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Abstract

Abstract

Development of novel biocatalytic routes toward the synthesis of Naproxen

Whil st pressure grows for &égreenerd solu
cleaner and more efficient way of chemical production using ambient experimental
conditions such as temperature and pressure. Biocatalysts can offer a route tc
enanioselectivereactionsthat can produce pure yields of product. Reductases are capable
of carrying out asymmetric reduction of C=C bonds which lead to important chiral
compounds from alkene®©ld yellow enzymes were employed in the synthesis of the
profen Naproxen by precursomwith three different functional groupsiitro, carboxylic

acid and methyl estefhree routes were developed using the three precursorsaetitity
detected with at sever@YEs. Reactions towards Naproxen were completed by enzymati

or chemoenzymatic routes. Qarticular interest wasthe direct reduction of2-(6-
methoxynaphthale@-yl)acrylate to (R)-Naproxen by OYEs, XenA and GYEThis
reactionwasrun at a 50 mg scaleith 85% vyield of Naproxen observed. This activity of
XenA and GYE towardssubstrates containinghonoacid activating groupsis as yet
unreported in OYEand leads the way to expand the biocatalytic potential of this enzym
group. Additional screens were carried out with XenA and GYE wjphehylacrylic acid

and addional related substrates screened in an attempt to expand the substrate range of tf
OYEs. However, the only activity detected was that with XenA aptiehylacrylic acid,
suggesting that XenA and GYE are not active with a wide range of monoacid cantainin
substrates.

The University of Manchester
John Edmund Waller
Doctorate of Philosophy

12 September 2015
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Chapter 1: Introduction

1. Introduction

1.1 Biocatalysisand the fine chemical market

Biocatalysisis defined ashe use of natural catalysts, such as enzytmeshemically alter
organic compoundsThere are many advantages that biotechnology offers over tradlition
chemical synthesisuch assustainable andheaper production with pureroduct and less
waste (Meyer & Turner 2009) Biocatalytic processs include the use of recyclable
reaction components contributirig cheaper unning costswhilst the level of waste of
manychemical synthesis processncreases with each step in the procéssbiocatalyic
routesoften contain fewer steps tthe final productthe resulting waste is significantly
reduced(Woodley 2008)as is the overall process colst addition,biocatalyticprocesses
are typically performed underambient conditions, such as neutral pH and room
temperaturewith the absence of toxic additivelss environmentalpressure throughout the
world is shifing away fromthe use offossil fuels towards anore sustainable form of
energy, biotechnologyffers a more environmentally friendly approach to chemical
synthesisWith reduced energy input, recyclable materials and reduced waste, biocatalysis
is demonstrating how traditional chemical synithenethods can be replacebe timing of
which coincides perfely with the biotechnology industry to help lead the way in shifting
to a 0gr dmogeod & Scfuttoh 2013

Incorporation oferzymes inpathways tochemical synthesishas become increasiyg
common in the past few decadesich asn the starch, leather, detergent and pulp and
paper industriegRubin-Pitel & Zhao 2006) The present wave of biocatalysis has reached
a new industrially proven level through the advancement of technological research and
innovation(Bornscheuer et al. 201,2yhich has seen an increase in the use of enzymes for
the synthesis dine chemicals and pharmaceuticfl®ogood & Scrutton 2013Yypically

high cheme, regio- and stereoselectivity coupled with ambient conditions hasetelp
contribute to the increase of enzyme,wgkeen synthesising pharmaceuticé®rnscheuer

& Pohl 2001) Due to theoftenhighly selective nature of enzymeaés some casegroducts

can be achieved that are not attainable through alternative chemical pr¢bessdisihar

et al. 2001;Muralidhar et al. 2002Panke et al. 2004Reetz et al. 2009However, this
selectivity of enzymes can also work against the adoption of such procasseszymes
may not hase activity against nonative, yet industrially useful substrates. Additionally,

they rarely contain all thedditional properties required for an industrial scale reaction

14



Chapter 1: Introduction

such as stability and reactivity in the presence of high levels of organic tsoareh high
substrate loading. As a result, many studli@ge focussed on thmodification of enzymes

to improve commercial usefulnefReetz et al. 200Rubin-Pitel & Zhao 2006Kumar &

Singh 2012) Recentadvances in higithroughput screening and protein engineering
processes have seen such modifications becoming routine in the optimisation of enzyme:
(Kumar & Singh 2012)

Chemical synthesis has estimated worth of 2,290 billionS$ globally, and a predicted
growth to 4000 billion US$ by 2020,(Meyer & Turner 2009) About 85billion of the
market worthis generated through industrial biotechnolg@hemical and Engineering
News 2015) The biotechnology industry involvement in fine chemical production is
predicted to be responsible for 20 of global chental production by 2020, whictwill
result, in theory, in a 16 fold increase in worth of ihdustry to 800 billion US$
(Gavrilescu & Chisti 2005)Despitethe predicted increases in market growth, a major
hurdle iIis to develop <cost effective and
increasing demandlhis will require advances in the development of novel biocatalytic
processes and the improved industrial usefulness of exigtizymes via mutagenic
techniques

Focus on improvement of highhr oughput techniques and t
enzymelibraries along with improved cofactor regeneration and protein stability have led
to the use of biocatalysis for the optimisation of metabolic pathways orstapltcascade
reactions(Bornscheuer et al. 2012As a resultthe adoption of biocatalytic methods has
seen an increase in recent yedrsese processese used tamprove direct or indirect
routes toward the synthesis of fine chemicalgth some methods going as far to produce

products fromsubstrates initially thoughnert with enzymes
1.2 Biocatalyst use in pharmaceutical synthesis

An increase in studies aimedidéntifying enzymatic approachaschenical synthesis has
occurred in recent years, largely due to tingh selectivity and ease of usé enzymes
(Huisman & Collier 2013)Of all the reactions currently being used in industing main
four are reductions, hydrolytic reactions, transaminations and oxidafituisman &
Collier 2013) Early research focussed on thevelepment of commercial processes
employing alcohol d&hydrogenasegHummel 1990) For example the use of alcohol

dehydrogenase frotoactobacillis kefirto convertacetophenone tdrf-phenylethanol was

15



Chapter 1: Introduction

employed as early as 199faving the way for biocatalysis to be used in replacing existing

chemical synthesis metho@tidummel 1990)

Table 1.1. Biocatalytic processes used in the synthesis of pharmaceutical compounds.

No. Reaction Ref.

1 o) ,—OH ﬁOAC /‘OH (Xun,
N Llpase
Vlnyl Ester 4S 4R 2013)

CO,Et CO,Et CO,Et H
2 Llpolase CO,Et (Mar“nez
CO,Et CO,Et + CO,Et ——>

2008)

3 0 transaminase NH, /\rCONHZ (Shin,

~ Ao N “TcoH s Cfo 2009)
PhCH2NH2 PhCHO

4 (Znabet,

DW H ~ 2010)

;= ﬁ%r

telaprevir

° [ ey (e (Bechtold
= NADPH NADP+

MeO OEt N S MeO 2012)

MOAN i Monoamine oxidase N frospergilus niger

Hydrolyases have been used for the resolution of racemic mixtarnekling pure
enantiomers to be obtained. For example, the commercial synthesis of thetramiral
drug Abacavir includes the use of a lactamase to resolve Naotam (the commercial
name given to the bicyclic moled elactam 2azabicycltept5-en3-one to the (R)-
enantiomer(Xun et al. 2013;Huisman & Collier 2013)Table 1.1,reactionl). In the
production ofthe antiepileptic drudPregabalin lipases selectively hydrolysan (S)-ester
from a racemic mixresulting in the(R)-precursorremainng untouched(Martinez et al.
2008)(Table 1.1 reaction2). Advancement of theSj-enantiome to pregabalin occurs in

the remaining reaction stepshilst the R)-enantiomer is recycled to racemic substrate.

Biocatalytic transamination is an established process in the production of chiral amine
pharmaceuticals and precursoras it often produces products with excellent

enantioskectivity comparedto competing synthesis method®r example, many studies

16



Chapter 1: Introduction

have described the development and optimisationrarisaminationreactionsfor the
resolution of racemic mixtureg¢Tufvesson et al. 2011)Levetiracetam is the active
ingredient inKeppr akE, an anticonvul sant used toc
employed to synthesise th@ermediate 1-aminobutyric acid via the transamaitionof 2-
oxobutyric acid and benzylamirf8hin & Kim 2009)(Table 1.1 reaction3). Howeverfor

many of the transamination reactiptise equilibrium remains unfavourable for industrial

applicatiors (Tufvesson et al. 2011)

Biocatalytic oxidationsare potentially very powerful as selective transfations and the

use of monoamine oxidases (MOA®)r industrial biotransformationsre becoming
increasinglyrelevant One such commercial success of MOAs is in the synthesis of
telaprevir, an antiviral protease inhibitor used in the treatment of hepa(i@inabet et al.
2010) Due to the lack of stereoselectivity in Ugind Passerirliype reactiongBanfi &

Riva 2005;D6mling & Ugi 2000) a flavin-dependat MAO was used to elsymmetrise

the prahiral meseamine substrate in a multbomponent reactiofiZnabet et al. 2010)
(Table 1.1yeactiond).

The final major class of biocatalytic pharmaceutical reactians hydrogenations
(reductions) catdysed bye nzymes such as k gddctaseghuecenta s e ¢
years blockbuster drugs, such as atorvastatin and phenylephrine, have been developed fro
a range of ketoreductase processes by Codekisreby a ketone is redutt® an alcohol,
(Huisman et al. 2010femonstrating the potential of reductias a step towards the
synthesis of pharmaceuticals néeEeductases have been employed to catalyse the
asymmetric reduction of activated C=C bormd$ -uUnsaforated aldehydes aketones.
AstraZeneca e mp | o yire the synthases 6of chimldathers, assch |s
Tesaglitaza(Bechtold et al. 2012)This compound is peroxisome proliferateactivated
receptor(PPAR) antagonist, alrug acting upon the PPARIn the treatmenbf type 2
diabetegBechtold et al. 201)Table 1.1reactionb).

The biocatalytic reaction that is the focus of this ihésthe reduction of C=C bonds. Two
new stereogenic centres can be gendratsuch a reactigrwhich can be used to generate
enantiomerically pure alkanéfoogood et al. 2010As suchfinding enzymes capable of
carrying outasymmetric reductionfor use in industrial biocatalysis haseatpotential

While most biocatalyticeductionsdescribedn the literaturehave been performed by the

Old Yellow Enzyme (OYE) family(purified enzyme®r whole cell extractsToogood et
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al. 2011), recently members of thdADPH-dependentouble bond reductase subfamily

of medium chain dehydrogenassluctase{MDRSs) have been studie@Vansell et al.

2013; Hirata et al. 2009)Thi s thesi s will expl ore- the
reductases, to find the most suitable candidate(s) for the chosen asymmetric biocatalytic

reductions
1.3 Biocatalyticreductionand O6Ened6 reductases

The asymmetric reduction of activated C=C bonds is an established route towards fine
chemical production, pharmaceutical and agrochemical intermedixising methods of
synthesis include the use of pragometals chiral phosphinesand organocatalytic
reductionof cyclic enoneqTuttle et al. 2006) However, there is significant pressure to
replace soh methods with more environmentally friendly processes that require less
energy input and produce less waste. There is also huge pressure from the food additiv
industry to replace all chemically derived additives with naturddlsived flavours from
theenzyme and biocatalysis indus{sronza et al. 1996 PDue to this demand asymmetric
synthesismethodsutilising biological catalysts have become increasinglgortant,with

the quantity and scale of research into reductafkescting this.The work described in the
following sections on O0eneb6 reductases p

double bond reductase froicotianatobacum
1.3.1 Old Yellow Enzymes

The finmsetdudéenmasée di OdoelewEnad yma 6 Saécimmniyces
pastorianus(formerly Saccharomyces carlsbergens@YE1) in 1932(Warburg 1932)
The familygot their name due to the yellow colour of the FMN cofactor of these enzymes
(Akeson & Theorell 856). As the first cofactor dependent enzyme directly involved in the
catalysis of a redox reactip@YEL played an important role in the development of the
field of enzymologyMassey & Schopfer 1986%ubsequent to this was the discovery of 5
isozymes (OYEZ) of OYEL from other yeast specidsitially indistinguishable by their
molecular weights and spectral properti@$e only apparent difference was ithe
oligomeric state and subtle differences in the shape of the enzyme activiVviatesey &
Schopfer 1986)Further early studiesestablished that theeductionof C=C bondswas
dependent on NADPHs the hydride donobespite the discovery of numerous enzymes

within the OYE family(Table 1.2)the allocation of a specific natural and physinal
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role has not been assigned to this class of enzymes lalgely their promiscuous nature

and the absence of any known. 6physiol ogi «

Table 1.2. Summary of major OYE homologues.

Organism Enzyme Subgroup Reference
S.pastorianus OYE1l Classical (Matthews & Massey 1969
S. cerevisiae OYE2 Classical (Stott et al. 1993)
OYE3 Classical (Niino et al. 1995)
Enterobacter cloacaBB2 PETNR Classical (French et al. 1996)
Gluconobacter oxydans GYE Classical (Yin et al. 2008)
Pseudomonas putidd10 MR Classical (French & Bruce 1994)
Pseudomonas putida XenA Thermophilic (Blehert et al. 1999)
Bacillus subtilis Yqgjm Thermophilic (Fitzpatrick, 2003)

Thermoanaerobactgy. E39 TOYE Thermophilic (Adalbjornsson2010)

PETNRT Pentaerythritol tetranitrate reductase; GiYEluconobacter yellow enzyme; M
i Morphinone reductase; XerniAXenobioticreductasesTOYE i Thermostable old

yellow enzyme.

The OYE family is an extensively studied family that is capable of redue#@ bonds
which are activated by a wide spectrum of functionalifiesogood et al. 2011)These
functional groups activate C=Bondsby acting as electron withdrawing groups which
draw electronaway from theC=C bond. This bond is then vulnerable to hydride attack
from thereduced=MN. OYEs contain flavin mononucleotides (FMN) acehcataly® the
NADPH dependent C=Chondr educt i on of a variety of
unsaturated ketonedi-carboxylic acids, nitroalkenes, aldehydes and derivatives.

1.3.1.1Structure of OYE Enzymes

Thefirst structure ofan OYE QYE1) was solved to 2 Abothin the oxidised and reduced
forms, bound to aNADPH analogueThis gave greatsight into the mechanism of OYEs
(Saito & al. 1991)(Fox & Karplus 1994)To date approximately 2dtructures of OYEs
have been solvedhitp://www.rcsb.org/pdly many containing substrates, products or
inhibitors withn the active site(Fox & Karplus 1994; Spiegelhauer et al. 2010;
Adalbjornsson et al. 2010)
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Overall structure of OYEYEsare typically found as homodimers (XenA and OY£],

howeverPETNR and GYHrom Gluconobacter oxydansxist as monomsr Some also

exist in multiple oligomeric states such as tetramers and octam@réE]. However,
despite the variation seen in the oligomeric state of OYEs the homologue monomers all
display a similar single domastructure(Karplus et al. 1995raaije & Mattevi 200Q)An

U ,s-barrel (TMbarr el ) fold wit hternainusislf iod dne d eb\Be/r ib
strands (OYE1 numberingfFox & Karplus 1994)andare a common feature not only in
OYEs but flavoproteins in general. The secondary structures of OYEs tend ist o
Uhdices and &-strandgFigure 1.1)

Figure 1.1. Overall structure of OYE1l. OYEL represented as a ribbon structure of a
single subunit. The TIM barrel is viewed from the centre outwaiitls the N-terminus

being above the @rminus on the right hand side. Thkhelices andb-strands are
represented as red ribbons and blue sheets respectively and those from the TIM barrel at

numbered in the order thappear in the OYE1 sequen€zenerged in Discovery Studio

While high amino acid sequenceonservations of the FMN and substrate binding
functional regions exists in the OYE homology@slalbjornsson et al. 2010yistinct
sequence and structural featufi€gzing et al. 2005Fitzpatrick et al. 2003)ave led to the
description of twasubgroupof OYEs (Adalbjornsson et al. 2010The main subgroupf
OYEs is designated as byQYEsasuchiasz QYED PETEHR d |
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and MR (Table 1.1). The secbnédedubek ads
mesophilic enzyme (YqjM) belongs to this granpaddition to thermophilic ones (TOYE)

The thermophilidike group also displasproperties typical of thermophilic enzymes, such

as shorter sequers@nd higher oligomeric stateg¢Adalbjornsson et al. 2010XenA
remairs somewhat between the two categoas# contairs features of bothbut daesnot
display a conserved similarity between eithArsequence alignment of selected regions of
the OYE family highlights the differences in conservation between the activef she

two subclasses Figure 1.2

26 102
PETNR | ———— MSAEKLEFTILKVGAVTAPNIRVEFMAPLTRLRS AEDGRIAVLWHT
OPR1 :_ VEEKQVDKIPLMSIECKMGKFELCHI| LAPLTROR- AKGGIFFCEOIWHYV
NerA g ——————— MTSLFEIH IVMAPLTRNR— SAGGKIVAEIWHYV
OYE?2 G FKPQALGDTNLFKIEIKIGNNELLH VIPPLTRMRA ENKSFAWVE@LWVL
OYE3 FEPISLRDTNLFEERIKIGNTQLAH VMPPLTRMRA DCQSFAWVELWSL
GYE_ | -==----MPTLFDEIDFGPIHAKNIRIVMSPLTRGRA | AKGGKIVCELWHM
XenA :_ ——————— MSALFEIYTLKDVTLRNINIATPPMCOYMA | AAGSVPGI®IAH
TOYE g ——————— MSILHMELKIKDITIKNINIMMSPMCMY SA | ANGAVMGI®LAH

O

181 184 186 351 333

=
T
K.
Q
Q
)

EINEFDLVIRTHSAHGYIMTLHQ
FINE@FDGVIRTHGAHGYIMTIDO FYTSD | ————————

FINCFDGVIRTHAANGYTIEOIL, | FYGGG | ————————
AINGADGVIRTHSANGYILNOIRL | FYRMS | ————————
7IXeA DGVITHSANGYMLNQRL | FYTMS | ————————
RINEFDGVQIHAANGYMIDERL | WYSQG | ————————_
LHEFAHGYIGOSIRF | ————— YAHWLERY
THAAHGYIRMTHERT, | ————— YE-RAFKK

Figure 1.2 Amino acid sequence alignment between the 8 OYE enzymes subject to
research in this thesis. Sequence alignment performed using Clustal Omega
(http://www.ebi.ac.uk/Tools/msa/clustalo/). Residues highlighted in yellow and green
indicated key coresved active sight residues T26, Y28, W102, H181, H184, Y186 and
Y351 (PETNR numbering) as well as R333 in the thermophilic like subclass (TOYE
numbering). Yellow boxes indicate the conserved residues in the classical subclass whils
green boxes indicateonserved residues in the thermophilic like subclass. Group 1
indicates the classical OYEs and group 2 indicate thermophilic like OYEs. Accession
numbers from UniProt (http://www.uniprot.org) PETNR (U68759), LeOPRL - 12-
oxophytodienoate 10,3eductasefrom Lycopersicon esculentunav. Castlemart I

(Q9XG54), NerA i glycerol trinitrate reductasdrom Agrobacterium radiobacter
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(031246, OYE2 (Q03558), OYE3 (P41816), GYE (A1ESI9), XenA (Q3ZDM6) and
TOYE (BOKAH1).

Key amino acid residues can be seen to beawed throughout the different subclasses of
OYEs.A keythreonineresidue is observed position26 (PETNR numbering) in classical
OYEs and is known to stabilise the negative charge of the F®erman et al. 2010;
Karplus et al. 1995Xu et al. 1999however, in thermophilic like OYEthis residue is a
cysteine. Further differences can be observed at key residue W102 (PETNR nunbering
which is an alanine residue in thermophlllke OYEs. All subclasses do share some
similarity in conserved regions at the key substrate binding resldii@$, H/N184 and
Y186 (Figure 1.2 The other major difference in highly conserved residues occurs towards
the Nterminus.ResidueY351 is a highly conserved residue amongst classical OYEs and
iIs knownto hydrogen bond with substratdsit is not present in thermophilic like OYEs

due to shorter sequengésgure 1.2.
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B
1: PETNR 100.00 42.82 47.50 36.84 38.23 42.61 25.95 30.77
2: OPR1 42.82 100.00 44.72 38.15 40.05 39.49 26.90 29.71
3: NerA 47.50  44.72 100.00 38.27 41.34 43.14 25.22 28.75
4: OYE2 36.84 38.15 38.27 100.00 81.50 34.56 22.82 27.79
5: OYE3 38.23  40.05 41.34 81.50 100.00 35.98 22.25 27.79
6: GYE 42.61 39.49 43.14 34.56 35.98 100.00 26.25 29.35
7: XenA 25.95 26.90 25.22 22.82 22.25 26.25 100.00 40.43
8: TOYE 30.77 29.71  28.75 27.79 27.79 29.35 40.43 100.00

Figure 1.3 Superimposition ofthe X-ray crystal structures of OYE homologuesA i
PETNR, LeOPRL, NerA, OYE2, OYE3, GYE, XenA and TOYE are shows as yellow,
blue, purple, pink, orange, red, brown and green flat ribbaspectively PDB codes
(http://www.rcsb.org/pdb/home/home.d®ETNR @P62), LeOPRL (1VJI), NerA (4JIC),
GYE (3WJS), XenA (2H8X) and TOYE (3KRU). Generated in Coot and Discovery
Studio. BT percentidentity matrk generated for comparison of structure similarity
between OYEs performed on alignment programme  Clustal Omega

(http://www.ebi.ac.uk/Tools/msa/clustalo/)

Some of he OYEs demonstrate a sequence similarity as observed in the superimpositio
and sequere similarity matrix (Figure 1)3 however some demonstrate a poor similarity

such as PETNR and XenA (25%Q)espite some poor sequence similarities they all have
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very similar structural similaritieS?ETNR and NerA most closely resemble eadmeot
with 47% sequence similarity, OYE2 and OYES3 are highly similar with 81% similarity and
both TOYE and XenA share the highest similarity with each other despite a lower
similarity observed with thether classical OYEs (Figure 1.3

The major differences between OYEs tend to be between the surface loop amino acic
compositions The differences are thought to reflect interactions between the monomer
monomer interface of functional dimers between classes of (JX&albjornsson et al.
2010) Consequently, some surface loops are seen to b&esmadize in the thermophilic
class of OYEs suggesting a mechanism for thestabilisation. For example when
comparing the Nerminal surface loop of TOYE to that of the classical OYEs, such as
PETNR and LeOPR, the TOYE loop is not only shortdout does not have the same
angle as tht of classical OYEs (Figure 3,3vith an outwards facing loop. It is within this
loop that classical OYEs contain a highly conserved tyrosine resithes.angles of
interaction between subunits of the thermophilic suisuend to be different and as such
the amino acids involved in dimeimer interactions (R312, Q333, Y334 and R336) in this
subclass i@ highly conserved.

Thermostabl&d OYE showedthe highest sequence similarity with Yqjdalbjornsson et

al. 2010) This led to the definition of two major subclasses withia @YE family of

6cl assical 6 -hnh dYgjld.ishachomnmotetpamerdsserobled as a dimer of
catalytically dependent dimerand displays a difference ihgand binding with an
important contribution by thé&l-terminal Ty28 (Kitzing et al. 2005;Fitzpatrick et al.
2003) This is in contrast to classic OYEs in which such a contribution is seen by a tyrosine
at the COOHerminal end(Y351; PETNR numbering)Additional enzymes within th
relatively new subclass have been identified as thermostable, a featwrsually seen in

classic OYEs

Key active site residues of OYEMN is noncovalently bound to OYEs in the extended
conformation of the @ e r mi-barsel (Frabije & Mattevi 200Q) The residues that
interact with FMN are highly conserved throughbath classes of OYEs thi T26, W102,

H181 and H184nteracting with the FMN side chaiPETNRnumbering). Additionally a

P35 (OYELl numbering)r esi due i nteracts wjadndis highly OZ

conserved throughout all OYEs. The major residue difference between classic and
thermophilic like OYEs is the residue that interacts with FMN isoalloxazine ring O4 atom
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stabilising the negative charge of the reduced fla@ppeman et al. 2010Karplus et al.

1995) This is a threonine residue in classic OYEs but a cysteine in thermdi)alic
OYEs. The | ack stdineis thaughQd be advantageaus to tbheybinding of
bulky substrates as it has previously been seen to cause steric clashes between substra

C6 atom(when substrate was progesterofid)an et al. 2005)

Y186

H184

L28
H181

Y351

Figure 1.4. Active site of PETNR with FMN bound.PETNR (PDB:1GVQ) residues and
FMN are shown as atoroolouredsticks with green and yellow carbons respectively.
Positive interactions between the protein and the isoalloxazine ring of FMN are shown as

green linesGenerated in Discovery Studio

Aromatic residues ocq@y the main bulk of OYE active sites along with the conserved
H181 and H/N184 (PETNR numbering) residues involvedsistrate binding and
activation These can be seen in the sequence alignment to be highly conserved throughot
all OYEs. The H181 NE2 atomlso binds wit the O2 atom of FMN (Figure J.4These
residues are highly conserved as they are required for the orientation of the reactive doubls
bond(Fraaije & Mattevi 200Q)The substrate is angled at a suitable distance from the N5

atom of FMN for successful hydride transfer. The activating group of the oxidising
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substrate forms a hydrogen lkibwith one or both of the conserved histidine residues.
XenA (Griese et al. 2006)PETNR (Khan et al. 2002and TOYE (Adalbjornsson et al.
2010) have all been seen to form bonHdstweenboth histidine residuesnd bound
compounds. For example in TOYt#he H163/H166 were seen to interact with bound
inhibitor NADH, in crystallography trials(Adalbjornsson et al. 2010)in PETNR
H181/H184 interacted with the carbonyl group efyZlohexenonéKhan et al. 2005and

in XenA H178/H181 bound with -8lydroxycoumarin but is flipped 18080 that the
phenolic hydroxyl graup at G8 is hydrogen bonded tte histidine pair(Griese et al.
2006) Alternative binding angles have been observed in XenA suggesting that there are
different conformations fosuccessful reduction in XenfGriese et al. 2006)The Y186
residue has been shown to be the proton donor in various XdBE & Massey 1998)
However, mutagenic studies with PETNR have shown it is not vital for catéiisa et

al. 2005)

Further differences exist between the clasait thermophilielike OYEs. For exampléan
classic OYEs Y351 (PETNR numbering) is a highly conserved residue responsible for
hydrogen bnding to substrates. However, this interaction is not present in thermophilic
like OYEs. A unique feature of the thermophilike OYEs is the presence of érginine
fingerd (Kitzing et al. 2005)keen to interact with substrate atoims&n adjacent monomer

in both YgiM and TOYE (R336 and R33 in YgjM and TOYE respectively
(Adalbjornsson et al. 2@}). In XenA this is not present howeveas this equivalent
residue is dryptophan (W358Figure 1.2. This region is highly conservednd explains
why these OYEs exist as functional diméetramer has four active sites, each made of
pairs of monorars) The presence of this region is due to the reorientation of the C
terminal residues involved in subusiibunit interactions. This reorientation has led to the
absence of the Y351 residue from thermopHike residues and it is though the
functionalty of Y351 has been replaced by Y27 (TOYE numberingy spatially similar

location

The W102 residue of PETNR was mutated to smaller amino acids alanine and glycine
leading to an increase wolumewithin the active site. This led to the loss of steric adgsh

that would otherwise prevetinding of bulkier substrate (Hulley et al. 201Q)Crystal
structures of OYEs have led to further insights into the roles of specific residues in OYE
active sites.The crystal structer of XenA complexedwith coumarin highlighted the

presencesbédckKing interactions between th
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(Griese et kh 2006) whilst other structures of PETNR bound to nitrocyclohexene have
demonstrated thamultiple binding confomations of substratesexist Recent studies
speculate that the lack of a defined physiological role of OYEs such as PETNR is due to
human avironmental influences forcing the evolution of the enzymes towards performing
nontnatural reactions, such as the degradation of explosive residues (Reswdita et al.
2015)

1.3.1.2 Catalytic mechanism of OYEs

The overall mechanismcatdysed by OYEs is described as aiNAD(P)H-dependent
asymmetric reduction of the C=C bond Of,-umsaturatedaldehydes cyclic amides,
nitriles and ketonesThe mecharmsm proceeds via two main stepsductive and oxidative
half reactions (Scheme 1.1)nlike most OYESPETNR can also catalyse nitraromatic
explosive degraation via a different, albeit slowegxidative halfreaction mechanism
(Khan et al. 2002)nvolving the formation of the hydridikleisenheimer complex with
explosive substrateBue to the slow nature of this reaction it is thought &leisvity might
have been an adaptation to the environmental pollutant introduced by h(Resasa et
al. 2015) However, this study is only concerned with Cb@ndreduction, so a detailed

mechanistic description of nitroaromatic dadgation is beyond the scope of this thesis.

o . qs . o)
Oxidised flavin
N
NH / NH,
)\ /
[e] N N N
Saturated alkene NL L NADPH
Oxidative thie‘ductlt\fe
. half-reaction all-reaction
o] H
H o
Ry Ry N
NH
)\ ’ NH,
VAN c |
(o] N N
Unsaturated alkene h ML N
NL NADP*
Reduced flavin

Scheme 1.1. Overall reaction catalysed by OYEs.
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1.3.1.3Reductive half reaction

Before alkene reduction can proceed, the oxidised FMN cofactor must be reduced by the
addition of a hydride from donor moleculgo form an activated enzyme comyléelhe

most common donor for OYEs MADPH, although some studies have investigated the
useof nonphysiological hydride donors for biocatalytic procesSegsogood et al. 2014)

In the case of the OYE MR, the preferred hydride donor is NA®Hiams et al. 2004)

OYE(FMN) * NADPH

OYE(FMN) + NADPH OYE(FMN) - NADPH

Michaelis complex Charge transfer complex

OYE(FMNH,) + NADPY ~——>= OYE(FMNH,) * NADP*
Release Hydride transfer

Scheme 1.2. Reductive haiffeaction of OYEs(Karplus et al. 1995;Brown et al. 20@).

The binding of NADPH to the oxidised OYE results in the formation of acowalent
binary Michaelis complex (Scheme 1.2). Optimal positioning for hydride transfer is
thought to occur by positioning of the amide oxygen of the nicotinamide ringeto th
conserved histidine residues in the active site for hydrogen bo(feings Karplus 1994)

This positions the C4 atom close to the N5 atom of FMN alloviamghydride transfer
(Figure 1.5. After the NADPH binds to the OYE a chargensfer cormplex is formed

which is observed as a longiavelengthabsorbance band, with oxidized FMN as the
electron acceptor and the NADPH as the electron donor. Research has shown that th
hydride transfer occurs via quantum mechanical tunnelling between the NADPH and FMN
(Basran et al. 2003Hay et al. 2009) Following the reduction of FMN the NADHs
releasedKarplus et al. 1995)
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Figure 15. Crystal structure of PETNR complexed with the NADH analoguel,4,5,6

tetrahydro NAD PH. PETNR is shown as cartoon ribbon, coloured by secondary structure.
FMN and 1,4,5,8etrahydro NADH shown as atom coloured sticks where yellow = carbon,
blue = nitrogen and red = oxygen. Tieel line = positiventeraction between the N5 atom

of FMN and the C4 atom of 1,4,5t6trahydro NADH Structure taken frorRudney et al.
2009

More recently, studies haviocussed on the replament of expensive nicotinamide
coenzymes for more caestfective hydride donors. For exampleetuse of photoreduction
has been employed in the OYE YqgjM with free flavin and a sacrifigiattrondonor
(Taglieber et al. 2008)The enzyme bound AMwas reduced by the photoreduced FMN
and used to reduce ketoisophoroneRplé¢vodione. Other studies have also employed the
use of photeediction of YgjM and the OYE NemAN-ethylmalemide reductase frork.
coli) with the use of sacrificiatlectrondonors EDTAand formatgTaglieber et al. 2008)
However, the draback to such methods is the requirement of strict anaecobiditions

to prevent the rapideoxidation of reducedFMN by oxygen(Toogood et al. 2014)
Additional electrecatalytic methods have beeapplied to PETNR biotransfamations

where an electrochemical biphasic closed system was used to feed elettrdims active
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site through the use of a mediator (methyl violog@fisher et al. 2013)The system
required some optimisation as the reduction rates of substrates tested were between 1!
70% of those observed with NADP(Hisher et al. 2013However,these approachesay

offer potential for future use and further cost cutting benefits by reglahe expensive
NADPH coenzymeSome OYEs have been observed to operate in the absence of NADPH
if an alternative nicotinamide mimic is used, such an@ne or 14lione. Theseo-
substrates act as the hydride source, generating the equivalent phenpfiodwct
(Stueckler et al. 201Q)

1.3.1.40xidative half reaction

The oxidative halreaction of OYEs proceeds via hydride transfer from the N5 of FMN to
the Cb of the (8ckemd &3 Khaneet ad. 20D2)Tthis & fokowed by
protonation of t he CUh candervetl lymsines redidset (¥ 186, e
PETNR numbering) in the active sit@ohli 1998) or a solvenderived proton. For
examplejn the latter casehe T177 residuen the OYE &iromatereductase (CrSThermus
scotoductusSA-01) was mutated to a phenylalanjiéth no significant loss in activitpf

the reductivehalf reaction(Opperman et al. 2010This behaviour has also bedetected

in PETNR where the Y168 residue was mutateda phenylalanindut activity was
retainedKhan et al. 2005)

No—n
Ry Ry
Co ——— Cp

+ FMNox

R, R, Rs X Ry R,
+ FMNred E
— . o~ - zC
~ o H ~— H CRNNSSS e
R} X
N
NH ‘ N5
)\@
o N N

L

Scheme 1.3Mechanism of theOYE oxidative half-reaction. Adapted from (Craig et
al. 1998)
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To enablea successf ul hydride transfer from
oxidative substratat is important that the orientation of the compound is suitable and the
distances between such bonds are ideal. The conserved histidine 181 and 184 residut
(PETNR numbering)are responsible for this orientatioand are sometimes present as
alternative pairs of His/His, His/Asn or Asn/Asior example PETNR contains His/His
(Khan et al. 2005and OYEZ2 contains His/AsfNiino et al. 1995) These pairs are highly
conserved and act to donatebHnds to thesubstrateelectron withdrawing/activating
group (Oberdorfer et al. 2011peliveyofa pr ot on to the CU ato
half-reactionis carried out by either the tyrosine residue or through the sqlBemivn et

al. 2002;Kohli 1998;Xu et al. 1999)

The range of oxidative substrates ofOYEs varies between enzymes, bnob sngle
physiological oxidantsre known The reduced FMN is able to donatd (H and H) to a

C=C bond orto a wide variety of acceptot®ntaining activating groups such lestones,
aldehydesdiesters, nitroalkenes and diacid®ogood et al. 20X05tuermer et al. 200))

The functional groups of these compounds act as activating grehijeh donate some of
their el ectr on den systénmymakingi it moreanucleophili¢. Tlgsa t e
effectively results in an activated compound sensitive to redu€6is are also sensitive

to oxygen as it acts as an oxidative substrate, albdérurery slow reaction rates. Despite
this most reactions with OYEs are still conducted under aerobic conditions due to the

complications of performing biotransformations undeseaobic conditions.
1.3.1.5General substrate profile of OYE enzymes

The OYE familyi s capabl e of r e d u c4unsauratad activateé v
ketones, aldehydes, nitroalkenes, carboxylic acids, derivatives and are also known to shov
moderate actity towards nitrate esters, roglycerin, nitroaromatic explosives awggiclic
triazines albeit by an alternative reactigihan et al. 2002aVilliams et al. 2004) Table

1.3 summarisegxamples othe asymmetric reductioratalysed byODYESs studied in this
thesis.For example, XenA, OYE2 and PETNR reduce th&€€@®ond of cinnamaldehyde,
maleimides andJ ,-umsaturated ketong€haparreRiggers et al. 2007)while the latter
enzyme also shows goodeacti vity wi t Junsatrated anitroalkeneg o
(Fryszkowska et al. 2009)The enzyme OYEXSwiderska & Stewart 20068hows a
stereoselective reduction of a series of ahd 3alkyl-substituted zZyclohexenones.
However, despite such promiscuity, generated products are often the dessed
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enantiomer or produced in low yields and with significant side prodiicisgood et al.
2010;Toogood et al. 20084ulley et al. 2010Fryszkowska et al. 2009)

Table 1.3 Oxidative substrate profile of sevenOYEs.

Organism Enzyme Substrates References

E. cloacae PETNR Aldehydes, ketones, nitroalkenes, (Toogood et al. 2008;
terpenoids, aromatic and aliphatic Fryszkowska et al. 2009
explosives. Khan et al. 2002;
Williams et al. 2004;
French et al. 1996)

S. cerevisiae OYE2 Aldehydes (cyclic and acyclic), (Tuttle et al. 2006Hall
ketones, imides, carboxylic acids, esti et al. 2008Mdiller et al.
and terpenoids. 2007;Wada et al. 2003;
OYE3 Similar to OYE2 Niino et al. B95)
T. pseudethanolicus TOYE U ,-umsaturated aldehydes and keton¢ (Adalbjornsson et al.
and maleimides 2010)
G. oxydans GYE U ,-umsaturated ketones and terpenoi (Yin et al. 2008Richter
et al. 2011)
P. putida XenA U ,-umsaturatedldehydes, ketones, (Blehert et al. 1999;
maleimides and terpenoids. ChaparreRiggers et al.
2007)
S. lycopersicum LeOPR1 U ,-umsaturated aldehydes, ketones, (Hall et al. 2008Hall et
maleimides and nitroalkenes. al. 2007;Stueckler et al.
2007)
A. radiobacter NerA U ,-umsaturated aldehydes and (Oberdorfer et al. 2013)

nitroalkenes.

Aldehydes can be used for var® commercial applications including dispersants and

detergent s. T-methyl subglitutedt cinmmmaldehyde has been reported in
OYE2 and OYE3Mdlleretal. 2007) The OYE family reduces
unsaturated alkyhldehydes with high stereoselectivity. Longer chain acyclic aldehydes
such astransdodec2-enal have been observed to be highly reactive with OYEs,

specifically with LeOPRIStral3ner et al. 1999)

Cyclic and acyclic ketones are produced in mass quantiiendustry and have several
uses as solvents and synthons in processes such as psdyimesi and drug synthesis
(Kirk & Othmer, 2005) There are several examples of lasgale ketone synthessuch as
the production of R)-levodione from ketoisophorone by biocatalytic reduction with
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baker s yeast. | sol ated OYEs hav-egrcldpentem us
1-one and cyclohexefrone(Toogood et al. 2010Yhe compoun@-cyclopenterl-one is

a near universal substrator OYEs and hasaided in the understanding of OYE
mechanism and structure. However n al kyl S u b s-toir t-cafban of n a
cyclohexenrl-one can have a huge impact on the reactivity of OYAdditionally, the
enantiopuity of products from2-cyclohexenl-ones with bulkier substituentgemains
largely unchanged but the yield of such reactions is very dependent on whether or not the
substitution was at the CU or Cb atom. )
smal | a tngaturated emes(Miiller et al. 2007)

Maleimides have been observed to be excellent substrates for isolated OYEs wWRh the (
enantiomer consistently being produced in high yighigszkowska et al. 200€haparre
Riggers et al. 2007Further to thisN-substituted maleimides are excellent substrates for
PETNR and TOYE with high selectivity. Kinetic studies of PETNR and TOYE have
demonstratethatthese enzyme haveka, value forN-substituted maleimides that is near
to the physiological rang@dalbjornsson et al. 201@ryszkowska et al. 2009%tructural
analysis of PETNR has led to théea that maleimides are such tight binders due to
interaction of the carbonyl group with the H18184 pair and the second carbbgyoup

to Y351.

1.3.2 Double bond reductases

Double bond reductase(DBRs) are membes of the Zrf*-independentreductive
leukotriene B4 dhydrogenase subfamil( TD) of the medium chain dehydrogenase
(MDR) family (Nordling et al. 2002) While typical MDRs include NAP'-dependent
alcohol dehydrogenases (ADH) and polyol dehydrogenases, ti&independent
reductive subclass catalydee asymmetric reduction of C=C bon@ordling et al. 2002)
Initial studies with the nativelouble bond reductasenzyme isolated fronNicotiana
tobacum(NtDBR) showed monoterpene allylic alcohol reduction abilities (ADH activity;
Hirata et al. 2009)However the recombinant enzyme did not show this activity, and
instead showed C=Bondreductive functionality typical of the LTD subclass of MDRs.
Confirmation of its classificationwas the high sequence similarity with other LTD
members such as froArtemisia annugd67%) (Zhang et al. 2009Mentha piperita(66%)
(Ringer et al. 2003and the alkenal double bond reductas@m@ibidopsis thaliang71%)

(Youn et al. 2006)NtDBR has also previously been named as pulegone reductase due to
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its ability to reduce pulegone to menthone and isomentisongers, and its high sequence
similarity to the pulegone reductase frdvh piperita (Hirata et al. 2009)However, this
activity was minor compared to other oxidative subsstage it was renamed as a general
double bond reductag®lansell et al. 2013)

The LTD subclass of enzymes are colourless as theyotl contain any bound cofactor
(Mansell et al. 2013Members of the familh ave been o0 bs eunsatrdtedt o
aldehydes, ketones and nitroalkené®mr example,the reduction of phenylpropenal
aldehydes by phenylpropenauble bond reductase Binus taedgKasahara et al. 2006)

An alkenal double bond reductase frésmabidopsis thalianavas observed to reduce the
C7-8 alkene group op-coumaryt and coniferyl aldehydes andhgdroxy-(2E)-nonenal
(Youn et al. 2006)The reduction of an antimalarial artemisinin in the glandular trichomes
of Artemisia annuavas observed duringiosynthesigZhang et al. 2008)Given thatDBR
doesnot contain any bound cofactor, an O¥Ee mechanism is not possible. In the case
of LTD enzymes, boththe NADPH and oxidative substrate are bound at the same time,
with likely direct transfer of the hydride from NADPH to the disiedsubstrate.

The threedimensionakrystal structure of NtDBRrom tobaccowvas solved, and shown to

be a functional homodimer with an overall protein fold resembling AP#ENsell et al.
2013) Each monomer of DBRontainediwo domains; a substratending domain and a
nucleotidebinding domain. The substrate binding domain, or catalytic domain, consists of
t hr daicedd n d  e-strgndstFigube 1.6. T +steand® form a barrdike structure.
The nucleotide bindi ng -hded nacienstracdenfoitmaly & s
Rossman fold common amongst nucleotide binding enzyr(fégure 1.6. The interface

of the two domains is where the active site was obsefMthsell et al. 2013)
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Figure 1.6. Overall monomeric cocrystal structure of NADPH and 3-(4-
hydroxyphenyl)propanal-bound NtDBR. The two distinct domains are displayasl red

and green cartoons. The substrates NADP(H) a@d/droxyphenyl)propanal are shown
as atorcoloured stickavhere yellow = carbon, blue = nitrogen, orange = phosphate and
red = oxygenPDB: 2J3JStructure takn fromMansell et al. 2013

The regie and stereoselectivity ditDBRwas characteri sed -agai
unsaturated alkenesIn some casesthe enantiomer producedas oppositeto those
produced bymembers of the OYE familfMansell et al. 2013)The reduction ofK)-2-
methoxy6-(1-nitroprop-1-en-2-yl)naphthalee was observed to go to full completion
however, a racemic product was formed. Simple changes in the reaction conditions, suct
as the pH, resulted in large changes of the yield of the reactions. This highlights the
sensitive nature of enzymes and thatomoeted effort to change nature via directed
evolution is not always necessary, when optimisation can proceed through reaction
conditions(Mansell et al. 2013)

DBR demonstrated activity towardsnitrocyclohexene and alkenals, but relatively no

activity was detected with maleimides, citral and substituted cyclohexenones and
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