusl

process is described in Sec#an3.1

Expression Testing of DOGDH in pET-YSBLIC3C

Expression of DOGDHLIC3C was investigated in two straing.ofoliBL21(DE3) and
B834(DE3) with these strains selected ttubeing ideal for routine T7 erpsion and
generally suitable for thecombinanproduction of enzymedonedinto pET vectors

DOGDH-LIC3C had a molecular weight of 34 kDa.

BL21(DE3)

The 12% SD®AGE gel of this expression test is presenteidime4.8.
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Figure 4.8: Expression testof DOGDH in E. coli BL21(DE3) cells. L= ladder; C=control (not
induced with 1 M IPTG); S=soluble fraction I=insoluble fraction. Number=incubation
temperature. DOGDH-LIC3C is appraximately 34 kDa in size. WhereDOGDH should appearis
circled, the faintness of bands in the soluble fractions indicate posoluble expression

This expression test indicated poor soluble expression of DQGIRE in BL21(DE3)

cells at all three growth teematures, as evident from the very faint bands in the circled

regions.
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B834(DE3)

The SDSPAGE gel for this expression test is presenteidjiume4.9.
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Figure 4.9 12 % SDSAGE gel obtained following the expression test of DOGDHLIC3C in
B834(DE3) cells. The protein of interest is approximately 31 kDa in size. Soluble expression
appeared greatest at 1€, as evident from the circled bandL= ladder; C=control (not induced with

1M IPTG); S=soluble fraction I=insoluble fraction.

There appeared to be a marked improved in the soluble expression of RGI30HN

B834(DE3) cells compared to BL21(DE3) cells. The greatest amount of soluble expression
appeared to occur when media wawmgrat 16°C postinduction. This result suggested

that B834(DE3) cells should be utilised for scadexkpression.

Expression Testing of StP3H in pEFYSBLIC3C
BL21(DE3)

The expression of StP3HC3C was tested B colBL21(DE3) cells. StP3HC3C haa
molecular weight of approximately 35 kDa. The results of this expression test are shown in

Figure4.10
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Figure 4.10 Expression tests of StP3H in E. coli BL21(DE3) cells. C=corul (not induced with 1M
IPTG), S=soluble fraction, I=insoluble fraction. Number=incubation temperature.StP3H-LIC3C is
approximately 35 kDa in size, there is very goodkible expression at 18C and 30°C. L= ladder;
C=control (not induced with 1M IPTG); S=soluble fraction I=insoluble fraction.

StP3H exhibited excellent soluble expression at bé@ drsd 30°C, though it must be
noted that like in DOGDH the majority of the protein appeared in the insoluble fraction.
This promising result suggestest thwas not necessary to screen expression in different
E. colistrains. It was decided that scgle of StP3H.IC3C would be performed using
BL21(DE3) cells with pestduction growth performed at 4®.

Expression Testing of MIC4H in pET-YBSLIC3C

The expression of MICAHIC3C was tested . colBL21(DE3) and B834(DE3) cells.
MIC4H-LIC3C is approximately 35 kDa in size.

BL21(DE3)

The SDSPAGE gel obtained following expression testing of MGEZHC in
BL21(DE3) cells is presentedrigure4.11
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Figure 4.11 Expression testof MIC4H in BL21(DES3). The region in which the bands corresponding
to it are expected have been labelledSoluble expression is generally poowith greater amounts of
insoluble expression observedL= ladder; C=control (not induced with 1 M IPTG); S=soluble
fraction; I=insoluble fraction.

Soluble expression of MIC4HC3C at all three growth temperatures appeared to be poor

as evident from the faint bandshe circled regions.

B834(DE3)
The SDSPAGE gel summarising the results of this expression test is presEigecktin

412
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Figure 4.12 Expression testof MIC4H in B834DE3). The region in which the bands corresponding
to it are expected have been labelledSoluble expression is poomwith greater amounts of insoluble
expression observed L= ladder; C=control (not induced with 1 M IPTG); S=soluble fraction
I=insoluble fraction.

Soluble expression of MIC4HC3C in B834(DE3) also appeared to be poor as only faint
bands were observed at all three growth temperatures. In generall KRBl ideemed

to be a predominantly insoluble protein in both téstedlstrains.
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Expresson Testing of DOGDH in pET22b

Expression tests of DOGDHET22b were conducted in bdth coliBL21(DE3) and
B834(DE3) strains. DOGDIRET22b is approximately 34 kDa in size.

BL21(DE3)

Figure 4.13 presents the SBBAGE gel obtairge following expression testing of
DOGDH-pET22b inE. colBL21(DE3) cells.

kDa
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Figure 4.13 12% SDSPAGE gel of DOGDH-pET22b expression test in BL21(DE3) cells. Circled is
the region in which the protein bandswould be expected. There appears to be faint soluble
expression at all three growth temperatures with the greatest seen at@6Once again, the protein
appears to be mostly insolubleL= ladder; C=control (not induced with 1 M IPTG); S=soluble
fraction; I=insoluble fraction.

DOGDH-pET22b appeared to exhibit some soluble expression at all three growth

temperatures as evident from the faint bands observed in the circled region of interest. The
greatest soluble expression occurred & .16 must again beoted that the protein was

predominantly expressed in the insoluble fractions.

B834(DE3)

The results of expression testing in B834(DE3) cells are summ&itpeedri 4.
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Figure 4.14 12% SDSPAGE gel of DOGDH-pET22b expression test in B834(DE3) cells. Circled is
the region in which the protein bands would be expected. There appears to be faint soluble
expression at all three growth temperatures with the greatest seen at@6Once again, the protein
appears to be mostly insolubleL= ladder; C=control (not induced with 1 M IPTG); S=soluble
fraction; I=insoluble fraction.

DOGDH -pET22b exhibited moderate soluble expression at all three growth temperatures
in B834(DE3) cells. Theegttest soluble expression was observed°@; héwever, the

majority of protein was again observed in the insoluble fractions.

4.8 Discussion and Conclusions

DOGDH and StP3H had been cloned into the PESBLIC3C prior to the
commencement of this workdathe success of this was confirmed by sequencing. As a
result, it was not necessary to clone either of these into this vector. MIC4H was successfull

cloned into the pE-¥ SBLIC3C vector by ligation independent cloning.

DOGDH was cloned into the pET22bcter to produce a-t&rminal hexahistidine tagged
variant of the enzyme for purification and crystallisation purposes by Infusion® cloning.
This method of cloning was selected because it generally requires fewer steps than ligatic
independent cloning, Wwithe method based on the principle of joining two sequences
(insert and vector) with 15 bp complementary overi¥8hMyBOGDH was successfully

cloned into the pET22b vector as determined by sequencing.

Followng the successful cloning of targets into their respective vectors, expression testing

in various. colstrains was performed in order to determine optimal growth condition for
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the attainment of soluble protein. DOGIMHC3C showed very poor soluble egsion

in BL21(DES3) with the best (though still moderate) expression seen in B834(DE3). StP3H
LIC had very highly soluble expression in BL21(DE3) cells while MIC38€ was

poorly expressed in both strains. DOGPHET22b displayed moderate soluble expressi

in both BL21(DE3) and B834(DE3) cells. All of the targets displayed the greatest soluble
expression when grown at s following resulting in this being applied to sgadeIn

general, all targets showed more insoluble expression which aligaditeithttine.

In conclusion, hydroxylase targets were successfully cloned into their target vectors and
expression tests were performed to try and ascertain optimal expression conditions and

strains.
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Chapter 5
Towards a structure of thetransproline-4-
hydroxylase DOGDH

5.1 Introduction

DOGDH is a transt-prolinehydroxylase originally discovered Dactylsporagism
following a series of microbial screenings. This enzyme was first recombinantly
overexpressed iBscherichia dnli Shibasaki and coworkers 89%® DOGDH is a
significant xoglutarate dependent hydroxylase due to its ability to react with free
proline in isolation to produtensi-hydroxyL-proline (t4HyP) with high selectivity and

at elevated rat&S. T4HyP is a key intermediate for the synthesis of various
pharmaceuticalsnaking it of gnificant industrial interest. This enzyme also has the
capacity to react with substsabther tham-proline granting it great potential for the

synthesis of an assortment of chiral synthbns.

Of the proline hydroxylases in thexdglutarate dependent oxygenase family, only StP3H
and MIC4H have had theiroein structures solved byray crystallograpfy>* This

structural data was used to elucidate the mechanism of these enzymes, identify key amir
acid residues for catalysis and suggested targets for raistagem@er to evolve the
function of these enzymes. In the case of MIC4H, the structure was used to inform
mutagenesis of a closely related hydroxylase, SmC4H, identifying residues for mutagenes

in order to shift regioselectivity towasgipecolic adi’®®

There is currently no structure for DOGDH making its acquisition highly desirable. A
DOGDH structure could be used to further characterise its mechanism of action and

identify reslues of interest for structegaided mutagenesis.
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5.2 Aims

DOGDH must be successfully purified by chromatography in order to perform
crystallisation trials. Purified protein will be used to perform crystallisation trials using
commercial screens.nécessary, modifications will be performed on DOGDH with the
hope of aiding its crystallisation. If crystallisation of DOGDH itself is unsuccessful,

proteins with sequence homology to it will be pursued as targets.

5.3 Purification of DOGDH

5.3.1 DOGDH-LIC3C

DOGDH had previously been cloned into the pESBLIC3C vector by L. Roper.
Expression tests were performed in lotitolBL21(DE3) and B834(DE3) strains with

poor soluble expression observed in both, though the latter showed slightly improved
expressin when grown at 1% following induction. It was therefore decided that initial
purification attempts would be performed using DOGIDEBC expressed in B834(DES3)

cells.

DOGDH-LIC3C was expressed in B834(DE3) and protein production performed at a
large sale as described iZ2.3.2 Ni-affinity purifications were performed using the
following buffer system: Buffer 1: 50 mM-H®l, 20 mM AEBSF, 20 mM Imidazole pH

7.0; Buffer 2: 50 mM T+#8CIl, 20 mM NaCl, 20 mM AEBSF, 500 mM Imidazole pH 7.0.
This systenwas identical to that of L. Ropgho had previously observed DOGDH
stability issues during purification and consequently added the protease inhibitat AEBSF
a final concentration of 20 mtd purification buffers. Following sonication, cells were
harveted, the supernatant containing soluble protein isolated and BeaffitNfy and

Size Exclusion Chromatography (SEC) conducted sequentially as descflged in

Figureb.1 presents the SEC chromatogram obtained followiifgcation of DOGDH
LIC3C expressed in B834(DE3) cells. A single sharp peak was observed between following

flow of 55 and 70 mL of SEC buffer.
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Figure 5.1 Chromatogram obtained following SEC of DOGDHLIC3C expressed in B834(DE3)
cells, a distinct peak can be between 55 and 70 mL, reaching its amplitude at roughly 63 mL.

Absorbancewas measurecht 280 nm.

Ni**-affinity and SEC purification fractions were pooled respectively and analysed by 12%

SDSPAGE (Figure5.2).
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Figure 5.2: 12% SDSPAGE gel of samples fromDOGDH -LIC3C purification following expression
in B834 L = protein ladder, FT=flowthrough, X1 and X2= wash fractions, PosNi=pooled peak
fractions obtained following Ni-affinity chromatography, PostSEC=pooled fractions obtained
following SEC. SEC appeared to have further purified the sampldowever, therewere multiple
bandssuggestingprotein breakdown.

The gel inFigure5.2 suggested that DOGDHIC3C was successfully expressed and
isolated as evident from the thick bands at 34 kDa in both tHdi{afinity and post

SEC samples, however, the presence of multiple bands at this position safgtésted
isolated protein was undergoing degradation. This degradation occurred despite the

presence of protease inhibitor. The same result was also observed for -DICGOH

127



expressed in BL21(DEJidure5.3). The protein bandsf interest were analysed using
MALDI-TOF Mass Spectrometry which suggested that degradation was occurring towards
the Gterminus of DOGDHLIC3C. This conclusion was drawn due tadhatification

of peptide fragmenthat aligned witlpositions230254,255274 and 277294 of the

DOGDH amino acicsequence (with position 294 corresponding {teen@inus of the
enzymejFigure5.4).
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Figure 5.3: 12% SDSPAGE gel of post SEC fractios of DOGDH-LIC3C expressed in BL21(DE3).
Once again, multiple bands can be seen where DOGDHIC3C would be expected.
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Figure 5.4: Amino acid of DOGDH-LIC3C with the peptide fragments detected by MALDITOF
MS highlighted in red. The peptide fragment sequences aligned with amino acids towards the C
terminus of the DOGDH suggesting that degradation was occurring in this region. The Nerminal
hexahistidine tag has been highlighted in a blue rectangle.

The pont at which degradation of DOGDBDHC3C commencedvas investigated by
performing a time course stability test. In this, cells expressing BOGBE were lysed
by sonication, the lysate was kept on ice and samples were taken hourly for analysis by

SDSPAGE. The results of this experiment are summarigagure’s.5.
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Figure 5.5: 12% SDSPAGE gel of samples taken at different time points following cell lysis. t0= lysis
point. A solid, stable 3 kDa can be seen in all the samp#g this waslikely DOGDH -LIC3C. t1 0 t24
correspond to the hourly time point samples while L is #hprotein ladder.

This stability test suggested that DOGDRB3C remained stable following sonication

and that potein degradation was most likely occurring followffigaffinity purification.

This degradation may have been the result of abstraction of the active site Fe(ll) in
DOGDH during the Ni*-affinity purification process as a result of metal ion transfer
leading to the protein losing its stalFfift¥his possibility would be difficult tooa as

affinity purification was deemed an essential step in protein isolation.

The concentration of salt in the purification buffers was also deemed a potential factor
contributing to the instability of DOGDH. NaCl plays a number of roles in the parifica
buffer including stabilising the protein of interest by increasing its ionic strength which
helps prevent nespecific interactions between the protein and the column. Many
protocols recommend that at least 50 mM of salt is present in purificafiéos touf
prevent this. The buffer utilised in these purification trials only contained 20 mM NaCl
which could perhaps be deemed too low for its stabilising effect to occur. Other members
of the research group had experienced purification successes wibhnbea@fations as

high as 500 mM, as a result, the concentration of NaCl in each purification buffer was

adjusted to match this.

As little difference was observed between the large scale expression of-DO8DH
expressed in BL21(DE3) and B834(DE3)resgmon from this point onwards was
performed in the latter. Following expression and harvesting, purifications were again

conducted but with modified purification buffers.
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Figure 5.6: 12% SDSAGE gel of DOGDH -LIC3C peak fractionsfractions obtained following Ni-
affinity purification with modified purification buffers

Figure5.6 above presents the SPBGE gel of peak fractions obtained following-Ni

affinity purification of DOGDI-LIC3C with the modified buffer system. It was
immediately evident that shifting to this system resulted in greatly improveyligladsin

shown by the thicker bands. There are however multiple bands in the area of interest as
seen in the lanes to tfa right of the gel, which suggested that protein degradation was
still occurring regardless of the increased salt concentration. This hinted toward an
increased likelihood of protein instability being the result of abstraction of the active site

Fe(ll) metal cofactor during this purification process.

5.3.2 DOGDH-pET22b

MS data confirmed DOGDHIC3C underwent degradatiaoward the enzymeC-

terminal end during and following the protein purification process, this suggested that a
different construct DOGDH ®uld be synthesised for purification and crystallisation
purposes. It was thus decided that DOGDH be cloned into the pET22b vector in order to

introduce a @erminal hexahistidine tag into the protein.

DOGDH -pET22b was expressed in BL21(DE3) cells, growB and purified by K
affinity and SEC purification using the buffers in Table 2.4. 10% v/v glycerol was added to
the resuspension buffer to aid stabilisation and prevent protein agdfégajiva5.7

shows the SBBAGE gel obtained following J8ffinity purification.
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Figure 5.7: 12% SDSPAGE gel ofthe peakfractions obtained following Ni-affinity purification of
DOGDH -pET22b. A very clean, clear band can be seen at approximately 30 kDa in most fractions.
This likely corresponds to isolated DOGDH. The fractions are also very clean, particularly following
just one purification step.

A very clear, solid band likely corresponding to stable DGSEIH2b was observed in

each fraction. This suggested that a combination of tr@nstinuct and modified buffer
conditions had resulted in the prevention of proteolysis duraffirity purification.

These fractions were pooled and concentrated down to 2 mL prior to loading onto an S75

column. SEC was performed, yielding the chrgmaatoinFigures.8.
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Figure 5.8: SEC Chromatogram of DOGDHpET22b expressed in BL21(DE3). Two peaks were
observed. The presence was detected by absorbance measurements at 280 nm.

Two peaks were observed and fractions corresponding to them were analysed by SDS

PAGE (Figure5.9).
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Figure 5.9: 12% SDSPAGE gel of fractions isolated during SEC of DOGDHpET22b. A 32 kDa
band corresponding to DOGDHpET22b can be seen in every fraction. The thickest bands
correspond to fractions obtained at the height of the peak in the chromatogram

The above gel shows that the majority of DOGIET22b was isolated in the second,

more predominant peak on the chromatogram. Thick bands at around 32 kDa
corresponding to DOGDHYET22b can be seen in the Peak 2 fractions. These bands were
also whole suggesting that stable, soluble protein had been isolated. As a result, it could be
concludd that cloning of DOGDH into the pET22b vector resulted in a construct that
could be expressed and purified to yield soluble protein for crystallisation trials. In general

0.8 mg of DOGDHpET22b was isolated per gram of harvested cells.

5.4 Crystallisation Trials of DOGDH

54.1DOGDH -pET22b

DOGDH-pET22b was a very promising candidate for crystallisation trials due to its
heightened stability compared to the LIC3C variant following purification. This stability

and ease of purification made this targetaitefor broader trials.

In initial trials, purified DOGDHPET22b was concentrated to 10 mg'rahd trialled

with three commercial screens: PACT, INDEX and CSSl/II in a 96 well format as
described i2.2. 7.1The majority of drops at low protein concatiin were empty, while
increasing concentration resulted in a greater incidence of debris and protein precipitate in

the drops.
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It was thought that these findings resulted from the fact that DOGDH is a multi
component enzyme that requires substratgdlutarate, and Fe(ll) for function, with it
being highly probable that Fe(ll) was abstracted from the enzyme dymimdidstion.

It was therefore hypothesised that add#pgoline, 2oxoglutarate and Fe(ll)$© the
mother liquor solution in the iige of the commercial crystallisation screens may aid
protein crystallisation. This was done by preparing a ligand stock contaibipgpline,

1 M 2oxoglutaric acid and 100 mM Fe(ll)8@ich was added to the mother liquor in a
50fold dilution (finalconcentrations of 20 mM, 20 mM and 2 mM respectively). Plates
were left for 30 min prior to addition of protein in order to allow the contents of the wells

to mix.

A drop of interestvas observed for DOGDIHET22b in CSS BFigure5.10). Thisdrop
consisted of what appeared to be showers of microcrystals. Though not optimal, the fact
that crystalline matter in itself had been observed was promising. As a +eslilt, 24

hanging dropptimisation triale/ere attempted (s€e?. 7.2,

Figure 510 DOGDH -pET22b CSS B7 dropthat yielded crystalline matter. Microcrystals were
observed inthe centre of the drop (dark region). The composition of the drop was 0.3 M Sodium
Acetate, 15% PB 4000, 0.1 M Bis Tris Propane pH 6.5, 20 mMproline, 10 mM 2oxoglutaric acid,

2 mM Fe(I1)SOa4. The concentration of DOGDH-pET22b was 20 mg mt.L

The crystals observed kigure5.10 were found in well B7 of the CSS screen. The
composition of this drop w&3 M Sodium Acetate, 15% PEG 4000, 0.1 M Bis Tris
Propane pH 6.5, 20 mMproline, 10 mM -®xoglutaric acidnd2 mM Fe(Il)SQ This
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condition was optimised by manipulating the pH range of Bis Tris Propane (from 5.5 to
9.0, ineither 0.25 or 0.5 increments depending on the plate) and the concentration of PEG
4000 (5% to 30%, in 5% increments with the lowest concentration tested on a plate being
either 5% or 15% depending on the upper limit). This, however, yielded littbevatitces

failure to even replicate the initial hit at a larger scale.

A 96 well additive screen (Hampton Research) of this condition was also attempted in
order to assess whether the addition of additives could aid the crystallisation o DOGDH
pPET22b. Thistoo, however, was unsuccessful with either empty drops or precipitate

observed.

Final crystallisation attempts focussed on directly supplementing the purified DOGDH
pPET22b with Fe(ll)SQresuspended in Bufferplior to dispensing the protein onto the
crystallisation drops. This was unsuccessful, with Fg()§&aying poor solubility at
physiological pH, swiftlprecipitatingout of the mixture. Koketswet al.directly
supplemented MIC4H with Co(ll) as a Fe(ll) mimetic for this ré€aktmmg this work as
inspiration, Co(ll)Gldissolved in Buffer B was directly added to purified DOGDH
pET22b, however, DOGDH was found to precipitate out of solution after addition of
even the smallegbssible quantity of Co(ll). This suggested that Co(ll) was toxic to

DOGDH and could not be used a Fe(Il) mimetic in this work.

54.2 Modification of DOGDH

Little success was achieved with crystallisation attempts of DOGBE and
DOGDH-pET22b in theimative states; this resulted in the focus of subsequent work
shifting towards modifying DOGDH enzymatically, chemically or by mutagenesis with the

hope of enhancing its crystallisability.

54.2.1 Cleavage of Nerminal 6His Tag

The Nterminal hexahistiae tag of DOGDHLIC3C was cleaved due to the fact that the
presence or absence of a tag can have a strong influence on the crystallisation behaviour of
a protein. This work was performed as describ2d.fiUncleaved DOGDH.IC3C and

HRV3C protease, whicboth still possessed hexahistidine tags, were separated from
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cleaved DOGDHLIC3C by Niaffinity chromatography using the program in Table 2.23.

The chromatogram obtained for this purification is shofrigume5.11
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Figure 5.11 Ni-affinity purification chromatogram of DOGDH-LIC3C following overnight reaction

with HRV3C protease. The cleavage appeared successful as evident from the large peak in the first
10 mL wash (no imidazat), this likely corresponded to unbound and cleaved DOGDHIC3C. A
second peak was observed from 40 mL likely corresponding to HRV3C and uncleaved DOGDH
LIC3C. Absorbance was measured at 280 nm.

The above chromatogram suggested that the cleavage wafukastagepeak was
observed and isolated in the wash step of the purification. This peak likely corresponded to
cleaved DOGDHLIC3C that had not bound to the column due to the lack of a
hexahistidine tag. A second, smaller peak was observed from wBicmUikely
corresponded to HRV3C protease and any remaining uncleaved BIOGEIH The tag
cleavage process was also monitored byPBBE and the resulting gel presented in

Figures.12
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Figure 5.12 12% SDSAGE gel of the Histag cleavage process. Following the reaction at 24 h it
can be seen that a new band approximately 2 kDa smaller than tagged DOGBMC3C is in
abundance. This is also the dominant product in the first (larg® Ni-purification peak. There was
also evidence oh faint amount of HRV3C protease present in every sample at 66 kDa.
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The SDSPAGE gel provided further evidence that the cleavage reaction had likely been
successful as evident from the fact that a banmoughly 2 kDa smaller than tagged
DOGDH-LIC3C was themost abundant species in the sample analysed 24 hours

following the reaction and in the first Ni purification peak.

The fractions in the large peak were pooled and further purified byi@EE5(13) and
peak fractions analysed by $SIA&E (Figure5.14).
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Figure 5.13 SEC chromatogram of DOGDHLIC3C following His -tag cleavage. A single sharp band
wasobserved between 580 mL. Absorbance was measured at 280 nm.
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Figure 5.14 12% SDSAGE gel of the two fractiong(F1 and F2)obtained following SEC of Histag
cleaved DOGDH-LIC3C. A band approximately 2 kia smaller than tagged DOGDHLIC3C was

the most abundant product. As this was DOGDHLIC3C, multiple bands were observed where the
protein was expected likely due to stability issues. Some remnants of HRV3C protease were also
present at 66 kDa.
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Cleaved DOGBI-LIC3C eluted in a single peak betweed 60 mL of buffer. SDS

PAGE analysis supported the claim that the cleavage had been successful as seen by tl
fact that the abundant product band was approximately 2 kDa smaller than that for
uncleaved DOGDH. Muftle bands were observed together with the cleaved protein
suggesting that degradation was occurring which was to be expected as this had previous

been the case for DOGBHC3C.

The hexahistidiriag free DOGDHLIC3C was divided in two fraction, wita(FHSQ,

(0.5 mM final) added to one fraction. Crystallisation trials with the three commercial
screens were performed with both fractions at protein concentrations ranging from 10 mg
mL* to 50 mg mL. Results were, however, identical to previous lsgtitai attempts

with empty drops, debris or precipitate observed. This suggested that cleavage of the N

terminal hexahistidine tag made little difference to the crystallisability of DOGDH.

54.2.2 Reductive Methylation of DOGDHpET22b

Reductive methylaih of surface exposed lysine residues works on the principle of
chemically modifying these residues by methylation afalveint exposesiamino group

in order to reduce the surface entropy and theoretically aid crystal lattice formation without
altering their protein structure or biochemical fun€fidiis covalent modification was
attempted on DOGDHKET22b as described i2.2.6 Following this process, the
DOGDH productwas concentrated to 50 mg hdnd 96 well crystal trials performed
using CSS, PACT and INDEX as standard.

Crystallisation trials were not successful following this attempt, with most drops appearing
empty. This may have been because the protein commeniras not sufficient for

crystallisation but in this instance this could not be remedied as the protein yield was very
low (0.1 mg per g of cells) which may have resulted from losses during the multiple steps

involved in this process.

Figureb.15shows a 12% SEFAGE gel of protein fractions obtained during the reaction
process. In general, it is difficult to ascertain the success of this reaction from the bands or

the gel and the yield of protein isolated was very poor witit abed for crystal trials.
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Figure 5.15 12% SDSPAGE gel of protein fractions obtained during the reductive methylation
reaction process. Native DOGDHpET22b is approximately 32 kDa in size and can beesn in the

Ni and SEC fractions. The thick band isolated following the reaction process and buffer exchange
by SEC appears larger than the native DOGDHET22b as evident by the fact it appears higher up
on the gel. However, this qualitative measure is n@nough to ascertain reaction success

Reductive methylation proved to be inconclusive in this instance. Crystals were not
obtained and the yield of protein was insufficient for downstream work. As a result, this

process was setdesiand an alternative pued.

5.4.2.3 Surface Entropy Reduction Mutagenesis

As chemical modification of DOGDPET22b by reductive methylation did not appear to

aid in producing diffraction quality crystals in the first instance, covalent modification by
mutation was next atterspt Surface entropy reduction (SER) mutagenesis works under

the principle of mutating surface exposed large hydrophilic amino acid residues, that may

i mpede a proteinds ability to form ordered
contacts, to alame?**Mutation to a more compact amino acid should in theory reduce the

surface entropy and aid crystal lattice fornvdtion.

The gene for a SER variant of DOGDH was designed by using arseniareprovided

by UCLA and designed by Goldschmidt and colleagues, available at
http://services.mbi.ucla.edu/SERY The original DOGDH sequence was input into the
server, which yielded a job result file withiraber of amino acid clusters that could be
mutated to alanine, each assigned a score f6o(th@ higher the number, the more
optimal the cluster). The highest ranking result (score of 5.18) was a cluster containing

glutamic acid and lysine at positidndé8oand 49. A synthetic gene containing E48A and
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K49A mutations (DOGDHSER) was ordered from Thermo Fisher Scierfifgure
5.16).

ATG CTG ACC CCG ACC GAA CTG AAA CAG TAT <30
MLTPTELKROQY

CGT GAA GCA GGT TAT CTG CTG ATT GAA GAT <60
REAGYLLIETD

GGT CTG GGT CCG CGT GAAGTT GAT TGT CTG <90
GLGPREVDTCL

CGT CGT GCA GCA GCA GCA CTG TAT GCA CAG <120
RRAAAALYARQ

GAT AGT CCG GAT CGT ACC CTG GCA GCAGAT <150
DSPDRTL A A D

Figure 5.18 The first 100 amino acids of th® OGDH -SER Synthetic Sequence. The E48A and K49A
mutation sites have been highlighted in red.

DOGDH-SER was cloned into the pE¥BSLIC3C vector using the primers, DOGDH
SER_FORand DOGDHSER_REV, in Table 2.1Bouble digests reactions with Ndel

and Ncol wee performed as previously described and samples analysed by agarose ge
electrophoresigigure5.17). Six samples were analysed by agarose gel electrophoresis,
four of these indicated successfuldohing as evident from theepence of a faint band

at 0.8 kb corresponding to DOGBSER and a bright 6.0 kb YSBLIC3C band. These
four samples were analysed by sequencing which confirmed that the sub cloning had bee

successful.

kb

10.0
8.0

3.0

2.0
15

1.0

0.5

Figure 517 Double digest of DOGDH-SER cloned into the YSBLIC3C vector. A band at
approximately 0.8 kb can be seen in 4 of the 6 samplésamples 1, 2, 4 and 6}his was likely
DOGDH -SER, while a brighter band at approximately 6.0 kb likely corresponded thet LIC3C
vector.1-6 = samples treated with the restriction enzymes Ndel and Ncol.

Expression testing was performeB.icolBL21(DES3) cells and samples analysed by SDS

PAGE Figure5.18).
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Figure 5.18 12% SDSAGE gel of expression test of DOGDHSER in BL21(DE3) cells. The growth
temperature has been highlighed by the number. C = uninduced control. S = soluble fraction. | =
insoluble fraction. DOGDH-SER appears soluble at allhree growth temperatures as evident from
the 32 kDa bands that have been circled. The greatest soluble expression wlaservedat 16°C.

DOGDH-SER displayed greater soluble expression than previously studied DOGDH
variants, with the highest level obsemted growth temperature of 16 following

induction with IPTG. This provided confidence to proceed withdeadge purifications.

DOGDH-SER was expressecEincolBL21(DE3) cells and grown in 4.5 L LB. Following

harvest, Naffinity and SEC purificahs were performed as standard. The output SEC
chromatogram is presentedrigure5.19. A large and abundant peak was observed at a
wavelength of 280 nm betweerd®B5 mL. The fractions corresponding to this peak were

analysedybSDSPAGE (igure5.20).
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Figure 5.19 SEC chromatogram of DOGDHSER purification. A large and abundant peak was
observed between 7@ 85 mL. The peak appeared at a later volume ah previously purified
DOGDH equivalent due to the use of a Superdex 200 column rather than Superdex 75. Absorbance
was measured at 280 nm.
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Figure 5.20 12% SDSPAGE gel of Ni and SEC fractions obtained dring purification of DOGDH -
SER. It is evident that samples were cleaned between purifications. An abundant 34 kDa peak can
be seen in the key Ni and SEC fractions, this likely corresponded to DOGDHER-LIC3C.
Purification appeared to have been successful.

SDSPAGE analysis suggested that purification had been successful as evident from the
thick and abundant 34 kDa bands in the key fractions. The protein yield markedly

improved with 3 mg of protein per gram of cells isolated.

SEC fractions were pooled ahé protein concentrated to 26 mg“mCrystal screens

were performed as standard using CSS, PACT and INDEX with two drops, one with

protein at 13 mg miand the other at 26 mg mLCrystalline matter wabserved in the
top drops (13 mg miof DOGDH-SER) of INDEX A10, A11 and A1Ei§ure5.21).

INDEX A10 INDEX A11 INDEX A_12
0.1 M BisTris pH 6.5 0.1 M HEPES pH 7.5 0.1 M Tris pH 8.5
3.0 M NacCl 3.0 M NaCl 3.0 M NacCl

Figure 5.21 Three drops of interestobservedfollowing crystallisation trials of DOGDH-SER. The
well composition has been stated belv each drop. Sowersof what appear nanocrystalline in natute
can be seernn the outer regions of the drops.

The three dropslike with DOGDHpET22b, consisted of nanocrystal showers in the

outer regions of the drop. Though not optimal, these drops spooveide and were
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optimised in 24vell hanging drop formats with drop pH and salt concentration

manipulatedrigure5.22 presents a successfully optimised drop.

INDEX A12 opt B3:
2.5 M NacCl
0.1 M Tris pH 7.5

Figure 5.22 Drop in well B3 of the INDEX Al12 optimisation. Nanocrystal showers can be seen
throughout the drop. The composition of solutions in the well has been statedThis was a
significant finding due to being the first time that crystalline material was observed in tHeanging
drop format.

This successful optimisation was significant, despite the drop being identical to what was
observed in the 96 well formats, due to the fact that this was the first time for a DOGDH
variant that a 96 well sitting drop was optimisedegtidated in a 24 well hanging drop
format. The INDEX A12 condition was further optimised by adding additives (Proline+2
OG, Ethylene glycol, DMSO, polypropylene glycol P400, glycerol, MPD] Butiaf) at

2% and 4% v/v respectively to the dropgure5.23 present®ne of thedropsobserved

following these optimisationEhe crystals were yet again nanoctijstah nature.

INDEX A12 rd 2.5 opt B2 top:
2.5 M Nacl

0.1 M Tris pH 6.5

4 % v/v ethylene glycol

Figure 5.23 Optimised drop in well B2 of the INDEX A12 optimisationwith ethylene glycol utilised
as an additive Nanocrystal showergsome globular in shape)an be seen throughout the drop. The
well composition has been stated in the figure.
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The extensive attempts at optimising the hits observaé INDEX screen, though
promising, failed to yield diffraction quality crystals. As a result, an alternative approach
was undertaken. This approach involved the addition of ligands to the mother liquor
solutions of the crystallisation screens as destwib®®OGDH-pET22b but replaced
Fe(1)SQ with Co(Il)Cl, as the former was prone to oxidising in solution and tee latt
reported to be a good mimft The ligand stock concentration vaasbefore but the

dilution factor increased to 1000 fdlaystal screens usi@@well commerciakcreens

were prepared as standard.

Figure5.24 presents twdropsin which aglobular crystal morphology was observed in the
bottom region of the drops. These hits webservedn PACT G9 and G10, and the
conditions optimised by manipulating the PEG concentration and buffer pH.
Unfortunately, little success was found in doing this, witlesheptimisations yielding

bubblelike quai crystalsHigures.25).

PACT G9 PACT G10

0.2 M Potassium Sodium Tartrate 0.02 M sodium/potassium phosphate
0.1 M BisTris Propane pH 7.5 0.1 M BisTris Propane pH 7.5

20 % PEG 3350 20 % PEG 3350

0.01 M Ligand Stock 0.01 M Ligand Stock

Figure 5.24 Two drops observedin PACT G9 and G10 following replacement of Fe(ll)SOwith
Co(INCl; in the ligand stock. The well compositions have bee stated below the dropsGlobular
material was observed at the bottom of thdrops (circled).
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PACT G10 opt A5 top drop

0.02 M sodium/potassium phosphate
0.1 M B BisTris Propane pH 8.5

15 % PEG 3350

0.01 M Ligand stock

Figure 5.25 The top drop observedin A5 of the PACT G10 optimisation withwell composition
stated beneath Bubble-like quasi crystals can be seen throughouiut are particularly abundant in
the centre of thedrop.

The PACT G9 and Gl6onditionswere furtheroptimised by assessing the effect of
adding a series of detergents, which may aid in crystallising bingrgmability via the
prevention of aggregatith.The following detergents were used: NQSB (0.5 M
stock), NDSRB201 (0.5 M stock), NDSRL1 (0.5 M Stock) and Trietbkmine (100%
v/v stock). Detergents were added to the reservoir solutions at volumes b&tween@L

in increments of 10 QL.

The optimised plates were left to incubate for an extended period of time but failed to yield
any diffraction worthy crystalsttwmost droplets appearing either empty or containing

bubblelike quasi crystals.

54.3 DOGDH Homologs

Extensive effort was employed in attempts to obtain diffraction quality crystals of
DOGDH, with each attempt proving unsuccessful. Koketsu and cedlesgermined the
structure of SmC4H, which itself proved difficult to crystallise, by solving the structure of
MIC4H which possessed a closely related sequence to it, and used this structure to model

that of SmC4H% A similar approach was attempted for DOGDH.
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Following a BLAST search, two homologs with®® sequence identity to DOGDH

were selecteéFigures.26):

(i) Hypotheticatrangl-hydroxylase fromlicromosporsp. CNB394 (MP4H)
(i) Hypotheticatrangl-hydroxylase fromocardigp. BMG111209 (NP4H)

10 20 30 40 50 20
I I I I I I
DOGIExD 4
MP4Hnxl ]
NP4HxxZ Z:S:':'“' "'IYY ""'“_"""E'T, _\_Fn,ﬂlfl' BEVERLY I'_“I-E\_.
Prim. cons. }CLSSSSL:GYR_:C__LSSS:G L=E 3_ 333LQ33;—_3 RI_YSS DSPERILEFDERTVEAVHEC
70 =] =1 ] 100 110 120
| I I | |
DGO HERDEVCEDLVE B W
MP4Hnxl HUWHSTFRRLN
NEB4HuxnZ HETSELFSRLVELEFL

Prim.cons. I-RSSFS 311‘11—]1331' SE?—_B.,.@ILS“E"Y'H““&IH?—-JS;-_T_IC_-, WEW

130 140 150 1&0 170 120

| | [ | | |

DOGDHExO MDRPHVVHVAV LIDEATHLNGFLLEVEGTHE LG LI DVERRA PRGDEDAM LD LS ADT "‘1
MP4Hxxl MRRPDVVIN ER i

NP4Hxx2 MEADRRETHNL
Prim.cons. VBQFS"’TI"““LD:?—ISI.H‘ELL_' P""SHBI_MSSS"SQRSSS DD 22?‘353152‘—"1_""1'

130 200 210 220 230 240

| | | | | |

DOGDHExO ATDADLLERTTAGRGEIESATEGEAGSILLFDSRIVHE “HT'ICTI—E?:'_.__'.':Y}RI__‘H?—_T_
MP4Hxxl AT LLEKLTETTEVI AIREPPESILLFDPFLLVHE ul N
NP4Hxx2 ALTAEQLTPL L—QI.C:Q_— A TEPEGSALLFDPRLIHG

Prim.cons. “Il—SLT.SSI.L—SS —IS?—}-I“FS =SILLE :'FQI."H“S“SIDCSES"'QSS"L"IY}H'_‘HSI_

250 20 270

| | |
DGO ELOARERPEFLARRDATELVELEAGFALADEY
MP4Hnxl EVESEREDFLAARINTEVEPLDEEADLIE——
NE4HxnZ VEVEMEREDFLCEPDSTALEPLIDEF————-
Prim. cons. SEVEIERPDFLARRDETELIPLIZEFZLIZEV

Figure 5.26. Amino acid sequence alignment of DOGDH, MP4H and NP4H

The synthetic genes of MP4H and NP4H optinfsedxpression i&. colwere ordered

from and synthesised by Life Technologies. For the purpose of cloning into the homologs
into the pEFYBSLIC3C vector, the genes were PCR amplified using the primers MP4H
LIC3C_FOR, MP4H.IC3C_REV, NP4KLIC3C_FOR and NP4H-LIC3C_REV
(described in Table 2.13). Following this, the amplified genes were extracted, purified, T4
treated and annealed to the linearised vector. Sequencing was performed by GATC whicl
confirmed that the DOGDH homologs had been successfully diaioethe pET

YSLIC3C vector.

Expression tests were performed for both enzyntescmiBL21(DE3) cellsigure5.27

shows the 12% SEFAGE gels obtained following these tests. In general, there was more
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insoluble than solublegtein expression for both proteins. The two enzymes also showed
evidence of leaky expression as evident by the 32 kDa bands present imdoeetbn

control samples. For MP4H, the greatest soluble expression appeared to occur when cells
were grown at 3T postinduction. In the case of NP4H, soluble expression was equally

good at all three growth temperatures.

MP4H-LIC3C NP4H-LIC3C

kDa

97.4
66.2

45.0

31.0
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L 16C 16C 37C 37C 16S 16l 30S 301 37S 37l L 16C 16C 37C 37C 16S 16l 30S 301 37S 37l
S | S | s | S |

Figure 527 12% SDSPAGE gels of expression tests of MP4HLIC3C (left) and NP4H-LIC3C
(right) in E. coliBL21(DE3) cells. Both MP4H and NP4H are approximately 32 kDa in size. Circled
are the bands likely corresponding to the proteins of interest. There appears to have been some
leaky expression at 16C for MP4H and at 37°C for NP4H. In general, the greatest soluble
expression for MP4H appears to occur at 18, while for NP4H there little difference at all three
growth temperatures S= soluble fraction; | = insoluble fraction.

Protein production was scaled up, with recombinant cells grow errifit. Broth (12 g

L* tryptone, 24 gLt yeast extract, 4 mL*Lglycerol, 10 % v/v 0.17 M KRO,, 0.72 M
K,HPQO,). Protein expression was induced with addition of 1 M IPTG when the Optical
Density of cells reached 2.0, and cells grown overnightGt @élls were harvested as
standard. Terrific Broth was selected for the purpose of producing a greater amount of

cells from a reduced growth volume.

For both proteins, the purification process involved consecutaféiny purification
and Size Exchion Chromatography (SEC) performed in one work Higyre 5.28
presentshe chromatograms obtained following SEC of MBKI3C and NP4HLIC3C
respectively. In both cases, a large distinct peak was observe&0met 60buffe was

passed through the column.
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Figure 5.28 SEC chromatograms of MP4H and NP4H purifications. A clear, distinct peak can be
seen for both between 50 and 60 mL

The purity of MP4KLIC3C and NP4KLIC3C folowing each purification step was
assessed by 12% SPSGE analysig-(gure5.29).

kDa MP4H-LIC3C__

(0a NPAHUCSC
4 )

Ni fractions SEC fractions Ni fractions SEC fractions

Figure 529 12% SDSPAGE gels on samples obtained following purification of MP4H (left) and
NP4H (right) . Both proteins are approximately 32 kDa in size. Purification appears to have been
successful for both.

Both DOGDH homologs were successfully purified and found to be stable in isolation. 1
mg per g of cells of MP4HC3C and 3 mg per g of calisNP4H-LIC3C were isolated

respectively.

Crystallisation trials were performed for both at concentrations of 10 “gsinmy
commercial CSS (0.1 M Bis Tris Propane pH 5.5 and 6.5), PACT and INDEX screens.
Initial results for NP4HLIC3C were not very prasing as most drops contained
precipitate suggesting that the crystallisation conditions were not suitable for this protein.
MP4H-LIC3C on the other hand showed more promise with crystalline material observed

in two dropsKigure5.30).
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Figure 5.30 MP4H-LIC3C drops that yielded crystalline matter. Microcrystals were observed in CSS
C11 (left) and INDEX B1 (right) The crystalline material was highly dispersed throughout the
drops.

The conditions that yielded hits were as follows:

(i) CSS C11: 0.2 M KSCN, 10% PEG 8000, 10% PEG 1000, 0.1M Bis Tris Propane
pH 6.5
(i) INDEX B1: 0.1M Bis Tris pH 5.5, 0.5 M Magnesium Formate dihydrate

Though the crystals were not optimal, 24 well hanging diopsapons of both these

conditions were attempted.

The CSS condition was optimised by manipulating the percentage of PEG and the
concentration of KSCN, while for the INDEX condition the pH of Bis Tris was changed.
Rows 24 of each plate differed in tbefactor that they contained (Fe(IRD@ andL-

ascorbic acid). Unfortunately, the initial hits could not be replicated in the scale ups.

Ligand addition screens, with both added Fe(ll) and Co(ll) respectively, were also
performed for MP4HLIC3C and NP4HLIC3C as described for DOGDPET22b in
5.3.2 using varying protein concentrations of both homologs (10 ™g B.mg mL).

However, despite these efforts, it was not possible to obtain diffraction quality crystals with
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the best results being ideriticawhat was previously observed for MRAEBC in the

absence of ligands.

5.5 Discussion and Conclusions

DOGDH was initially cloned into the pEYISBLIC3C vectoto introducean N-terminal
hexahistidine tag amairified by Niaffinity chromatography ai8EC to yield unstable,
degrading protein, regardless of attempts to prevent this. The continued isolation of
unstable DOGDHLIC3C was not optimal due to the fact that stability is a key prerequisite
for crystallisatiof¥ This is primarily the result of biomolecular crystallisation requiring the
ordered seldssembly of molecules, with components within the asymmetric unit of a
crystal needing to be of the same kind and $AdpOGDH-LIC3C was therefore

abandoned as a crystallisation target due to its stability issues.

DOGDH was next cloned into the pET22b vector to generatteanihal hexahistidine

tagged enstruct.This construct was successfully purified at moderately high yi@efd and

well crystal screening was performed using commercial screens with varying concentration
of protein. The resulting drops were either empty or contained precipitatelerisell

This hinted towards continued DOGDH stability issues in the crystal drops themselves
which | ikely hindered the pr eredpitateitsof abi |

solution.

It was hypothesised that stability issues and thayradDOGDH-pET22b to crystallise

may have arisen from the absence of key enzyme components such as Fe(ll), 2
oxoglutarate and/or proline in the pure enzyme and crystallisation solutions. The addition
of ligands is thought to aid crystallisation by emgpatiee conformational stability of the
protein of interest’ To test this, ligand addition crystallisation trials were perfaithed

Fe(ll), 2oxoglutarate and-proline added to tB mother liquor of the crystallisation
solutions. This proved successful with nanocrystal showers observed in a single 96 wel
sitting drop, however, this drop could not be replicated wwallHAanging drop format.
Attempts were also made to directly Be(ll) and its mimetic Co(ll) directly to purified

DOGDH -pET22b prior to concentrating for crystallisation trials, however, this proved
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unsuccessful with Fe(ll)g@recipitatingout of solution andhe addition ofCo(ll)

resul ting i n irstantanepus précpifatiod® s al mo st

Little success was observed with crystallisation trials of DQGIRE and DOGH

PET22b in their native state. As a result, the work that followed focussed on modifying the
protein surface of DOGDH, a westablished stratefpy protein crystallisation, by both

chemical and mutagenesis methods. Reductive methylation of surface exposed residues was
the chemical method attempted and proved to be inconclusive. Surface entropy reduction
mutagenesis of surface exposed aminovaasdthe second attempted modification. This

proved somewhat successful with hits observed in-thel|9$tting drop format with one

of these hits successfully replicated inveelsanging drop format. Attempts were made

to further optimise this tottle success. Ligand addition trials were performed on
DOGDH-SER which yielded an alternative globular crystal morphology which also was

optimised with little success even following the addition of stabilising detergents.

The final work in this chapterifébd towards homologs of DOGDH, with the hope of
using any potential structural data to model DOGDH i®&t. homologsMP4H and
NP4H, were selected following a BLAST search and cloned into théSBEIC3C
vector. Purifications of both homologs yielstatlle proteins at high yields. Crystallisation
trials were performed and tamps of interesbbserved for MP4H. Unfortunately, scale

ups were not successful.

In conclusion, extensive attempts were made to obtain diffraction quality crystals of
DOGDH. However the protein proved to be mostly unstable, at best generating

microcrystals that could not be optimised on a larger scale.
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Chapter 6

Reactions with Proline Hydroxylases

6.1 Introduction

Proline hydroxylases are a subfamily of the broam@gRitaree dependent oxygenase
superfamily of enzymes. Microbial proline hydroxylases have the advantage over thei
mammalian equivalents of being able to catalyse the hydroxylation of proline in isolation,
doing so with high regioenantie and stereoselectivity In this project, hydroxylases
capable of producingranst-hydroxyL-proline (DOGDH), cis3-hydroxyL-proline

(StP3H) andisA-hydroxyL-proline (MIC4H) were successfully cloned and expressed in

Escherichia pobviding a platform for their biocatalytic application.

The described microbial proline loygtlases have the interesting feature of being able to
hydroxylate substrates other than proluitd only the secondary amino acid moiety
deemed essential for activityBuch a feature opens up a wealth of synthetic potential by
providing access to an unprecedented number of hydroxylated chiral sypibeoslic

acid Figure6.1) is one such alternative substrate that can be hydroxylated by proline
hydroxylases to hydroxypipecolic acid, with enantiomer formed depending on the
hydroxylase utiliséf.Hydroxypipecolic acids are widely occurring amino acids in nature
that are also building blocks of a number of peptide éinspbierpenoids and alkaloids,

though this is dependent on the enantiomer of the hydroxypipecolic acid coii¥fituent.

O @)
HO
OH & OH
NH NH
L-pipecolic acid hydroxy-L-pipecolic acid

Figure 6.1 L-pipecolic acid and hydroxyL-pipecolic acid.

The high selectivity and activity of proline hydroxylases together with their ability to
hydroxylate substrates other than proline and their evolutionary potential for enhanced or

modified activity towds these substrates grants these enzymes significant industrial
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potentiaf® In order for such potential to be achieved, it is important to characterise the
reactions they catalysentdyg key reaction parameters and investigate their structure to try

and elucidate the determinants for selectivity.

6.2 Aims

Biotransformations will be performed witproline as substrate using hydroxylase targets

as puified proteirsand in whole cella order to compare and contrast their performance.

For the purposes of whole cell reactions, cells expressing the hydroxylase targets must be
generated by fermentation and the presence of the targets confirmed. Biotransformations
must be performed atrange of scales and key reaction parameters identified for the
purposes of optimisation. A protocol must be developed for recovering and quantifying the
hydroxylated products following reaction. Finally, a platform must be identified and utilised

for the purpose of screening a panel of alternative substrates with the hydroxylases.
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6.3 Cellfree Biotransformations

As a proof of principle test, biotransformations-pfoline with purified DOGDH
LIC3C, StP3KLIC3C and MIC4H.IC3C were attempted.

In orderto generate the hydroxylase targets, all three were expressetBh21(DE3)
cells, harvested and purified byaffinity chromatography and SEC as standard. The SEC

chromatograms for these purifications are preserfegline6.2.
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Figure 6.22 SEC chromatograms of DOGDHLIC3C, StP3HLIC3C and MIC4H-LIC3C
purifications respectively.A single, abundant peak between 565 mL was observed in theStP3H

and MIC4H purifications. Two peaks were observed DOGDHLIC3C suggesting multiple products

were isolated. Please note the differences in absorbance scales. Absorbance was measured at 280
nm.
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The purifications appeared successful but, interestingly, two peaks were observed in the
DOGDH chromatogram. Ni and SEC fractions for each hydroxylase were analysed by
SDSPAGE (Figure6.3).
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Figure 6.3: 12% SDSPAGE gels of hydroxylase purification fractions. Top: DOGDHLI C3C; a thick
band at approximately 34 kDa likely corresponding to DOGDH.IC3C can be seen in each
purification fraction, most of the protein appears in the second SEC peak. Middle: StP3HC3C; a
thick band at approximately 37 kDa likely corresponding cafe seen in both the Ni and SEC
fractions. Bottom: MIC4H-LIC3C two bands at approximately 35 kDa are present in the Ni and SEC
fractions suggesting that MIC4H was degrading.

The above gels suggested that, in general, all three hydroxylases had bksly success
purified. However, DOGDHLIC3C and MIC4H.IC3C appeared to be undergoing

degradation as evident from the multiple bands present in the fainter DOGDH purification
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fractions and in main purification fractions of MIC4H. This was to be expected for
DOGDH-LIC3C as stability issues were previously observed-I3G3H appeared to

be the most stable and wadpressed of the three targets as evident from the thick bands
and the fact that its SEC chromatogram peak maxed out the UV absorbance measuremen
limits. Regardless of the stability issues, biotransformation work proceeded with these

purified samples as this was a proof of concept test.

Whole cell biotransformations afproline using the SEC fractions of the three
hydroxylases were performed at a 4aoale in 50 mL falcon tubes as describ2dif.2

with the transformation mixture consisting of 0.6 mgenkyme and Reaction Mix 1 (see
2.1.3. Samples were taken at regular intervals foraPdl lanalysed by HPLErior to
derivatisation, reactioarsples were centrifuged at 168@Be supernatant retained, heat
deactivated by heating in a block &C3for 10 min andentrifuged once more. This heat
deactivation step was performed in order to inactivate any protein and biological samples ir
the mixtures. Samples were derivatised using the FBll@ssay developed in Chapter 3

and analysed using HPLC Program 4 described in Table 2.27

The percentage conversation of proline to hydroxyproline was calculated by using the

following equation:

oA REDROA GG L PARDAEUACI GUPOI T EIA
CAOBRRBAEST 1 DIARDAEUAOT BUBDT TET A

Results and Discussion

The percentage conversions of proline to hydroxyproline observed following 24 h of

reaction time for each enzyme are summariSetbliet.1.

Table 6.1: Maximum conversion observed for DOGDH, StP3H and MIC4H with_-proline

Enzyme Conversion (%)
DOGDH-LIC3C
StP3HLIC3C 23
MIC4H-LIC3C
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Of the three hydroxyde targets, only StP3H showed evidence of activity in the pure
erzyme state with approximately@8onversion tais3-hydroxyproline observed after 24

h. This may have been due to the fact that this enzyme appeared the most stable of the
three following prification. DOGDHLIC3C and MIC4H.IC3C on the other hand

showed no evidence of activity as no product peaks were observed in any of the analysed
samples. A likely reason for the absence of activity in DOGDH and MIC4H was that they
presented greater staypiissues following purification. It must be noted that both also

rapidly precipitated in solution within minutes of the reactions commencing.

In summary, only StP3H appeared active in the purified state with DOGDH and MIC4H
showing severe stabilityuss. In a sense, this finding was not surprising as these proline
hydroxylases are mwtmponent enzymes that require Fe(Hx&lutarate (@G),

ascorbic acid, a mean of cofactor (FeflD@) regeneration and enzyme stabilisation in

order to succefsly function’’® Achieving such a state of equilibriis very difficult

when working in a cell free environment as additional components such as oxidoreductase
enzymes for cofactor regeneration as is the case for P450s and the enzyme itself needs

must also be stabilised using further complex means syémambilisatior *’

For the purposes of redox biocatalysis, particularly reactions in which molecular oxygen is
required, whole cells continue to remain the ideal system for performing such*teactions.
#2This is due to the cell itself possessing the capacity to provide cofactors, regeneration
strategies and an environment for the stabilisation of edZy#®esa. result, whole cell

biotransformations were the next to be investigated.

6.4 Generation of Cells

In order to perform biotransformations using whole cells expre&@igH, StP3H and
MIC4H, it was necessary to first produce cells. Cells were generated in 1 L f@gwoenters
fermentations for each hydroxylase targeit)g a Fe@atch Fermentation protocol
develogd by N. Triggs and M. BycraftDr Reddys Laboratoriesa | Gliease Fed 550
(see2.2.8.Y The output data for a representative vessel is presdntraiet4.
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Figure 6.4: Fermentation output for DOGDH reaction 1. Varialds that were monitored included: dissolved oxygen content (purple), Optical Density (yellow), vessel
temperature (red), strirring rate (RPM) (light blue), vessel pH (maroon), amount of acid (green) and base (violet) added exdjvely. The fermentation wagperformed for
45 h. The stiring rate (light blue) gradually increased to 1000 RPM over the first 6 h after which it stayed at this valt@itthout the process. During this period, the Optical
Density of the material (yellow) gradually increased to 100.0he growth temperature (red line) was 30.%C for the first 18 h after which it was reduced to 25°G. In order

to maintain the pH at 7.2, very little acid was added following 2 h of growth time with only base supplemented into the mietyviolet). The dissolved oxygen value
(purple) dropped from 60% to 20% saturation over the first 2 h, remained fairly constant betweéhiafter which it dropped and stabilised to about 10% saturation.
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The fermentation trace figure6.4 is the output for one of the DOGDH growth vessels,

the other five fermentations looked identical to this, so have not been presented. The
optical density of the growth mixture gradually increased to approximately 100.0 during the
45 h growth period. Thgrowth temperature was ®for the first 18 h and reduced to 25

°C for the remaining time. The pH of the growth mixture was maintained at 7.2 by
continued addition of 28% ammonium hydroxide. The dissolved oxygen content was
initially at 60% saturatiaropping to 20% in the first two hours and staying as this level

for the next 6 h. After this point, the dissolved oxygen dropped to 10% saturation and

remained at this level until the end of the growth period.

Following fermentation, the final @pPwasapproximately 100 for each growth vessel.
Fermentation mixtures were centrifuged at §@060 min and the cell pellets retained,
weighed and stored -20 °C until requiredTable6.2 summarises the final yields of cells

expressing each enzyme of interest following fermentation.

Table 6.2: Quantity of cell paste produced by fermentation. The total fermentation volume for each
is the sum ofthe two reactions.

Construct Cell paste(g) Total fermentation volume
(mL)
DOGDH-LIC3C 330.5 1650
StP3HLIC3C 303.7 1700
MIC4H-LIC3C 274.9 1600

The presence of the required proteins in the produced cells was assessed using Western
Blot analysis. Pellets were first resuspended in 50 negiypatahosphate buffer pH 7.5

such that the final concentration was 10% w/v. Resuspensions were sonicated at 13.0
Microns for 15 cycles of 30 s on and 30 s off, and lysates centrifuged gfol 6033in.

The supernatant of each was collected anddteesatbe soluble protein fraction, while the
remaining pellets (insoluble fractions) were resuspended in 10 mL phosphate buffer pH
7.5. Fractions were diluted 1:10 in phosphate buffer pH 7.5 and analysed on a-12 % SDS
PAGE gel. Following electrophoredi® gel underwent Western Blot analysis using an

Anti-His antibody.
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The output Western Blot of the fermentation cell pellets is preseffigdira6.5. In
general, it appeared as though the fermentations had been very siscees#at #om
the presence of bands corresponding to each hydroxylase target in their respective cell:

There also appeared to be an equal amount of soluble and insoluble expression.

kDa
66.2 -
45.0 -
-— e AP &
31.0 —
21.5 -
L MIC4H MIC4H StP3H StP3H DOGDH DOGDH

insoluble soluble insoluble soluble insoluble  soluble

Figure 6.5: Western Bot of pellets produced following fermentation. A single band can be seen in
each of the lanes at the desired size. This suggests that DOGBHC3C, StP3H-LIC3C and
MIC4H -LIC3C were successfully produced by fermentation

In conclusion, DOGDHLIC3C, StP3KHLIC3C and MIC4HLIC3C were successfully
expressed ifE. coli Cells expressing these targets were prepared by fermentation at a
satisfactory yield and the presence of targets confirmed by Western Blot analysis. This

validated and demonstrated the scaladfilibys process.

6.5 Whole Cell Biotransformations witft -proline

6.5.1 Shake Flask Reactions

6.5.1.1 Preliminary Reactions

Having successfully produced cells expressing DAGO3C, StP3HLIC3C and
MIC4H-LIC3C respectively by fermentation, the next waal to attempt whole cell
biotransformations with-proline as substrate in shake flasks. For the purposes of these
biotransformations, 2 L glass Erlenmeyer baffled flasks were selected as the reactior

vessels. Baffled flasks were chosen because e didfie base of the flasks are thought
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to aid oxygen transfer during shaking which can be crucial for cell health and hydroxylase
activity as these enzymes are believed to be highly dependent on molecular oxygen for

catalysi&?® 2

Protocol

Reactions of {proline were performed with DOGDH, StP3H and MIC4H respectively at

a 150 mL scale. The reaction mixture consisting of 10%oaén cell paste and 150 mL

of biotransformatiorReaction Miture | (see Table.d prepared in 50 mM potassium
phosphate buffer pH 7.5. This ratio of reaction components were adopted from previous
work performed by L. Roper. The flasks were placed in an orbital incubator $€t to 30
with shaking set to 180 RPM. 20 uL aliquots waieee from the reaction vessels at regular

interval and snap frozen in liquid nitrogen for storag® @@ until required for analysis.

Prior to precolumn derivatisation, reaction samples were centrifuged gtdr6EDinN,

the supernatant retaineddasteactivated by heating at°@for 10 min. Samples were
derivatised using the FMaIT assay developed in Cha@dsee3.5.3. Derivatisation

reactions were performed in glass vials and samples were filtered prior to transfer into glass

vials for LEMSanalysis.

Derivatised samples were analysed b%Qising the L&S long acidic rpgram

described in Table 2.29

Results and Discussion

In the case of LS analysis, three peaks were expected in samples: aprieM@C
peak at approximately 7.4 min, BMOC species peak at 7.2 min and an FMOC
hydroxyproline peak between 6.6 min anchit.8

LC-MS chromatograms of illustrative time points in DOG@DEBC and StP3HIC3C
biotransformations (using the long acidic program) are shbignnet.6 andFigure6.7.

The peak identities have been stated and were confirmed by supporting MS data.
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DOGDH + 20 mM L-proline
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Figure 6.6: LC-MS chromatograms of DOGDHLIC3C reactions with 20 mML-proline. The peak
identities have been labelled and were confirmed by supporting MS data. FM@toline was
observed at around 7.4 min, an FMOC species was observed at 7.2 min while the FM@iZs4-

hydroxyproline species was observed at 6.6 min. The ommatograms show that the t4HyP peak

increases in amplitude over time, peaking at 24 h while the Pro peak decreases and is completely

absent after 24 h.

161



. —FMOCspecies  StP3H +20 mM L-proline
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Figure 6.7: LC-MS chromatograms of StP3KLIC3C reactions with 20 mM L-proline. The peak
identities have been labelled and were confirmed by supporting MS data. FM@ioline was
observed at around 7.4 min, an FMOC species was observed at 7.2 min while the FMEE3-
hydroxyproline species was observed at& min. The chromatograms show that the c3HyP peak
increases in amplitude over time, peaking at 24 h while the Pro peak decreases and is completely
absent after 24 h.
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The chromatogram data for the DOGDH, StP3H and MIC4H biotransformations
suggested thatehbiotransformations were successful as evident from the fact that the
peaks corresponding to the hydroxyproline products increased in amplitude over the
reaction time coursesaching a maximuiollowing 24 h of reaction. Interestingly, proline

was absennh both the 24 h and 48 h samples of these three reactions. It was, however,
difficult to conclude that the reactions had gone to completion due to the fact that final
peak amplitudes of the hydroxyproline products present in isolation were only affractio

the height of the starting proline samples in the 1 h samples, especially for the MIC4H in
which the final peak area of the product was roughly 20% that of the starting proline. This
suggested that the proline may have been scavenged by thencelisedrgaction and

will be discussed later in this chapter.The peak area data for these biotransformations hav

been visually summarisedrigure6.8..
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Figure 6.8 Charts summaising the LC-MS data for biotransformations ot -proline with DOGDH,
StP3H and MIC4H respectively. The peak areas of proline (blue) and hydroxyproline (red) in each
time point sample have been measured and visualised. DOGDH and StP3H appeared to perform
similarly reaching an excess of hydroxyproline after 24 h with close final product peak areas. MIC4H
also reached an excess of product after 24 but the peak area of product was approximately half the
size of what was observed in DOGDH and StP3H. Interestityg proline appeared absent in all three
reactions after 24 h regardless of performance.

In general, DOGDH and StP3H appeared to perform in an almost identical manner with

the peak area of the hydroxylated product gradually increasing over theffresa&ibrg
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reaching its maximum after 24 h. A similar pattern was also seen for MIC4H, however, the
final product peak area was approximately half of that observed in the DOGDH and
StP3H reactions. In all three reactions, the amount of proline obsetivedeaaction

samples gradually decreased from a maximum at the beginning to a complete absence after
24 h. The final peak area of the products in the three reactions was only a fraction of the
size of the initial proline pearea in the first time poistiggestg that not all of the

proline had been utilised in the reactions despite its absence in the final time points,

supporting the theory that the substrate was being scavenged by the cells by some means.

6.5.1.2 Optimisation of Reaction Parameters

Initial biotransformations in shake flasks were very promising in the case of DOGDH and
StP3H, with the former showing improved performance compared to its purified
equivalent. However, as the maximum conversion was observed after 24 h had elapsed in
the reation, it was decided that the next goal would be to optimise the reaction in order to

enhance activity.

Consultation of the literature suggested tihat ratio of components in the
biotransformatiorReaction MiX20 mML-proline, 20 mM -®xoglutaric acjdl0 mML-

ascorbic acid and 2 mM Fe(Il)SAH 7.5)be modified. Klein andiitel investigated the

effect that varying concentrations of Fe(l})&@lL-ascorbic acid had on the activity of
proline hydroxylas&$. The two found that the concentration in thixture of ascorbic

acid should not exceed 3 mM, as ascorbic acid can have an inhibitory effect on the
hydroxylase at concentrations exceeding®ttig(1)SQ meanwhile was found to
optimally aid function at concentrations ranging from 0.1 mM to 0.5paholg on the
hydroxylase, with teangroline4-hydroxylase showing the greatest activity with 0.5 mM
Fe(1)SQ.**

It was also hypothesised that the concentratiomxdgutaric acid in the mixture should
be increased relative to substrate as it enagy been limiting during the reaction time

course perhaps due to being utilised in alternative processes by the cells.
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As a result of these considerations, the concentrations of components in the Reaction Mix
were modified such that it contained 20 iqvbline, 30 mM ®xoglutaric acid, 3 mM
ascorbic acid and 0.5 mM Fe(ll)@&action Mix Il in Table 2.7)

Reactions of-proline with DOGDH were performed in baffled flasks as before but with
Reaction Mix ll Samples were taken at regular interval€nfromtil required and

derivatised with FMOCI for analysis by -MS.

Figure6.9 presents selected illustrativeNIS chromatograms (analysed with the-long
acidic program) of time point samples in the reaction of DOGEBBC with20 mML-
proline using the modified reaction mix. Peak identities were assumed based on the

supporting MS data.
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Figure 6.9: LC-MS chromatograms of selected time points in the reaction between DOGDHC3C
and 20 mML-proline using the modified reaction mix. FMOGproline = 7.4 min; FMOC species =
7.2 min; FMOC-t4HyP = 6.6 min. These chromatograms suggested that the reaction was occurring
more rapidly with the modified reaction mix as evident from the increasin amplitude of the t4HyP
relative to the Pro peak.
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