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Abstract

Biocatalysis is an emergent research area tha development of efficient and
sustainable synthesis processAscrucial milestone for the better applicability of
biocatalysts thereby consists of the increasing knowledge of the adaptability of enzymes
for distinct synthetic needs like the conversidnspecific molecular structures with
defined selectivity. In additignt is equally important to demonstrate that such novel
catalysts are combinable among themselves and with establishednngnatic
catalyss to enable unexplored synthetioutes. Usig the example of the
chemoenzymatic synthesis oj-(menthol from citral, this workherefore addresses the
development and applicability of such evolved enzyme catalysts for the synthesis of an

industrially relevant molecule.

In this complementg syntheic route inspiredfrom an existing industrial process,
mixture of citral isomers is reduced ¢dronellal using anR-selective ene reductase. In
a subsequent Prins reaction, the selective cyclizatidthatronellal to(-)-isopulegol is
achieved byhe application of a engineeredqualenénopene cyclaseariant The final

reduction to {)-menthol proceeds by hydrogenation on a palladium catalyst.

Especially the first catalyit step enables an immediate synthetic advantage in
comparison to the currdptperformed industrial procesSo far, no catalyst is applied
convertingbothisomers of citraR-selectively at the same timBoth isomershave to

be separated under high energy expenditure by distillation prior to redudiion.
enzymatic catalyst idescribed displaying this reactivijet As, however, the opposite
enantioconvergentSselective citral reduction by ene reductases is known, the
development of an enzyme catalyst constituted an attractive solution for this limitation.
Hence, a fous of he work laidon the inversion of th&-selectivity of the citral

reduction by NCR ene reductase frdgmomonas mobilisy enzyme engineering.

The studies started by characterizatiothefcitral reduction by NCR wiletype Next to

the determination of theourse of the reaction over time, sesmpiric quantum
mechanics calculations on the oxidative half reaction of this conversion were carried
out. The calculationssuggest aso far undescribed catalytic role of an arginine at
position 224 for a facilitatedydride transfer and a more complex proton shift involving

water molecule# the reaction.
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The subsequently performed engineercmmprisedthe identification of selectivity
determining amino acid positions W66, Y177, 1231 and F269 in the active dite of
enzymefollowed by their variation iran iterative combinatorial fashionn order to
enable the analysisf the multitude ofgenerated enzyme variants, a whole cell
screeimg was developedising chiralgas chromatographyfhereby, the triple variant
WG66A/1231R/F269V was created convertindg/Z-citral in the whole systento
R-citronellal with an enantiomericexcess of 8%. It could be determined that a
cell-induced citral isomerization leads to increased enantioselectivity in comparison to

using purifed enzyme.

Especially for the influence of the selectivilgtermining positions W66 and 1231 an
increased understanding of structfwaction relationsvas achieved during the course
of semirational enzyme evolution by the separated analysis of siitghisomers and

by supportivan silico analyses like docking and molecular dynamics simulations.

The subsequent integration tfe establishedvariant A419G/Y420C/G600/of the
squalenéhopene cyclase frorlicyclobacillus acidocaldariuss remarkable catalyzing

the Prins cyclization to-)-isopulegol with an enantiomeric excess of%%nd a
diastereoselectivity of 9%. In this context t he enzy m8rognstedwcd er | yi n
chemistrycould be evolved towards the in nature unknown Reastion reactivity. In

this work it could be shown thahzyme catalystacquired by sucbhhemical inspection

can be implementediapplicatiororiented syntheticoutes.In combination with the
developed selective ene reductase, the bienzymatic cassa@gidopulegol was
successfully performed and characterized. For the final reductior)-toefithol &
established heterogeneous catalyst like palladium on chasoall be applied under
hydrogen atmosphere. This demonstraiesly that novel biocatakts can be combined

with approved synthetic processes. With the attained insidghthly valuable
(-)-menthol was made accessible for the first time by a chemoenzymatic cascade using
an isomeric mixture of citral on preparative scale wif &olated yi&l. This work not

only highlights different strategies for the development of novel biocatalysts, but also
contributes to their possible synthetic applicability in the synthesis of industrially

relevant molecules.
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Zusammenfassung

Die Biokatalyse ist einaufstrebendes Forschungsgebiet fir die Entwicklung von
effizienten und nachhaltigen Syntheseprozessen. Ein entscheidender Meilenstein fur die
breitere Anwendung von Biokatalysatoreesteht dabei im zunehmenden Verstandnis

der Anpassung von Enzymen an bastte synthetische Vorgaben wie E. die
Umsetzung bestimmter Molekulstrukturen in einer definierten Selektivitat. Daneben ist

es ebenso entscheidend zu zeigen, dass solche neuartigen Katalysatoren untereinander
und mit etablierten nickgnzymatischen Katysatoren kombiniert werden kdnnen, um
unerforschteSyntheserouten zu ermoglichen. Am Beispiel der chemoenzymatischen
Darstellung des-J-Menthols aus Citrabeschéftigt sich diese Arbeitaher mit der
Entwicklung und Anwendbarkeit von solch evolviertenzigmkatalysatoren fur die

Synthese eines industriell relevanten Molekiils

In dieser an einen existierenden industriellen Prozess angelehnten komplementaren
Syntheseroute wird unter Verwendung einer evolviefeselektiven ErReduktase
zunéachst ein Citralsomerengemisch zu Citronellal reduziert. In einer anschliel3enden
PrinsReaktion wird die selektive Zyklisierung désCitronellals zu {)-Isopulegol

durch Anwendung einer hierfir entwickelten Squdiapen Zyklae erreicht. Die
abschlieBende Reduktion zum)-Menthol erfolgt durch Hydrierung an einem

Palladiumkatalysator.

Insbesondere im ersten Kkatalytischen Schritt erdffnet sich ein unmittelbarer
synthetischer Vorteil im Vergleich zum heute industriell durchgeéin Prozess. Da
bisher kein Katalysatoverwendet wird welcherbeide Isomere des Citrals zugleich
R-selektiv umsetzt, werden die Isomere vor Beginn der Reduktion unter hohem
Energieaufwand destillativ getrennt. Bisher ist kein enzymatischer Katalysator
beschrieben, welcher diese Reaktivitdt aufweist. Da allerdings die umgekehrte
enantiokonvergent&selektive CitralReduktion fir EAReduktasen bekannt ist, stellte

die Entwicklung eines Enzymkatalysators eine attraktive Losung zur Beseitigung dieser
Limitation dar. So lag ein Schwerpurdédr Arbeitin der Umkehrung des-Selektivitat

der CitratReduktion durch die NCR EReduktase auZymomonas mobiliglurch

EnzymEngineering.
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Zunachst wurde hierfur die Reduktion des Citrals durch den NCR -TWijd
charakerisiert. Neben der Bestimmung desitiichen Verlaufs der Reaktiowurden

auch semiempirische quantenmechanische Berechnungen zur oxidativen Halbreaktion
dieser Umsetzung durchgefiihrt. Die Berechnuriggan eine bisher nicht beschriebene
katalytische Rdé eines Arginins an Position 224 fir einen erleichterten Hydrid
Transfer sowie eine komplexere Protofdimertragung unter Einbeziehung von Wasser

Molekulen in der Reaktion nahe.

Das anschlie3end durchgefuhiegineerig umfasste zu Begindie Identifizieungder
Selektivitatsbestimmende AminosaurepositioneW66, Y177, 1231 und F26&h der
aktiven Tasche des Enzyms, die anschlieRend in iterativer Weise kombinatorisch
variiert worden sindUm die Analyse der Vielzahl an generierten Enzyarianten zu
ermdlichen, wurde ein Ganzzeficreening in Kombination mit
gaschromatographischer Enantiomerentrennung entwicRalbei konnte die NCR
Dreifachvariante W66A/I231R/F269V generiert werden, die im Ganzz&8ystem
E/Z-Citral mit einem Enantiomereniberschuss vor#8%u R-Citronellal umsetztEs
konnte festgestellt werden, dass eine -#Heluzierte Citrallsomerisierung zu einer
erhohten Enantioselektivitat im Vergleich zur Verwendung von gereinigten Enzymen
fuhrt.

Insbesondere fuden Einfluss deBelektivitatsbestimmendeRositionen W66 und 1231
konnte @ Verstandnis der StrukttfunktionsBeziehungen im Verlaufder
semtirationalen EnzynEvolution durch die getrennte Analyse der einzelnen Citral
Isomere und durch uenstitzende insilico Analysen wie Docking und

MolekulardynamikSimulationergewonnen werden.

Bemerkenswert ist auch die anschlie3ende Einbindengjteraturbekannten Variante
A419G/Y420C/G600A der SqualeHopen  Zyklase aus Alicyclobacillus
acidocaldaius, welche die Pringyklisierung zum {)-lsopulegol mit einem
Enantionerentiberschusson 99% und eine Diasteroselektivitdt von 9% katalysiert.
Hierbei konnte die dem Enzym zugrundeliegende Brgnsted€damie fur die in der

Natur unbekannteReaktiviat der PrinsReaktion evolviert werden. In dieser Arbeit
konnte gezeigt werden, dass solche durch chemische Betrachtungsweise gemonnene
EnzymKatalysatoren in anwendungsorientierte Syntheserouten implementiert werden
konnen. In Kombination mit der entwickelten selektivenRgduktase wurde zunachst

die bienzymatische Kaskade zum)-Isopulegol erfolgreich durchgefihrt und
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charakterisiertFur die abschlielBende Reduktion zuyMenthol konnte ein gangiger
heterogener Katalysator wieB. Palladium auf Aktivkohle in Wasserstoffatmosphéare
angewandt werden. Dies demonstriert in geeigneter Weise, dass neue Biokatalysatoren
mit bewahrten Syntlseprozessen kombiniert werden kdnnen. Mit den gewonnenen
Erkenntnissen konnte-){Menthol anschlielRend erstmals praparativ7 % isolierter
Ausbeutdaiber eine chemoenzymatische Kaskade aus dem Isomerengemisch des Citrals
zuganglich gemacht werden. Absefdend beleuchtet diese Arbeit damit nicht nur
unterschiedliche Strategien zur Entwicklung neuartiger Biokatalysatoren, sondern leistet
auch einen Beitrag zu derambglichensynthetischen Anwendbarkeit in der Darstellung
industriell relevanter Molekule
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1. Introduction

Life depends on the unique precision and molecular adaptability of enZyFhese are

the catalysts of nature enabling reactionsmder ambient conditions. The
threedimensional protein structte of these biocatalysts enables reactions with
remarkable reaction rates and high seletstifcheme, regio and stereoselectivity}

features often unmatched by raarade homogeneous and heterogeneous catalysts.
This is promisingrom a chemical point of viewMany valuable molecules that doe
instanceimportant in the fragrancee.fg. (-)-menthol, vanillin or ambroxan) and the
healthcare €g. ragasalin atorvastatin, artesiminin) industrgquire highly controlled
reactions to maintain tirestereochemical demand and degree of functionalization.

has been demonstrated in the last years that microorganisms and enzymes are a true
alternative to provide this moletar controf"®* These fascinating aspe.
catalysts trigger an intriguing questi can we use and adopt them for the synthesis of

valuable molecules through innovative biosynthetic processes?

Despite these aspectsewestdevelopments in the field of biocatalysis promise yet

unexplored potentidt®*° |

ntriguing examples of thel assi c.
implementation of cascade reactions thatroeme intermediary purification can

provide significant synthetisimplifications***? From nature we are well aware of the

puzzling complexity of nultienzymatic cascades that, however, are not directly suited

for high-titer productionofspci fi ¢ compounds but are design
for regulation® Nevertheless, it has been shown that such cascades can be
reprogrammet, that efficient multienzymatic cascades can be designed outside of

cells® and that they camm| so be combined with o6éclassi
chemoenzymatic reaction®.A second powerful improvemetiies in the mutagenic

adaption of enzymes bypglication of advanced molecular biology techniques, a
procedurewhi ch is known as® Fhlemryemgnpmpertdsnae@er i ngo
be elevated from the existent limitations of natural activities to be theoretically tailored

to whaever synthetic needd$t has been shown that it is not only possible to alter

properties like selectivity, stability and substrate specificity based on the existent
biological diversity of reactiondt is also possible to exploit the inherent chemical

diversity that lies within the basimechanism=f enzymes to induce reactions that

naturedid not evolve'’ However, examplethat studythe application of such evolved
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catalysts in chemoenzymatic cascaaestill scarce*® This work was motivated by the
desire toprobe the potential of implementing suetolved enzymes concurrently with
6classical 6 chemistry in chemoenzymatic
industrially rekevant molecules like thearoma chemical -J-menthol from the
monoterpene aldehyd&/Z-citral. This work provides important insights in the

potentials and remaining challenges of snoliel bisynthetic routes.

1.1  Synthetic routes to ¢)-menthol

Worldwide, (-)-menthol (also (1R, 3R, 49)-(-)-menthol orL-menthol) is one of the
industrially most relevantflavor and fragrance compounds® Its characteristic
peppernmt smell as well as the perceived cooling effect is applied in various cosmetic
and pharmaceutical productéowever, these beneficial properties are only obtained for
one of eight possible stereoisomers of menthol, nam&nénthol (Figurel). The

othe seven stereoisomers causigter tastes or musty offotesto varying degrees
which is undesirable for an aroma chemf€dh consequence, the production requires

maintenance of a high optical purity of this molecule.

(-)-menthol (+)-neo menthol (+)-iso menthol (+)-neoiso menthol

(+)-menthol (-)-neo menthol (-)-iso menthol (-)-neoiso menthol

Figure 1: Menthol stereoisomers.Due to itsthree chiral centereight sterecisomersf menthol can be
distinguished which consist of four pairs of enantiomers or in other words two pairs of diastereomers.
The industrially important -f-menthol is highlighted red.Dashed lines indicate mirror planes of
enantiomer pairs.

Until today large amounts of)¢menthol are therefore still provided by extracting the
Mentha avensisplant (corn mint) relying on theo r g a n natunaldissynthesis of
(-)-menthd (Figure2).>*> The general natural terpene precussodimethylallyl
pyrophosphate (DMAPP) and isopentenyl pyrophosphate (IPP) are converted in eight
enzymatic stepwia limonene to {)-ment hol . l'tds a compl ex
isomerizationreactions Pure {)-menthol is isolated by several process stEpm

plantderivedcornmint oilinvolving freeze crystallizatioms the final oné* Metabolic
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engineering strategies showed that the ovefathénthol yield in the plant biosynthesis
can be increased. Neverthelesspne of the main issues of plederived menthol
production is the dependence on seasonal fluctuations causing harvest'lokiehas
fueled the demand f@amore reliabé supply ofsynthetic {)-menthol ad consequently,

different syntheticouteshave been evaluated.

1. GPP synthase

OPP
DMAPP 2. limonene
synthase
NADPH 3. limonene-3

-hydroxylase
geranyl (-)- llmonene (-)-trans
diphosphate isopiperitenol 4. isopiperitenol
dehydrogenase
NADP+ yarog

5. isopiperitenone

reductase
6. isopulegone
OH <— O <— isomerase
NADPH NADPH NADPH
7. pulegone

(-)-menthol (-)-menthone (+)-pulegone ()cis  ()isopiperitenone  reductase
isopulegone 8. menthone
reductase

Figure 2: Natural (-)-menthol synthesis from dimetlylallyl pyrophosphate (DMAPP) and
isopentenyl pyrophosphate (IPPf! Depending on the organistPP and DMAPP are either provided
from the mevalonate (MEV) pathway or the methylerythritol phosphate (MEP) pathway.

Inspired by the natural biosynthesis, synthetic biologists discussed the theenadich
simpler and better understood baitten Escherichiacoli (E. coli) as production strain
for mentholby implemenation ofthe plant biosynthetic pathwdyHowever, it @pears
that complete transfer dhis pathway starting from IPP and DMAPP did not succeed
yet?” Though, h one proof of concep study, (-)-menthol was synthesized from
R-pulegonein 79.1% purity (referring to overall product formationying E. coli cell
lysate by cloning and overexpressing genes encoding for the ene redtEtB&efrom
Nicotiana tabacumand the menthoneeductase MMRfrom Mentha piperite?® The
same group proposed most recently that they might soon be able to adopt the complete
biosynthett pathway upon finding a potential isopulegol isomerag@ch was yet
missing to achieve thfS. A different enzymatic approach showedttlipases are an
option to enrib (-)-menthol from racemid+/-)-menthol by interesterification or by

hydrolysis of an existing menthyl est&r?

There have also beerumerousefforts to implement heterogeneaaid-statecatalysts

for the onepot conversion ofvarious precursorse(g. the monoterpenecitral) to
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diastereomers of menth$3* For example, Nsupported HY zeolite caglysts or
Ni-suppoted HMCM-41 (another silicatbased mesoporous soltate catalyst)
provided menthols in up to 34 chemoselectivity, however, these catalysts struggle in
terms of stereoselectivitf 1% (+/-)-menthol)*> In another study, u/H-BEA zeolite
catalyst was applied to show thatronellal can be convertecefficiently with up to
87 % chemoselectivity rad 73% diastereomeric ratito (+/-)-mentho] however, no

chiral differentiationvaspossible®

Today, synthetic-§-menthol is provided by three major industrial procesBagife3).
These are the Haarmann & Reimer (or Symrise) process, the Takasago process and the
BASF procesd?>®

Haarmann & Reimer process

1. hydrogenation esterification o
2 distillation with MeO 2Ph o 1. crystallisation
OH AI(OR); OkPh 2. hydrolysis

m-cresol thymol (+/-)-menthol (+/-)-menthyl
benzoate

Takasago process

# 1. HNEt, / BuLi NEt2 H,S04(aq.) ZnBr2 (’j\ Raney Ni (’j\
. [Rh(S-BINAP) H, <" YOH
\ COD]CIO4 /\ A

myrcene R-citronellal R-citronellal )-isopulegol (-)-menthol
enamine
BASEF process
X o) dlStlHathl’l X Rh-cat. / H, AlEty cat.
2,6- - OH H,
\ Ph,CeH3OH A
E/Z-citral E or Z-citral R-citronellal (-)-isopulegol

Figure 3: Overview of the three actualindustrial (-)-menthol syntheic routes, the Haarmann &
Reimer (or Symrise) process, the Takasago process and the BASF procgss.

From these, the Haarmann & Reimer process is the oldest starting in the seventies of the
twentiethcentury®’ It relies on fractional crystallization ohenthyl benzoatevhich is
produced fromm-cresol and propenga a thymol intermediate. Roughly one decade
later the Japanese Takasago company started to use a distinctly different process relying
on asymmetric organocatalytic isomerization that was developed in collaboration with
Nobel laureate Noyorf The process starts fromyncene and makes use of a BINAP
rhodiumcatalyzed isomerization to fornR-citronellal enaming which provides

R-citronellal after acidification. Then, an enantioselective Lewis -eatdlyzed
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cyclization to €)-isopulegol follows and the reaction pathwayfinally completed by
heterogeneousatalyzed hydrogenation te){menthol. The last two reaction steps are
principally also applied in the BASF process with alternative catalysts, however,
R-citronellal is obtained by asymmetric hydrogenation of cittdl. The process
requires an additional isomer separation step and performs two separate hydrogenation
reactions to provid&-citronellal from both isomers.
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1.2  Asymmetric reduction of citral

The BASF process expanded the Takasago route by implementing citral as an
alternative feed to provideR-citronellal that can subsequently be converted to
(-)-menthol*®® This chapter highlightshe syntheticvalue of citral and focuses on
syrthetic aspects of theasymmetrichydrogenationof citral. The volatility of these
compounds is an essential feature of the involved monoterpene educts and products and

for a start this feature is therefore explained in a prior excursion

1.2.1 Excursion: vlatility of monoterpenes

Theheei n descri bed voldieot @a piea e s(VAY andtefid s 0
to evaporate easily into the AfrBiologically, this can be important for signaling and
the physical phenomenon substat#s the olfactory accessibility of such compounds
that are often recognized by distinct smelsie to the implications on the small scale
analytical reactions in this work, this long known physical phenonffibshall be
defined further.Vaporization, hence thdransition from liquid to gas phaseés

subdivided irevaporation and boiling (Figur.*?

vaporization

general liquid to gas
phase transition

il /\\

evaporation boiling
vaporization at surface volumetric vaporization
T < boiling point T > boiling point

Figure 4: Terminologies of liquid to gas phase transitionsThe general phase transition is denoted
vaporization, which is distinguished as evaporation at the surface of a liquid thpéenkaat
temperature3 below the boiling point and boilingvhich is a volumetric phase transfer happening at or
above the boiling point.

While evaporation solely happens at the surface of a liquid and below the boiling point,
boiling affects the completeolume of the liquid above the boiling point. According to
the Boltzmann distribution a finite fraction of molecules at a liquid surface will have
enough kinetic energy to overcome the intermolecular forces that constitute the liquid
phase and are transgfieg into the gaseous. This process is called evaporation. In
contrast, at the boiling temperature, the bulk of liquid molecplessesss enough
kinetic energy to form gas bubbles within the liquidhich starts the process of boiling.
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If that boiling s imagined to happen in a closed vessel, a significant pressure increase
can be observed if the vessel does provide the necessary space for the expanding
gas. In contrast, in a closed vesselaporation will achieve equilibrium with
condensation, thereverse process, at which a certain partial pressure of the
evaporating/condensating molecule is achieved in the confined gas volume. Then, the
same number of molecules that leave the liquid phase (evaporation), reenters the gas

phase (condensation).

1.22 Synthetic methodsfor the asymmetric reduction of citral

Citral is a linear monoterpene aldehyde that is naturally found in the essential oils of
many citrus plant8® This volatile molecule consists naturally as a 3:2 mixture of its
isomers which areE-citral andZ-citral (al® knownas geranial and neral) and exhibits

a pleasant citrus odor. From a synthetic point of view citral can be regarded as a
platform chemical that serves for the synthesis of various flavors and fragrances as well
as vitaming'* Citral itself is for example cheaply available from the abundant precursors

isobuter, formaldehydeand oxyger(Figure5).*

/K N OYH
H
isobutene form- +70, é{(g
aldehyde H20

Claisen
rearrangement

N A @ o
o —— B -1
(6] Cope (0]

| rearrangement
E/Z-citral

Figure 5: Synthesis of citral from isobutene, formaldehyde and oxygeff. The process exploits a
heatinduced ClaiserCope rearrangemenbrhinoreaction. Water is the onlyy-product.

This industrial synthetic process makes of a sequential Clais€ope rearrangement
reaction This provides citral with water as the only-Jpyoduct. Citral isvell-suited for
demonstrating the significance of chemoselectitfityn theory, a norselective
hydrogenation can address the isoprene C=C double bond as well as the activated C=C
double bond and the C=0 double bond of the enal moiety. This entails a variety of

possible reductionrpducts of which citronellal is ondigure6).*’ This reduction has
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experienced significant attention in all domaofscatalysis because of its potential in

menthol synthesis.

H,
AN AN X X
H, g\ Hy H,
N [ \O _—
| oH -~ ‘ 0 OH
nerol/geraniol citral 3,7-dimethyloct-2-enal 3,7-dimethyloct

-2-enol

H, H, l H,
H, H, - | H
-~ ~ = N
| OH | (0] [6)

citronellol citronellal dihydrocitronellal

OH

3,7-dimethyloctanol

Figure 6: Various products in the general hydrogenation of citral.” A general hydrogenation can
address botlthe olefinand the carbonyl function tonfally produce 3,limethyloctand Intermediate
products are obtainable by chemoselective hydrogem&avy bonds indicateis-transisomerism.

In terms of production scale, the industtigidrogenation as carried out in the BASF
process for {)-menthol synthesis is one of the largest existing applications of
homogeneous asymmetric catalysis (Fighr&"*® This has been realized by
groundbreaking research in the fieldtadnsitionmetal asymmetric catalysig/hich is
nowadaysa standareprocedure of chiral catalysi&® The chiral control of the
hydrogenationis requiredto subsequentlymake ¢)-mentholwith high optical purity
(chapterl.1). This hydrogenatian which uses a homogeneous rhodium catalyst
complex with chiral chiraphos ligands was inspired by studies fdamg etal. and
Chapiusetal.. Theyinvestigatedseveral chiral ligands faaisynmetric hydrogenations

of this kind®%°2
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[Rh(acac)(CO)Q] [Rh(acac)(CO),]
R,R- ch1raphos (__--O/.Rh.\\CO
N —0" ~YCO
i\ distillation ~
O —F— Z- c1tra1 [Rh(acac)(CO),] e} )
| + | ch1raphos

S,S-chiraphos

_—

E/Z-citral 74 H, R-citronellal \[ PPh, 4, _PPh,
) ﬂ

(¢} PPh2 PPh2
E-citral

Figure 7. Asymmetric hydrogenation of E/Z-citral to R-citronellal as performed in the BASF
process to {)-menthol.***® First, the isomers of citral are separated by distitat Each isomer is
reduced by hodiumcatalyzed hydrogenation. The chiral organocatalyst forimssitu by a
dicarbonyl(acetylacetonato)rhodium(l) ~ precursor and chiral chiraphos ligand&-selective
hydrogenation is ensured fd@rcitral by addition ofR,R-configured tiraphos ligandswhile for E-citral

S Sconfiguration is requiredThe industrial process supplies the reaction with additional carbon
monoxide which leads to more stable catalyst8.

The industrial process exploits the chirality of chiraphos ligands that form complexes
with a rhodium catalystDifferent stereocisomers of the ligadre required to provide
desiredR-selectivity for both citral isomers because they display mirrored selectivities
for the isomers? This behavior explains the necessary previous separatiortraf Ci
isomers which is achieved by a rather enermyense distillation.Hence, direct
enantioconvergent reduction of both citral isomer&atronellal would be appealing
from a synthetic point of view.

Controlling the selectivity of the hydrogenatigaction is, however, rather challenging.
This is further desibed schematicallylisplaying atranshydrogenation proces@a
hydride and proton transféFigure8). It considers different orientations of tHe and
E-isomer of citral leading to opposienantioselectivitiesThe hydride attachmens
guided to olefinCb  p o sduetta neesomeric carbonyl polarization. In this case this
attachment ensequenthyguidest he r e act i olhedsslectiwy is eletermined t vy .
by the relative orientation of @maller methyl group and the larger hydrophobic moiety
M to the hydride.One orientation will deliveiS-selectivity (A and C)and the other
R-selectivity (B and D) Both are in principle accessible for each of the two isomers.
However, the respective bimd) modes ofZ- and E-citral, which deliver the same
selectivity, for instanceRr-selectivity, inherently result in opposite orientation of the
aldehyde functional group. This a critical aspect for metahtalyzed asymmetric
hydrogenations because hefee metal surrounded by its chiral ligands appears to bind

to the carbonyl oxygen in a defined geometry that hinders above mentioned opposite
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aldehyde orientatiofft Consequently, the relative orientation 4t i€ reversed and thus,
opposite enantioselectivities are obtained due to this substrate control.

Z-citral E-citral

0~ o~ M
o7 | H 07
S-citronellal R-citronellal S-citronellal R-citronellal

Figure 8: Schematic representation of differentZ-citral or E-citral orientations relative to an
attaching hydride during a hydrogenation reaction explaining either the formation ofR-citronellal

or S-citronellal. The schemdighlights the theoretical accessibility of both citronellal enantiomers from
both citral isaners A:ZA S, B: ZA R, C: EA S, D: EA R In the respective representations the large
moiety M needs to adopt the same orientation for both isomers to piddkectivity, while then the
carbonyl is inherently oriented opposite. Likewise, oppasii@ntioselectivity is obtained for two isomers
if the carbonyl adopts similar orientatioRor representative reasons, a hydrogenation reagtoma
hydride attack is assumed and here the additional proton transfer hagerselectivenot influencing

the stereoselectiveutcome. The methylprenyl tail of citral is abbreviated as moiety M.

A method that seeks to achieve enantioconvergent reduction for both isomers is thus not
easily achieved. An isomerizatidoased shift towards one isomer can be onatisol to

this issue. In this regard, Hoatal. described one potential alternative combining
heterogeneous and homogeneous catalysihiey found that dual catalyst systems
consisting of Pd/BaSY and derivatives of the catalytic auxiliary
2-(diphenyl)methylpyrolidine can reduce both isomers of citral yielding high
enantiomeric excess up to 89R. Apparently, the isomerization of an situ formed
iminium species between citral aldehyde and the amine auxiliary is responsible for the

achieved high selectivities
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1.3  Enzymatic asymmetric reduction by EREDs

A different approach for decting selectivity is to provide steric bulk that only allows
for a specific relative orientation of the largeiety M to the small methyl residue
relative to the transferred hyde. In this regard, the threBmensional protein structure
of enzymes might be a valuable alternatimed can be foundn the enzymatic

asymmetric reduction using ene reductd&EEDs)of the Old Yellow Enzyme family.

0 0
ERED ERED
\ \
0] o]
0 0
0 0
* 0 o) *
OR ERED OR N\ ERED
C | — D
OR OR RN RN
0 0 0 0
Ph Ph * 9 o
ERED ERED
E \( —> \( F /J\ — Ph/\)J\
NO, NO, Ph
0 0
ERED ERED
G Ph—-NO, ——> Ph—NH, H Q = 0 p
ERED
| 0, —_— H,0,

Figure 9: Various selected EREDBcatalyzed reduction reactions:***°A-E: Reduction of C=C double
bonds adjacent to various elem withdrawing groups like ketoneA), aldehydesE), carboxylic acids
and estersQ), imides D) and nitro groupsKE); F: reduction of ynone to keton&: Reduction of nitro
group to amineH: Isomerization of exo alkenes to endo alkedesDxygen rediction to hydrogen
peroxide which is regarded as uncoupling reaction. Different EREDs catalyze mentioned re&ztion
various extent and often stereoseledyivia case of prochiral moleculeShey require redox equivalents,
typically in the form of NAD(P)H.

The asymmetric reduction of C=C double bond®isd in many bacteria, yeasts, fungi
and plants® EREDsfrom the Old Yellow Enzyme family are considered an emerging
enzyme class for potential industrial applicaffdAThis is reasoned btheir chemical
versatility and usefulnes@igure9).2°*>®* As an often inherent property of enzyme
catalysis these reductions a#ly proceed with high chemgregic and stereoselectivity
forming up to two stereocente¥s.Typically, theseNAD(P)H-dependentenzymes
catalyze the reduction afefing however, they are required to eecton-deficientby
means ofn adjacent electron withdrawing grotfprhis activation carior example be
provided by ketones, aldehydes, carboxylic aeld estersimides or also nitro groups
to nameprominentexamplesAs a rule of thumb, substitutions at olefinit)&re better
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accepted by the majority of EREDs than those fat,C t h o uagehn, prinbiglet h
possible® It has been shown that activated @ triple bonds can beeduced to
respective saturated molecufeand thasome EREDs can reduaeomaticnitro groups

to aromaticamines’® As shown for many other enzymes, EREDs can display catalytic
promiscuity which is the ability to catgze different reaction types, namely the
isomerization of ex@lkenes to endalkenes could be demonstrafédt is relevant to
mention that sme EREDs tend to be aensitive reducingoxygen to hydrogen
peroxide® This can lead to a potentially undesired Wetheffer reactionThis refers

to the epoxidation of electredeficient olefins at usually alkaline conditiotfs.

Though, EREDs are not yet used in industrial processes, a recentsstabssfully
proofed their applicability at a 7 scale forthe reductionof dimethylcitraconateo
dimethyl2-methylsuccinaté?

1.3.1 Protein structure of EREDs

The first structural elucidation of an ERED from the OIld Yellow Enzyme family was

performed1994by Fox and Karplug® There was a considerable time gap between this

first structural elucidation and the actual identification of these Old Yellow Enzymes. In
fact, t hese pr evi oms hwere tieditsticleacctedzédeflavitontaining

enzymes® A first isolaionf r om t he bot t owas teportenl byaNabdurgd s

yea:

and Christian in 198gY% &fterdhe iscdatioh ef & difeererg | | ow f

Onew yellow ferment6é by Haas in 1938,

f e r m@oday &nown as OYE]l)a name that adhered to this enzyme familyil unt
today®® The use ofunsaturated ketones or aldehydes as oxidants for these isolated
enzymes was then reported by Massgsl. in 1993%° It is interesting to note, however,
that Wiedemann and Fischer already reported a biochemical hydrogenationoaf vari
olefins (amongst them citral) using fermenting yeast in 7834.is likely that the

reactivity can be deduced to the old yellow enzymes that were isolated from such yeast.

Since this first structural elucidation of OYE1, many more ERED strestiave been
solved (at present apparentlyy 60 different EREDs)® This includes NCR
(NADH-dependent 2yclohexenrl-one reductaseRED fromZymomonas mobilisan
enzyme that efficiently reduces citral as a substrate (compare following chatee)

all share a conserved structural fold (Figh>*

t he
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Figure 10: Shared (Ub)s-TIM -barrel motif, flavin mononucleotide (FMN) and catalytic key
residues (H172, N175 and Y177) in ERED structureas well as green highlighted active site pocket
Exemplary, the crystal structure of NCR ERED fra@ymomonas mobiligpdb ID: 4A3U) is shown
because it was chosentasget enzymeA red arrow marks a possible entrance to the active site pocket.
Eachneighboring U-helix andb-sheetis connected by loop regions that mainly constitute the entrance to
the active site.

The proteins form aUb)g-TIM-barrel motif, which is widespread in nature. A
characteristic feature of this motif is the presence of eighemoiess dynamic loop
secondary structure elements that connect the gighe | i ¢ esheeta thal forfn this
motif. This is relevat becauséhe entrance to the active site pocket as well as the active
site pocket itself is mainly formed by these loop structures. Especially the entrance
loopsare highly dynamic. It has been shown that this has implications on the catalytic
features of these epmes and o their stability’” "* Another common feature is the
norntcovalent but fixed incorporation of a flavin mononucleotide (FMN) prosthetic
gr oup a blmaret Thishseachibved by various interactidoetween the flavin

and protein amio acids (Figee 11). Some of these amino acililse T37 and Q114 (in
OYE1 ERED)are also described to modulate the redox potential of the flatich is

rel evant because next to i ts structur al
mechanisnf>’3’® The mainly hydrophobic active site pocket of themezymes
additionallyharborsthree widely conservednd catalytic relevaramino acids, namely

a His/His or His/Asn pair together with a Tyr resid€® In NCR ERED from
Zymomonas mobilidese are for exangH172, N175 and Y177 (Figud®).
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Ql14

F326

Figure 11: Amino acids providing non-covalent interactions between ERED protein and prosthetic
flavin mononucleotide (FMN) as describedy Karplus et al. upon their crystallization of the ERED
OYE1.% Intermolecular interactions to tHeMN were found for OYE1 amino acids P35, T3372,
Q114, R243, G324, N325, F326, G345, G347 and RB#&Bevant residues ifamiliar EREDs can be
deduced by sequence alignments.(lBagOYE1 and NCR in Figurédp. 1).

Most ERED are functional monomers or dimers, howeweedistinct subclass called

ither mbphéedi EREDs forms high®r order quater

1.3.2 Mechanism of EREDRcatalyzed asymmetric hydrogenation

The hydrogenation reaction of EREDs proceeds in a so calledppimg bibi
mechanism (Figur&2).>*’" This refers toa twostep mechanism consisting of a
reductive and an oxidative half re@ct with respect to the flavin prosthetic group. In
the reductive half reaction oxidized FMN is reduced by a transient NAD(P)H cofactor.
The cofactor transfers a hydride to the N5 posiof the isoalloxazine ringBecause of
steric reasonst needs to lave the catalytic sitafterwardsbefore the substrate
(typically an olefin) can enter the tae site pocketIn the following reductive half
reaction,the NAD(P)H-derived hydride at the flavin adds to the C=C double bond and
the reduction igshencompleed by a proton transfewhich is derived from a catalytic
tyrosine €.9.Y177 in NCR EREDY)’
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oxidative half reaction

Me Me
H B P> S =
o /¢ HII-
P ;
o~ 0~

||1.~'f)" N S . 0
L < XOLE

FMNgeq NAD(P)* NAD(P)H FMN,,

Tyr-

reductive half reaction

Figure 12: Ping-pong bi-bi mechanism of EREDs.The mechanism consists of two distinct sequential
half reactions. Oxidized prosthetic FMN is reduced by a transient NAD(P)H cofaatoydride transfer

in a reductive half reaction. After NAD(P)leaves the active site pocket dib-unsaturated
electrondeficient olefin serves as oxidant in a separate oxidative half reaction. Here, the
NAD(P)H-derived hydride is further transferred to the oleffng@sition while a protonwhich is derived

from a catalytic tyrosine is attached to the @sition. The reamn, which is shown for citral as oxidant
happengransselective.

While the reductive half reaction adds to the overall reaction rate, from a stereochemical
point of view the oxidative half reaction, hence the reduction of the olefin, is crucial.
The theedimensional course of the reactidm highly controlled (Figurd3).”” For
reactive binding, thexidants C=C double bond adopts a stacked conformation above
the flavin isoalloxazine ring allowing fop-p interactions. A conserved His/His or
His/Asn pair (e.g. H172 and N175 in NCR ERED#acilitates this orientation by
hydrogen bridging to the electron withdrawing group that is required for olefin
activation’®’® The electron pull of this group, for example an aldehyde, causes a
partially negative charge at the olefib @aking this position electrophilicThus, the
hydride nucleophile attaches to this carbon atom. The final proton traosfiee QJ

olefin positionis believed to derivérom a conserved tyrosine residiieAs the flavin

and the tyrosine are located on opposite faces of the olefin plane, the reduction proceeds
trans-selective.Due to the nature of this reaction, the hydride addition will directly
influence a prochirality at &£and the proton transfer atUC Di fferent enant.i
outcomes are consequently determined by opposite binding modes as generally
introduced for the substrate citralghapterl.2 (Figure8). The specific shape of ERED
active site pockets often favors a specific binding modeewen renders some

impossible to adopiexplaining theioften high enantioselectiviti€s.
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Tyr-OH

HiS/ASl’l‘/ FMN

Figure 13: Spatial course of EREDcatalyzed hydrogenation. The figure highlights that the
flavin-derived hydride and the tyroshuierived €.9.Y177 in NCR) proton are added to the subsérate
U ,-umsaturatedC=C double bond from oppositsides of the olefin plane causing an overall
trans-selective hydrogenationThe electron withdrawing groupf ERED oxidants is positionedia
hydrogen bonds to a conserved His/Asn pair €.g.H172and N175 in NCR ERED). Citral is depicted
as exemplary activated olefienal)with M beingthe methylprenylmoiety.

Most of todayos meofHREDSsISSdrived from stutiesoEMassaeyd i n g
etal. performing diverse spectral and knemlt experiments using OYE.>"""®This

involves the presented tyrosine proton donor (Y196 in OYERn Y196F variant

rendered the variant catalytically inactiwghich together with structural elucitians

led to the generally accepted role of this conserved tyrosine as proton donowveHowe

recent studies involving variations at homologous tyrosine residues in familiar EREDs
surprisingly observecetained activity thoughbeing diminished®2%#'In consequence

the proton donor function of this tyrosine is partially up for discussion considering that

the proton might also be watderived.

Novel insights into the ERED mechanism were provided by detailed kinetic studies
from Scruttonetal. unveiling that quantum tunnelinglays a significant role in the
hydride transfes of the reductive and oxidative half reactféfi* Quantum tunneling is

a nonclassical effect based on thweve properties of particlesv@veparticle duality of

matte) that at room temperature can be significant for ligbtret like hydrogefi* The
consequence of atom tunneling is that reactions can preadetiigher reaction rates
although classically the majority of atoms do not possess enough kinetic energy to cross

the activation barrier of a certain chemical reaction.

1.3.3 EREDcatalyzedreduction of citral

Already in 1934Wiedemann and Fischer obsenatlal reduction in fermenting yeast,
which nowadays can be ascribed to ERED actiViffoday, several EREDs from this
enzyme family have been characterized biochemically and also, their crystal structure is
known>® Some of these reductases have also been tested with regard to their ability to

convert ciral. From the currently available data of those studies from which both,
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product selectivities and the isomeric nature of the applied citral can be retrieved, two

selectivity patterns can be distinguish&dlglel).

Table 1: Presert selectivity types of characterizedEREDs in the reduction of E- or Z-citral to R- or
S-citronellal. Data is retrieved from various publications that allowed insight into which citral isomer or
whether the isomeric miure was used. Identified typecitral reductases arB-selective forE-citral
reduction but produce racemic mixtures Scitronellal for Z-citral reduction and all so far identified
representatives areegstderived. In contrast, typk citral reductases are exclusivebyselective forboth

citral isomers and all so far known representatives are either ptaacterialderived.

~N
ERED o

I NADH I

E- or Z-citral R- or S-citronellal

Typel Type I

enantialivergentreduction
of citral isomers

yeastderived
trend EA R& ZA S

enantiacconvergenteduction
of citral isomers

bacterial or plantderived
trend: E/ZA S

OYEL1 from Saccharomyces pastoriaritis
OYE2 & OYE3 from Saccharomyceserevisia&

EBP1from Candida albican¥
CYE from Kluyveromyces marxiantis
KYE1 from Kluyveromyces lacts

OYEZ2.6 from Scheffersomyces stipit2BS 6054°

NCR from Zymomonas mobifi3

LeOPR1 & LeOPR3from
Solanum lycopersicuth

AtOYE1 & AtOYE3 from Arabidopsis thalian¥
GIUER from Gluconobacter oxidari$

MR from Pseudomonas putidd10®”

PETNR from Enterobacter chloacaBB2’
NemA from Escherichia cofl’

YersER from Yersinia bercovieft

YgjM from Bacillus sulilis strain 168°

YqiG from Bacillus subtilisstrain 168

TOYE from Thermoanaerobacte
pseudethanolicus39™

Some EREDslike TSOYE from Thermus scotoductusid not convert citraf® Others

exerted only minor activitglue to thechallengings ubstr at eds >Ebm subst i
the available datapughlytwo selectivity behaviors of EREDwhich in this regard can

also be regarded asitral reductasds are distinguishablé he first behaviararbitrarily

denoted asypel citral reductaseis exclusively found for all yeasterived EREDs.
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They reduceE-citral with high, ut not exclusiveR-selectivity, while the reduction of
Z-citral tends to proceed racemic or shows opposite selectinigontrast, a distinctly
differing <electivity pattern, denoted aypell citral reductases, is found for all
plant and bacteriatlerived EREDs. They ai®selectie regardless of the citral isomer
that is used as substrate and most representativesdespay enantiomeric excess

v al u89%%. Sdch adistinction has been previously suggested and is herein

confirmed®®

An especially relevant contribution for the ER{EBtalyzed reduction of citral has been
reported byStewartetal. successfully pbing the preparativecale application of this
reaction.Both, S andR-citronellal were obtained in high optical purity by applying the
typel citral reductase OYEZ2.6 foE-citral reduction and the tyde citral reductase

NemA for Z-citral reductiorf®

This preparativescale demonstration made use of the purified enzymes. This is caused
by a limiting side reactivity that is typically observed in whole cells or their respective
lysates. Ubiquitous nespecific alcohol dehydrogenases redeeebonyl moieties to

the respective alcohofé.While product reduction to citrotiel might be undesired for
possible further reaction steps, the reduction of citral to nerol and geraniol represents a
deadend for the ene reduction. Alcohae notprovide enough olefin activation for the
reduction with EREDS? Other potential side reactivities were repdriunder alkaline
conditions in the presence of amino acids or the protein bovine serum afumen,

partial deacetylation to sulcatone as well as citral isomerization was observed.

In light of the presented issues in chemical asymmetric hydrogenation, the
enantieconvergent citral reduction ofpell citral reductass is appealing. It proves that
these enzymes can indeed provh@ntioconvergergelectivity A propertythat would
potentially facilitate ¢)-menthol synthesis rendering citral separation redundant.
However, the process requires the oppoRHselectivity that, so far has not yet been
identified for natural EREDs. Nevertheless, typmtral reductases also highlighite
principally possibleR-selective citral reduction with those enzymé&me potential
strategy to close this selectivity gap tlse continuous characterization of the vast
majority of yet uncharacterized EREDs in nature. On the other hand, the recent
advances in enzyme engineering pdevanother promising strategy.
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1.4  Creating erzymes beyond naturei tools in enzyme
engineering

One motivation of the present work is to demonstrate the methodological value of
molecular biology for creating novel synthetic pathways. Due to the fact that the protein
structure of enzymes is encoded genetically by its underlying DNA, it is relatively
simple to change one or more enzyme amino acids by DNA mutagenesis. This is known
as enzyme engineering because with these alterations enzymatic featuredicectlipe
adapted. Typical features thatre addressed arfor example catalytic activity,

selectivity, substrate scope, enzyme stability but also mechanistic diversity.

1.4.1 Enzyme engineering strategies

Enzyme engineering isonsiderablyaffected bythe question how to cope witihe
enormoussequence space that arises of the possible protein alteratiimee major
strategies can be distingtied that address this issGé’ Directed evolution adopts
naturd s s t af avbletignyby natural selectiofi. Herein, usually large enzyme
libraries are generated and screened with-Highughput assay$.The development of

a suitable assayg often not trivial anda limiting factor. In contrast, the rationatsign
strategy can be regarded as an opposite apprbakthaims to predict certain
sequencsstructurefunction relatons on the basis of structural and mechanistic
information to select for defined amino acid exchanges creating very small enzyme
libraries that are screened easiBue to our still limited understanding of enzyme
catalysispptimizations in proof of conge directed evolution examplese often higher

compared to purely rational approacfes

The so called senrational designg a third strategy that combines features of the first

two strategies®® A very prominent and often successful strategy that generates
mediumsized enzyme libraries (hundreds to thousawdisvariants) is iterative
site-saturation mutagenesis, or shorMI&! ISM can be regarded as a serational

approach. It uses preliminary information as known from the rational design approach

to select single or clustered amino aciddiich should hypothetically influence a

desired enzyme function that one wants tgieeer. Att hes e s o -spaltisedd fih
diversity isintroduced by varying these hgpots with up to all of the twenty canonical

amino acids. The thus generated | ibraries
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feature are selected. Then, this hit is used as &enfidr consecutiveikrsifications at
residual hotspot regions or positions. This process is continued in an iterative fashion
until the desired feature is engineered. It has been showrhtthading a limited amount

of hotspot sites but exchanging those against all 20 canonical amino acids is a strategy
as viable as doing the oppositelecting a large amount of k&pots which are,
however only exchanged against a limited set of amino atfdBoth strategies can

provide sufficient divesity.

Due to the limited librangizes, the method is especially suited for enantioselectivity
engineering because tife limited ability to quickly distinguish chiral information a
highthroughput assalf® Examples of effectivescreening assaysdike UV/VIS
spectroscopyaseddetection of more selective lipases and others have been refférted.
However, these assays require certain molecular motifs and are thus not generally
applicable.This explains why most studies rely on chiral GC or HPLC anal{3is.

consequence, ¢hscreenable library sizes are then limited.

A recent EREBfocusedreview highlights thamany features like activity, substrate
scope, stability and also selectivity coulel dptimized successfully lifferent enzyme
engineeing approache® For the present worktwo specific ISM examples of
engineered ERED selectivities are especially relevant to mention. Reetal.
demonstrated the usefulness of the ISM strategy by enginekoihg the R- and
Sselective reduction of 3-methylcyclohexenondgo 3-methylcyclohexanonen the
thermophilic ERED YqjM.'® Furthermore, Stewarttal. were also successful ite
engineering of stereoselectiv®YE1 variantsfor the synthesis of the building block
methyl 3hydroxy-2-methylpropionate (Roche ester) from the respective Ballisman
adduct'®” Despite these efforts, so far no report is known that tried to engineer an
enantioconvergeriR-selective citral reduction. This might bepéaxined by the fact that

in contrast to other selectivity engineering studies, the selectivity towards both citral
isomers neesito be engineered concomitantiywhich is complicated by a possible

opposite substrate control asdebed before (Figur8).
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1.4.2 In silico methods for understanding and guiding enzyme
engineering

Many computational tools have been developed that can be used to guide enzyme
engineering®® They enable visualizations of enzymatically relevant situations and
processes that are experimedly difficult to achieve In a so calledde novo design
approach, it is even possible to design new enzyme functions from sCfafdte

concepts of three in this wWoappliedin silico methods are introduc@&igurel4).

=

_

\ Kr/ K
Molecular docking Molecular dynamics Semi-empiric QM
simulation simulation modelling
optimal binding 'similationdof c:lc;]ulati-onl
ofligand to time- eper} ent ofc emlc:.l
rigid conformational transformations
protein receptor protein (and. ligand) in active site
dynamics model
molecular mechanics (force fields) quantum mechanics

Figure 14: Conceptual representation of selectedéh silico methods from the view point of enzyme
catalysis. The figure highlights basic differences in the applicatiorheté methods as described in this
work. QM is referring to quantum mechanics.

Molecular dockingsimulation

The objective of ligandleceptor docking is to computationally predict the binding of
rigid or flexible small molecules to aigid protein*'® The computation aims to find
optimal noncovalent interactionbetween a receptor (protein) and a ligand (inhibitor or
substrate)which it does by the atculation of binding energies. The fact that protein
dynamics are usually not accounted for in this method makes this technique fast and
relatively easy to app)youtone should also be aware that the lacking protein dynamics
might conceal interactions that are in fact esseHtialhe probably most valuable
feature of this method is that it allows a graphical representaf ligandreceptor
binding that can be useful together with experimental verifications. Concisely spoken,
the method relies on force fietdhlculations which simplify atoms and bonds as point
charges and springbat spara force field in which a ligand is seandomly and thus

exposed to these forcé¥
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Molecular dynamics simulation

In principle, molealar docking and molecular dynami{@D) simulations areelated
methods because usually both apply force field calculatidriBhe mainadvantage

over docking simulations is the consideration of protein dynamicih increases the
meaningfulness of these calculations but also complicatess computation
significantly:°®**Because of theheer size of proteins, a lot more interactions need to
be calculated. Further on, in contrast to dockiags of kinetic motion aradded to the
calculations that are needed to explicitly describe mofidre thus present kinetic
energy allows the switch between different conformational statdgsually, such
simulatiors include a solvent, so for proteins an aqueous buffer soltfttoa simulation

time is an essential parameter in MD simulations and depends on the nature of the
questions that suchaalcuation tries to answet™* Short simulations in the picosecond

to nanosecond scale allow for bond vibrations and some side chain rotations. After a
docking simulation this can be regarded as MD refinement. However, microségond
secondsimulations are needed to simulate varioagrdes of secondary structure and

domain movements.

Semiempirical quantum mechanicsodelling

The described force field calculations are usually not suited for the simulation of
chemical reactionswhich in enzyme catalysis might be valuable for understanding
mechanistic details or potential mechanistic promiscaitZhemistry is basically the

breaking and formation of bondshich is guided by the interaction of electso For an

accurate representation of these interactions the quantum mechanical nature of these

small particles like the waweaticle duality cannot be neglectéf. Quantum

mechanical simulations thaeproducechemical reactions and their transition states

solve the Schrédinger equatjomhich describes these interactiobsie to a trad®ff of

calculation accuracy and effort, so called sempirical methods like PM7 proved their

applicability tosimuat e an enzymeds °mheyearelsyitabiedor & he mi st
system accounting several hundredatwmimswhi ch i s the typical S :
active site. Hence, an active site model is generatbcth is for example retrieved

from an available crystal structure or previous force field sinmriat A common

simplification is to fix the backbonef gelected model amino acids in spageaccount

for thelimited degrees of backbomoms.
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1.5 Promiscuous Prinsmonocyclization by AacSHC

Squalenehopene cyclases (SHCare enzymatic Bnsted acid catalysts that naturally
catalyze the cyclization dhe triterpene squalene to the pentacyclic products hopene

and hopanol (Figur5 A) for the cyclization of terpenoids®

A) natural reaction: polycyclization of squalene

hopanol

squalene

B) chemical diversity: Prins monocyclization

m
A-H SHC
- Y, variant

N H /3\

R-citronellal (-)-isopulegol

Figure 15 Promiscuous catalytic activities of squkenehopene cyclase A) The natural
polycyclization of squalene is a @rsted acidnitiated domino reaction that is either quenched by
elimination to form hopene or by water addition to form hopanol in a highly selective ntahBgiThe
catalytic promiscuity of the general @1sted acid character of th@cSHC could beexploited by enzyme
engineering to generatan AacSHC variant for the Prinsmonocyclization of R-citronellal to
(-)-isopulegol**” Herein, AH refers to an amino acid acting Bsnsted acid.

In this reactiona cyclization cascade starts by initial protonation of a terminal isoprene
C=C double bond with intermediate carbocations forming that are fireadher
quenched by elimination to hopeaeby water addition to hopan&i®**#*2! Studies on

the squalenenopene cyclase fromhlicyclobacillus acidocaldariugAacSHC) are a
powerful example of the potential that lies in enzyme engine&trét**® Inspired by

the potential of Brgnsteacid chemistry, it was thereby demonstrated AzSHC can
indeed catalyze a set of chemically diverse reactions with various substrate specificities

and selectivitieg?>*?’

One intrigung example of this catalytic promiscuity is the Prins cyclization of
citronellal to isopulegol (Figurgs B).*"?2124apart from the fact that the monoterpene

is roughly 1/3 of the squalene size, it is most remarkahlethie cyclization initiation of
citronellal requires the protonation of the C=0 bond instead of the also present C=C
double bond?? While another wildtype SHC fromZymomonas mobili€ZmaHC1)

was able to catalyze this conversion, though, unseledtinee naturalAacSHC was
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initially reported to be inactive in this conversiBh A mutational study could increase
the citronellal cyclization activity of themdSHC and also induce this activity in the
AacSHC, but the conversions remained unselec¢fi¥&? However, in a broader
enzyme engineering project centered onAReSHC it was then shown that already by
introduction of singleamino acid variationsighly selective Prinsnonocyclizationof
Scitronellal could be engineeréé. It should be noted that during these studies, a more
detailed analytics also enabled the identification of citronellal $radeen using the
wild-type!?® It was somewhat surprising that the engineering of seleBtigiéronellal
cyclization was less facile. An additional engineering project, however, succeeded to
close this gap and also generatedAReSHC triple varianfA419G/Y420CG600A with

e.e. 099 % andd.r.= 90% towards {)-isopulegol**’*#°

The urderlying thermostable wiltype SHC is a membrane protein originally derived
from the thermophilic organisnAlicyclobacillus acidocaldariugFigure16)!*® The
crystal structure revealedha-hélix that serves as membrane anchor as welllascg
hydrophobic active site pocket that is formed at the interface of two separate protein
domains which each form al{/ stharrel structure. The SHC is a class Il triterpene
cyclase. In contrast talass| cyclases, these enzymes do not require a nsagme
cofactor and a diphosphate leaving grotig>! Instead, the enzyme acts as a Brgnsted
acid due toa defined hydrogen network that orients the catalytic acid Asg8xi6
AacSHC) in an anti-conformation, wich is up to 10,008old more acidic than the

synconformation->2

Next to presented alternative enzymatic hydrogenation in the reduct&Z-cftral to
R-citronellal, cyclase variant A419G/Y420C/G600A might be exploited for the
synthesis of {-menthol. As the variant achieves high selectivity in the cyclization of
R-citronellal to €)-isopulegol it might be an interesting alternative to so far applied
chemcal methods. Recent examples also highlighted that high selectivities can be
achieved with homogeneous Lewis acid catal{tslowever, the recovery of these
metatbased catalysts is compl&X. Furthermore, other approaches based on
heterogeneous cataly$i$®® or supramolecular cataly$?% often struggle with
providing sufficient selectivity and unwanted sideactions although for example
heterogeneous catalysts are easier to re¢ytiEhe cyclase enzyme offers a highly

selective metafree alternative to be studied.
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Figure 16: Crystal structure (pdb ID: 1UMP) of squalenehopene cyclase fromAlicyclobacillus
acidocaldariuswith highlighted active site in purple surface color.Aspartic acid D376 in red stick
representation acts as catalytiogBsted acid. In purple stick representation highlighted residues A419,
Y420 and G600 were key positions for the generation rofSBIC varant that catalyzes the Prins
monayclization of R-citronellal to ¢)-isopulegol**’ The crystal structure contains azasqualene (black)
for identificda i on of t he s ubThe membrané anchihefixdof thegSHE is tadored

petrol.
While such squalerbopene cyclasesre in nature often part of enzymatic cascades at
the starting point of generating molecular diversity, so far no repottedf use in

marntmade cascade reactions is known despi& huge synthetic potential.
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1.6 New synthetic concepts by implementation of
multienzymatic and chemoenzymatic cascades

Cascade reactions afg € gequences of chemical transformations in whighstarting
substrate is designed so as[tce ] undergo a reaction

whose

substrate for the neRgureld)tahps isjadéfiniamfm s o on

Nicolaouetal.i n a revi ew about cascade reactions

described one of the key features that are found in adatnetabolism. Here, vast

sequences of enzymatic conversions generate the molecular diversity cells require for

survival’® This highlights that it might be ofavl ue t o adop't natureds

synthetic cascade reactions.

cat. 1

AL B cat. 2 C[ —>J

Figure 17: Concept of a general (linear)catalytic cascade eaction. At least two reactions, the

conversion of A to B as catalyzed by catalysfcat.1) and the conversion B to C as catalyzed by
catalyst2 (cat.2) are coupled in one reaction environment. Intermediate B is not isolated in between. A,
B and Crepresent eittr single or several reactants/products. Any number of additional reaction steps

could follow.

It should be considerdtiat these natural cascades are designed to fulfill & cedled

for high regulation rather than providing high yields that is desire@ isynthetic

process2 Hence, a fruitful strategy might be to dissect the synthetically useful elements

from those that are unnecessary for a desired synthesis to finally assemble new synthetic

pathways And indeed, mcreasing efforts provide numerous multienzymatic cascade

reactions that demonstrate the synthetic value of this cohdépt The succesful
implementation of EREDs f®r exampledemonstrated by leneartrienzymaticcascade
also involving an alcohol dehydrogenase (ADH) and eyBaVilliger monooxygenase

(BVMO).*° First, an ADH oxidizes a cyclic enol to the respective enone to sufficiently

activate the olefin to beirgctly reduced by the ERED and the thereby formed saturated

cyclic ketone can finally be oxidized by a BVMO twetrespective lactone (Figure)18

0 O
OH ADH [f ERED P BVMO é}
Eé +NADP* +NADPH, H" ﬂ +NADPH, H', O,

enol  _NADPH,H'  °M°"¢  _NADP' ketone N App* H,0 lactone

Figure 18: Exemplary trienzymatic cascade of gentacyclic enol to a hexacyclic lactondt employs
NADP*-dependentalcohol dehydrogenase (ADH), NADPHependentERED and NADPH and
oxygendependent Bayer-Villiger monooxygenase (BVMOY*
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This cascade was initially implemented vitro, hence isolated enzymes have been
applied. It was, howevelater also realizeih viva™*, which refers to the realization of
the cascade within a usually living c&if. The advantages df vitro cascades are thei
better controllability, the independence from cell viability and possible unpredictable
side reactivity within the cellular environment andsaally easier analytical wauk **?

In contrastjn vivo cascades do not require enzymes to be purifiedpiande internal

cofactor regeneration and the cascades might be coupled to the cells central metabolism
(metabolic engineering) allowing the use of renewable resources as subsrgtes (
glucosg. In addition, unviable cells or lysates thereafe oftenalso applied The

selection of the reaction system mainly depends on the requirements and purpose of the
cascade to be assembled and the advantages and disadvantages need to be considered
case by case. Due to the inherent better controllability, oftenl nageades are in fact

initially assembledn vitro.*®

Generally, the synthetic appeal of using such reaction cascades derives from the
potential to design ore efficient and cleaner synthesesich save physal resources,
intermediate worlp and purification stepss well agime? Such cascagb also enable

the handling of otherwise unstable or toxic intermediates and provide the opportunity to
shift equilibrium conversions by addition of irreversible reaction stéfdhese are
advantages of both, economic and ecologic nature. In this regard, it is tried to
implement reactions under similar conditipmsh i ch i s t h@mo tedtidnl ed a
Potential limitations of such cascade reactions astenpially divergent reaction
conditions and the therefore relatively ngolex matrix of parameters (e.gH,
temperature, solvent, concentrations etc.) that ::1¢é@dbe adapted. This implies
necessary tradeff between sometimes competing parameters.

Typically, reactioncascades are assembled lineAtllowever, such cascades can also
contain orthogonal elements. Using doieductases can for example require the
additional implementation of cofactor regenerating enzymes like a glucose
dehydrogenast® Moreover, concurrent cascades initially mixing all reactants and
catalysts of a cascade can be distisiged from a sequential fashion adding additional

reactants and catalysts after the completion of prior reaction’Steps.

While the creation of novel biosgretic pathways inside cellular factories is one major
trend in biocatalysishe conceptual similarities of such cascades with counterparts in

0cl assi c alal$éo triggeredna sotnlination in so callédhemoenzymatic
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cascade$>'** This is not a new concept and the first example was presented in 1980
when D-mannitol synthesis fromb-glucose demonstrated that a metafalyzed
hydrogenation in aqueous solution canfhatfully combined with enzymeaalyzed
isomerization (Figurd9-A).** A newer example successfully combined a C=C double
bondforming Wittig reaction with a subsequent reduction of ithgitu formed olefin

by employing ERED$Figure19-B).*®

A) First reproted chemoenzymatic cascade

O

7 glucose CH,OH CH,OH
—7TOH  isomerase =0 pt/C, H, HO—T—
HO—— aq. HO—— aq. HO—T—
—1—OH —-— OH OH
—1OH —+—O0OH —1—OH
CH,OH CH,OH CH,OH
D-glucose D-frcuctose D-mannitol

B) Example for ERED-application in chemoenzymatic cascades

0)

o PPhy o ERED o
aq. aq.
Ar)J\H Ar/vj\ NADD Ar/\)J\
GDH
+D-glucose

- D-gluconolactone

Figure 19: Selected examples of onepot chemoenzymatic cascadesA) First published
chemoenzymatic cascade from van Bekketral. reporting on the concurrent use of glucose isomerase
for interconversion of a invert sugar mixture to enrioHructose fromb-glucose for subsegnt
hydrogenation tob-mannitol by supported platinum cataly$t.B) Concurent C=C double bond
formation by means of Wittig reaction and subsequé=C double bond reductiomsing an ERED.
Required NADP is regenerated by glucose dehydrogenase (GDH) at the expansgiuabse forming
D-gluconolactoné?®

While nowadays also more and more of such chemoenzycegitade examples are

published, it is expected that enzyme engineering will provide even greater adaptations

and synthetic applicatiort§*® However, the widy of such engineered enzymes in
chemoenzymatic cascades is still scarce. In one inspiring exaraplgppical
HoveydaGrubbs metathesis catalyst was susfidly combined in a onpot reaction

system with an engineered monooxygertd5&@he subsequent enzymatic epoxidation

reaction favored the formation of a specific olefin intermediate by the metathesis
catalyst. | n t he foll owing description of t hi
chemoenzymatic cascade employing engineered enzymes igopagito provide an

alternative synthetic route te){menthol fromE/Z-citral.
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1.7 Motivation and aim of the thesis

The aim of the present thesis was the implementadod studyof a novel
chemoenzymatic cascadier the synthesis of the industrially mlant aroma chemical
(-)-menthol (Figure20). Based onan existent production route fror&/Z-citral, the
synthesisshould combinghe stereocontrol of highly selective engineered ERED and

SHC biocatalysts with a wedlstablished heterogeneous hydrogenatatalyst in

onepot.
metal
engineered engineered catalyzed
\g\ ERED _SHC _ hydrogenat1on
| ° | © _oH
PN
ElZ-citral R-citronellal (-)-isopulegol (-)-menthol

Figure 20: Envisioned aqueous ongot chemoenzymatic cascade fror&/Z-citral to (-)-menthol. The
cascadaims toexploit an initial R-selective asymmetric hydrogenationReitronellalby an engineered

ERED as well as a subsequent selective promiscuous Prins monocyclization by an engineered SHC to
(-)-isopulegol. Final unselective metzdtalyzed hydrogenation provide}-gnenthol.

Specifically, this work wasdivided in two najor challenges

1) The creation of a so far unknovifaselective ERED biocatalyst féihe reduction
of both citral isomers by enzyme engineering to provide an alternative to the
currently required costly isomer separatidngineering of ERERatalyzed
citral reductionselectivityhas not been reported before.

2) The evaluation and optimization of the combined use of thus engineered ERED
biocatalyst with a previously engineered SHC triple varidhis is the first
study that implementsnaengineeredSHC in amanmade cascade reaction.
Finally, a sequerdli Pdcatalyzed hydrogenation should elded without
intermedia¢ purification to show as proof @iinciple that {)-menthol can be
synthesized with the envisionedegpot chemoenzymatic cascade

This work s generally rmotivated to contribute to a broader applicability of enzymes in

novelmanmade biosynthetic pathways. To this end, it shall be highlighted how newest
developments in enzyme engineering can realize new kinds of chemoenzymatic
cascades. This slhashowcase how enzymes can complement established chemical
methods to close existent synthetic gaps in the synthesis of industrially relevant
molecules. On the long run this research will provide more economic and ecologic

processes that are munkededdr a more reasonable resource handling.



2. Materials and methods 30

2. Materials and methods

If possible, stock solutions of chemicals as well as aliquot soluti(pmoling of

components in master mixes) were appiredrder to reduce pipetting effort and error.

2.1 Materials

2.1.1Chemicals

Table 2: Used chemicals with supplier information

supplier

chemical

VWR (DarmstadtGermany

NaOH, IPTG

ThermoFisher Scientificlnc.

(Waltham, USA)

10mM dNTP mix, Gene RukbersEailned DNA L ad drestajned
Protein Ladder Pi er c e E Co o ma 2mg/rel AlbsnsnsStandatc Aanguies

Sigma-Aldrich
(St. Louis, USA)

tryptone enzymatic digest from caseiRbCl, MOPS,R-citronellal, S-citronellal, BSA,
EDTA, bromophenol bluesodium salt Coomassie® brilliant Blue R 25&Ac, CaChk
dehydrated, MnGIA H40, sucrose, MgGdehydratedMgSQ, anhydros, KCI, 5% (w/w)
Pd/C, L-rhamnose monohydratd}p-glucose, E/Z-citral, R/S-citronellal, R/Scitronellol,
R-citronellol, S-citronellol, nerol, geraniol, (+)isopulegol, (-)-isopulegol, (-)-menthol,
(+)-menthol, tetracycline hydrochloride, spectinomycin dihydrochloride%3@crylamide
solution DEAE-S e p h a ¢NAD Eeducell sodium salt, TEMED, MES, CRCl-octanol,
imidazole, Triton X100, sulfuric acid, citric acid monohydragtPEG 8000KOH

Carl Roth GmbH + Co. KG
(Karlsruhe, Germany)

yeast extract, ampicillin sodium salt, glycerol, kanamycin sulfate, agarose N
Ultra-Quality, Orange G, MTBENADH disodium salt KH,PQ,, K;HPQ,, ethanol,DTT,
DMSO, APS, isopropanol, 3P HCI, agaragar NaCl, D(+)-lactose monohydrate
chloramphenicol, Tris, PMS SDS, ethyl acetate-heptane, isooctane, acetone, celite 5
vanillin, sea sand, CHAPS, acetic acid 200methanol

Merck Millipore
(Billerica, USA)

ethanol, idecanol silica gel (0.04@.063 mm)

Expedeon LTD
(Cambridgeshire, UK)

BradfordUltrak

Air Liquide S.A.
(Paris, France)

Na(1)

abcr GmbH
(Karlsrune, Germany)

isopulegol mixture of isomers

BASF SE
(Ludwigshafen, Germany)

Z-citral (~94% purity), E-citral (~85% purity)
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2.12 Enzymes

Enzymesappliedfor cloning and expressicare displayed (Tabld). All enzymes were
stored at20°C.

Table 3: Applied enzymes for cloning and expression with supplieénformation.

supplier enzyme
VWR (Darmstadt, Germany) Dpnl restrictionenzyme
Sigma-Aldrich deoxyribonucleaseKOD Hot Start DNA polymerase

(St. Louis, USA)

Agilent Technologies PfuUltra Il Fusion HS DNA polymerase
(Santa Clara, USA)

New EnglandBiolabs GmbH T5 exonuclease, Taq DNA ligas
(Frankfurt, Germany)

2.13 Designed primers

All primers were purchased from metabion international(Ranegg, Germany)

Primers gplied for sitedirected mutagenesis

Primer design followed rules as outlined in ti@uikChange Il SitéDirected
Mutagenesis Kit (Agilent TechnologiesSanta Clara, USA For site-directed
mutagenesis in thecr andoyel genes, defined triplet cod@xchanges were performed
(Table4 and Tabléb). In the case of codon redundancy, the codon with highest use in

E. coli K12 was applied
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Table 4: List of utilized forward and reverse primers for the creation of site-directed mutants in the
ncr wild-type gene.

forward pr i meA3 § )

mutation .
reversep i meA3§
ToEA GATGGCGCCTCTGCACGTGGCCGTGCCAC
GTGGCACGGCCACEGOCAGAGGCGCCATC
TosE GATGGCGCCTCTGTTCGTGGCCGTGCCAC
GTGGCACGGCCACGAA CAGAGGCGCCATC
AS6G CTGATTATTTCAGAAGGCACTGGCATTAGTC
GACTAATGCCAGTGCCTTCTGAAATAATCAG
AS6E CTGATTATTTCAGAATTTACTGGCATTAGTCAGG
CCTGACTAATGCCAGTAAA TTCTGAAATAATCAG
WEA CAGGAAGGTTTGGGQCGCCTTATGCTCCGG
CCGGAGCATAAGGCGCGCCCAAACCTTCCTG
WEEV GTCAGGAAGGTTTGGGATTCCTTATGCTACGG
CCGGAGCATAAGGAAC GCCCAAACCTTCCTGAC
W66 GTCAGGAAGGTTTGGGQ\TTCCTTATGCTCCGG
CCGGAGCATAAGGAAT GCCCAAACCTTCCTGAC
We6L CAGGAAGGTTTGGG@TGCCTTATGCTCCG
CGGAGCATAAGGCAGGCCCAAACCTTCCTG
WEEM GTCAGGAAGGTTTGGGQTGCCTTATGCTCCG
CGGAGCATAAGGCATGCCCAAACCTTCCTGAC
WE6S GTCAGGAAGGTTTGGGQGCCCTTATGCTCCG
CGGAGCATAAGGGCTGCCCAAACCTTCCTGAC
WEEN GTCAGGAAGGTTTGGGQRACCCTTATGCTCCG
CGGAGCATAAGGGTTGCCCAAACCTTCCTGAC
WE60 GTCAGGAAGGTTTGGGETAGCCTTATGCTCCG
CGGAGCATAAGGCTGGCCCAAACCTTCCTGAC
WE6C CAGGAAGGTTTGGGO GCCCTTATGCTCC
GGAGCATAAGGGCAGCCCAAACCTTCCTG
WE6G CAGGAAGGTTTGGGQGCCCTTATGCTCCG
CGGAGCATAAGGGCCGCCCAAACCTTCCTG
W66P CAGGAAGGTTTGGGI CGCCTTATGCTCCG
CGGAGCATAAGGCGGGCCCAAACCTTCCTG
WE6R CAGGAAGGTTTGGG@GOCCTTATGCTCCG
CGGAGCATAAGGGCGGCCCAAACCTTCCTG
WE6H GTCAGGAAGGTTTGGGTATCCTTATGCTCCGG
CCGGAGCATAAGGATGGCCCAAACCTTCCTGAC
WE6K GTCAGGAAGGTTTGGGQAA CCTTATGCTCCGG
CCGGAGCATAAGGI TTGCCCAAACCTTCCTGAC
W66D GTCAGGAAGGTTTGGG@ATCCTTATGCTCCGG
CCGGAGCATAAGGATCGCCCAAACCTTCCTGAC
WE6E GTCAGGAAGGTTTGGGMGAACCTTATGCTCCGG
CCGGAGCATAAGGI TCGCCCAAACCTTCCTGAC
WesE: GTCAGGAAGGTTTGGGO TTCCTTATGCTCCGG
CCGGAGCATAAGGAAA GCCCAAACCTTCCTGAC
WesT® GTCAGGAAGGTTTGGGQ\CCCCTTATGCTCCGG
66 CCGGAGCATAAGGSGTGCCCAAACCTTCCTGAC
We6Y? GTCAGGAAGGTTTGGGOATCCTTATGCTCCGG
CCGGAGCATAAGGATAGCCCAAACCTTCCTGAC
W100A CTTATCTTTGCCCAGCTAGCGCACATGGGACGTATGGTG
CACCATACGTCCCATGTG GCTAGCTGGGCAAAGATAAG
W100F CTTATCTTTGCCCAGCTATTTCACATGGGACGTATGGTG
CACCATACGTCCCATGTG\AA TAGCTGGGCAAAGATAAG
H128A GCACCCGGATTGGGGCGACCTATGATGGTAAAAAG
CTTTTTACCATCATAGGTCGOCCCCAATCCGGGTGC
H128F CCCGGATTGGGGTTACCTATGATGGTAAAAAG

CTTTTTACCATCATAGGTAAACCCCAATCCGGG
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GATGGCGTACAGATCGCGGCCGCTAATGGT

H172A ACCATTAGCGGOCGCOGATCTGTACGCCATC
H172F GATGGCGTACAGATCTTTGCCGCTAATGGT
ACCATTAGCGGCAAA GATCTGTACGCCATC
NL75A CAGATCCATGCCGCTGCGGGTTATTTGATTGACG
CGTCAATCAAATAACCCGCAGCGGCATGGATCTG
NL75E CAGATCCATGCCGCT TTGGTTATTTGATTGACG
CGTCAATCAAATAACCAAA AGCGGCATGGATCTG
a CATGCCGCTAATGGTGCGTTGATTGACGAATTTA
Y177A TAAATTCGTCAATCAA CGCACCATTAGCGGCATG
- CATGCCGCTAATGGTTGGTTGATTGACGAATTTA
TAAATTCGTCAATCAA CCAACCATTAGCGGCATG
D31A CACCGAATGGTGAAGCGCAGGGGACGGTTGATAG
CTATCAACCGTCCCCTGGCTTCACCATTCGGTG
D31F GGTTATCACCGAATGGTGAATTTCAGGGGACGGTTGATAGTC
GACTATCAACCGTCCCCTG\AA TTCACCATTCGGTGATAACC
02327 CGAATGGTGAAATAGCGGGGACGGTTGATAGTC
GACTATCAACCGTCCQCGCTATTTCACCATTCG
o3oF CACCGAATGGTGAAATATTTGGGACGGTTGATAGTCATCCCG
Q CGGGATGACTATCAACCGTCC@AA TATTTCACCATTCGGTG
Ro61A GCCTTTTTAGGGATGSCGGAAGGGGCTGTTGATGGC
GCCATCAACAGCCCCTT@GCCATCCCTAAAAAGGC
Ro61F GATATTGCCTTTTTAGGGATGI TTGAAGGGGCTGTTGATGGCACC
GGTGCCATCAACAGCCCCTT@AA CATCCCTAAAAAGGCAATATC
F269A GGGCTGTTGATGGCACTGCGGGCAAAACAGATCAG
CTGATCTGTTTTGCE GOGGTGCCATCAACAGCCC
E260W GGCTGTTGATGGCACO GGGGCAAAACAGATCAG
CTGATCTGTTTTGCECAGGTGCCATCAACAGCC
W342A CAAAGATGTGATTGAGACTGCGTATACCCAAACCCCCAAG
CTTGGGGGTTTGGGTATAGCAGTCTCAATCACATCTTTG
W342F GATGTGATTGAGACTTTTTATACCCAAACCC
GGGTTTGGGTATAAA AGTCTCAATCACATC
Va43A GATGTGATTGAGACTTGGECTACCCAAACCCCCAAG
CTTGGGGGTTTGGGRGCCCAAGTCTCAATCACATC
vaa3w GATGTGATTGAGACTTGGIGGACCCAAACCCCCAAG

CTTGGGGGTTTGGGTCACCAAGTCTCAATCACATC
2These mutations webtained from previous work.

Table 5: List of utilized forward and reverse primers for the creation of site-directed mutants in the
oyel wild-type gene as used in theupervisedBachelor thesis of FDehli.**

mutation forward pr i meA3 ¢ )
reversepy i meA3§

GATTCCGCCGCTG&GCCCGCATGCGCGCG

T37A
CGCGCGCATGCEGOCAGCGGCGGAATC
TI7E GTGATTCCGCCGCTGTTCGCATGCGCGCGC
GCGCGCGCATGCBAACAGCGGCGGAATCAC
GT2A CCATGATTATTACCGAAGCGGCGTTTATTAGCCCG
CGGGCTAATAAACGCCGCTTCGGTAATAATCATGG
GToF CCATGATTATTACCGAATTTGCGTTTATTAGCCCGC
GCGGGCTAATAAACGCAAATTCGGTAATAATCATGG
V82A CAGGCGGGCGGGCGGATAACGCGCCG
CGGCGCGTTATCGOGCCGCCCGCCTG
CAGGCGGGCGGCGGGATAACGCGCCG
Y82wW

CGGCGCGTTATECAGCCGCCCGCCTG
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TGTGTGGGTGCAGCTGCGGTGCTGGGCTG

W116A
CAGCCCAGCACQCGCCAGCTGCACCCACACA
W116F CTTTGTGTGGGTGCAGCTGTTGTGCTGGGCTGGGC
GCCCAGCCCAGCARAACAGCTGCACCCACACAAAG
Q147A GTTTATGGATGCGGAAGCGGAAGCGAAAGCG
CGCTTTCGCTTCGCGCTTCCGCATCCATAAAC
Q147F CGTGTTTATGGATGCGGAA TTGAAGCGAAAGCGAAAAAAGC
GCTTTTTTCGCTTTCGCTT@AATTCCGCATCCATAAACACG
H191A GATGGCGTGGAAATTGCCGAGCGCGAACGGCTAT
ATAGCCGTTCGCGCTGCAATTTCCACGCCATC
H191F GATGGCGTGGAAATTTTTAGCGCGAACGGC
GCCGTTCGCGCRAAAATTTCCACGCCATC
N1S4A GAAATTCATAGCGCGGCGGGCTATCTGCTG
CAGCAGATAGCCCGCOCGCGCTATGAATTTC
N194F GGAAATTCATAGCGCGITTGGCTATCTGCTGAAC
GTTCAGCAGATAGCCAAACGCGCTATGAATTTCC
Y196A TAGCGCGAACGGUGSCGCTGCTGAACCAG
CTGGTTCAGCAGCGCGCCGTTCGCGCTA
Y198F CATAGCGCGAACGGCOTTCTGCTGAACCAGTTTC
GAAACTGGTTCAGCAGAAAGCCGTTCGCGCTATG
V196W GCGCGAACGGO GGCTGCTGAACCAGTTTC
GAAACTGGTTCAGCAGCCAGCCGTTCGCGC
F250A GAGCCCGTATGGCGT&CGAACAGCATGAGC
GCTCATGCTGTICGCCACGCCATACGGGCTC
F250W GAGCCCGTATGGCGTG GGAACAGCATGAGCG
CGCTCATGCTGTICCACACGCCATACGGGCTC
N251A CGTATGGCGTGTTIGCGAGCATGAGCGGCG
CGCCGCTCATGCTGCAAACACGCCATACG
N251F CGTATGGCGTGTTTTTTAGCATGAGCGGCGGCG
CGCCGCCGCTCATGCRAAAAACACGCCATACG
V288A GCGTTTGTGCATCTGCGGAACCGCGCGTG
CACGCGCGGTTECGCCAGATGCACAAACGC
V288E GCGTTTGTGCATCTGE@ TTGAACCGCGCGTG
CACGCGCGGTT@RAACAGATGCACAAACGC
F296A GCGTGACCAACCCGsCGCTGACCGAAGGC
GCCTTCGGTCAGGOCCGGGTTGGTCACGC
F296W GCGTGACCAACCCG GGCTGACCGAAGGC
GCCTTCGGTCAGCACGGGTTGGTCACGC
F374A GATCGCGATACGGCGTATCAGATGAGCGCG
CGCGCTCATCTGATACGCGGTATCGCGATC
F374W GATCGCGATACCIGGTATCAGATGAGCGCG
CGCGCTCATCTGATACCAGGTATCGCGATC
Y3T5A GATCGCGATACCTTTGCGCAGATGAGCGCGC
GCGCGCTCATCTE&GCAAAGGTATCGCGATC
GATCGCGATACCTTTITGGCAGATGAGCGCGC
Y375W

GCGCGCTCATCTE&CAAAAGGTATCGCGATC
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Primersapplied foriterative site-saturationmutagenesis:

Primers containing degeneratddNK codons were usedoff semirational iterative

site-saturation mutagenesis (Taléle

Table 6: List of utilized forward and reverse primers for the creation of semirational
site-saturation mutants in the ncr wild-type geneusing NNK codon degeneracyX refers to one of
the 20canonicalproteinogenic amino acids.

mutation forwardpr i meA3 §)
reversep i meA3 @

GTCAGGAAGGTTTGGGQINKCCTTATGCTCCGG

We6X CCGGAGCATAAGQVINNGCCCAAACCTTCCTGAC
v177x CATGCCGCTAATGGTNNKTTGATTGACGAATTTA
TAAATTCGTCAATCAA MNNACCATTAGCGGCATG
a1 CACCGAATGGTGAANNKCAGGGGACGGTTG
CAACCGTCCCCTGINNTTCACCATTCGGTG

Fosox GCTGTTGATGGCACQINK GGCAAAACAGATCAG
CTGATCTGTTTTGCQ/INNGGTGCCATCAACAGC

Primers forGibsonassembly
Custom primers for inserting dd-terminal polyHiss taginto the pDHE_ncr plasmid
(chapter2.1.6)were designed by following instructions of tBaapGen&.1.4software
from GSL Biotech (Chicago, USA) availableGahapgene.coa(Table7).

Table 7. Designed Gibson assembly primers for inserting anN-terminal poly-Hisg tag into the
pDHE_NCR gene.

forward pr i meA3 ¢ )

name .
reverseg i meA3 §

NCRHis from bET28 CGCCAAAACAGCCGGTACCCTCAATCCCCAAGCAAAGGA
- P CTTAAGAAGGAGATATACATATGGGCAGCAGCCATCATCA

DHE linearization ATCCTTTGCTTGGGGATTGAGGGTACCGGCTGTTTTGC
P - TGATGATGGCTGCTGCCCATATGTATATCTCC

Sequencingrimers

Commercial GATC Biotech AG (Konstanz, Germany) sequencing serweas used If
applicable, genes were sequenced by application of GATl@uURe primers. In this
regard, T7 and pERP primers were used for sequencing genes contained in pET
vector systemswhile pGL3-1 and pTI21-2 primers were used for sequencing genes
contained in pDHE vector systenifable8). Due to gene length, sequencing of the

AacSHC geneequired an additional custemade primer called In_Primer
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Table 8: The Primers that were used forgene sequencing

name pri meA3®
T7 TAATACGACTCACTATAGGG
pET-RP CTAGTTATTGCTCAGCGG
pGL3-1 GAGCTGACTGGGTTGAAG
pTI2-1-2 GCGTTTCACTTCTGAGTTCG

In_Primer CGCTGAGCATTGTGATGAGCCGC

2.14 Strains

For DNA cloningand mutagenesigsing genes in pE28a(+)or pET-22b(+) vectors
either the E. coli XL-1Blue or the E.coli DH5U strain was applied. TheE. coli
BL21(DE3) strain was subsequently used a&gne expressionstrain for protein
production In contrast, thés. coli TG20+ strain was applied for cloningumagenesis
as well as expressiaf genes contained in the pDHEctor system.

Available stock solutionsof listed strainsat the IBTB, department of Technical
Biochemistry(University of Stuttgartiwere used to produce correspondicgmpetent
cells.

The E.coli TG20+ strain was initially providedby the BASFSE company
(Ludwigshafen, Germany)The strain is based on the commercial T&hin*® and
contairs additional feature€. coli TG20+ is deficient of -rhamnose isomeras&hus,

it doesnot metabolize rhamnose making theagn amenable towards rhamnesduced
promotors.In fact, the isomerase gene is replaced by a tetracycline resistancéngene.
addition, the strain containsvo gene deletiongpahk and qyisb both encodingor
unspecificE. coli dehydrogenases® TheE. coli TG20+ strain alsincorporates the two

chaperoe plasmids pHSG and pAgro4 (chafet.6.

2.15 Antibiotics

For strains containinghe pDHE vector ampicillin was applied with a working
conentration of 10Qug/mL. For pETF28a(+) vector construgtskanamycin with
50 pg/mL working concentration wagilized. Respective agueous stocitusions were

stored at20 °C. Spectinomycin was applied with a Wiprg concentration of 5Qg/mL,
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chloramphenicol with ig/mL and tetracycline with 1fg/mL. While the three
beforehand mentioned antibiotics were added as aqueous 1000x stock solutions,
tetracycline was added asnigy/mL stock solution dissolved in 2@ ehanol and

chloramphenicol as 1000x stock solution dissolved in pure ethanol.

2.16 Plasmids

During the scope of the presented thasigeralplasmds were either used or produced
(Table9-10). Construction of the pE28a(+) plasmid containintdpe ncr wild-type gene
from Zymomonas mobilisvith an Nterminal polyHiss tag is described elsewhefe.
The pDHE vector containing theyel gene fromSaccharomyces pastorianwgas

obtained fom an IBTB irhouse plasmid library.

Table 9: List of pET-28a(+) vectors containing thencr gene from Zymomonas mobiliswith an
N-terminal poly-Hisg tag with one of thelisted ncr mutations.

T25A T25F A56G A56F W66A
W66V W66l We6L W66M W66S
W66N W66Q W66C W66G W66P
W66R W66H W66K W66D W66E
W66F We6T> weeY? W100A W100F
H128A H128F H172A H172F N175A
N175F Y1772 Y177W 1231A 1231F
Q232A Q232F R261A R261F F269A
F269W W342A W342F Y343A Y343W

W66A/T25A W66A/T25F W66A/A56G W66A/AS6F W66A/W100A
W66A/W100F WB6A/H128A W66A/H128F WB6A/H172A WB6A/H172F
W6E6A/N175A W66A/N175F WBBA/Y177A WBBA/Y177TW W66A/I231A
W66A/I1231F W66A/Q232F W66A/R261A W66A/R261F W66A/F269A

W6E6A/F269W W6E6A/W342A W66A/W342F W66A/Y343A W66A/Y343W

loop 6* WE6A°

aThese mutations were contained from previous wWork.
® Loop6* corresponds to the exchange of NCR amino acids -F268 against OYE1 N29E302
(amino acid sequence NPFLTER&S decribed elsewher®.

Additionally, the W66A mutation comprisingcr gene contained in the pDHE vector
system without Nerminal polyHiss tag was generated. The vector construct

pDHE_ncr containing an Nerminal polyHiss tag was constructed in the course of
combinatorial iterative sitsaturation by Gibson assembly (chaf@&.5).



2. Materials and methods 38

Table 10: List of pDHE vectors that containthe oyel gene fromSaccharomyces pastanus. The
genes do not incorporatepaly-Hiss tag All geneswere prepared in the scope of twpervised Bachelor
thesis of FDehli.**®

T37A T37F G72A G72F Y82A
Y82W W116A W116F Q147A Ql47F
H191A H191F N194A N194F Y196A
Y196F Y196W F250A F250W N251A
N251W V288A V288F F269A F269W
F374A F374W Y375A Y375W

Throughout the performed sigaturation screening, several hits have been selected for

plasmid isolation and sequencing (Tablg.

Table 11. List of pDHE vectors containing the ncr gene from Zymomonas mobiliswith an
N-terminal poly-Hisg tag and one of the listechcr mutations. A selectionof mutations beneficial for

an increase®-selectivityin the citral reductions presented.

WG66A W66A/1231P W66A/I1231R W6E6A/1231W WG66A/1231Y
W66A/1231K W66A/1231D W66A/1231H WG66A/1231L WE6A/Y177A
W66A/Y177T W66A/Y177N W66A/Y177H W66A/Y177D WE6A/Y177M
W66A/Y177C W66A/F269S W66A/F269C W66A/F269L W66A/F269K
W66A/F269V W66A/F269G W66A/1231P/F269V  W66A/I231P/F269H  W66A/I231P/F269Q

W66A/1231P/F269P W66A/1231P/F269Y WG66A/1231P/Y177R  W66A/1231P/Y177K  W66A/I231P/Y177F

W66A/1231R/IF269V  W66A/I1231P/F269V/Y177D

Regarding squaleAgopene cyclases, several variants from previous sthdies been

assessed in this work (Tadlg).

Table 12: List of pET-22b(+) vectors containing theshc gene from Alicyclobacillus acidocaldarius
and one of the listedshc mutations. All genes were obtainefdom an IBTB irhouse plasndi library.

wild-type® D376A% 1261A% A419G/Y420A A419G/Y420C

A419G/Y4208 A419G/G600A Y420A/G600A Y420C/G600A Y420GIG600R

A419G/Y420AIG600R  A419G/Y420C/GE00R  A419G/Y420G/G600R

3 Plasmids were generated during the PhD thesis of Dr. Stedyammer.-
® Plasmids were generated during the PhD thesis of Dr. Silke Ba&tian.

Both, thepET-28a(+)and the pET22b(+) plasmidcontaina lac operon a T7 promoter
and a multiple cloning site(Figure21 A and B). While the first vector contains a
kanamycin resistanc@Kan), the second contains an ampicillin resista(ep). The
pDHE plasmid is derived from the pJOE2702 plasmildich is a pBR322 descendant
(Figure21 C).1***52 |t contains an ampicillin resistancArfp), a rhamnose promoter
(rhaB), diverse restriction sites, a basis of mobility regibonf for horizontal gene

transfer and &op site for low copy maintenance.



2. Materials and methods 39

Xho I{153)
:n?'m‘u‘a) 2’0( | u'q
ot I{166) g ki
Eag IT“) Hind Hli(173)
Hind lil173) . ek
Sal l(173) Sac l(190)
Sac K190)
EcoR K182)

BamH ki1s8)
Bpu1102 K(80) #x k231)

Ora lis251)

de 1288)
f 548: 8gllips2)
Y 027 o @

<« o®

PE )

(25g1-¢20) P*
(evgi-yob) V2

- +
PELEZ™

AN I3s31)
PshA I(1959)

BspLU11 Z&gg‘lh B Flisg:lfgg;; BspLUt1 | ;m?(.ms Bpuﬁapf‘!‘lgfn
y 2
Bst1107 Psp5 11(2230)
11 coem RN Bsﬂ,'.%"m, BspG k2ra1)
(5350) AfIII
C (5311) ECORI rbs
) (5216) BspDI* - ClaI*
(5215) Nsil
(5213) Sphl
(5148) EcONI 3 Zral (639)
(5120) Sall AatII (641)
(s059) PshAI | -
(4717) BfuAI - BspMI /= ~
28 Promote,.
(a418) BsmI <« Stul (966)
(4347) BmeT1101

(4346) Aval - BsoBI
(4329) MscI*
(4319) FspAIl

(4191) Bpul0I
(4107) BSpEI*

HindIII (1096)

pDHE_NCR

5351 bp rrnB T1 terminator

rrnB T2 terminator
(3707) Pvull
(3653) BsmBI

(3552) PfIFI - Tth111I
(3546) BsaAl

(3411) BspQI - Sapl
(3294) AfIIII - Pcil

Scal (1925)
Pvul (2037)

Asel (2231)

(2885) AlwWNI AhdI (2406)

Figure 21: Vector systems used for cloning and expressionE®ED and SHC genes; A)map of
pET-28a(+)containing a kanamycin resistancdaea operon,a T7 promoteandthe displayed restriction
sites B) map of pET-22b(+) containing a ampicillin resistance, #c operon, a T7 promoter and the
displayed restriction sitesC) exemplary map of pDHE_NCR containing an ampicillin resistance, a
rhamnose promoter arttie displayed restriction sites; the pDHE vector map was generated using the
SnapGene 3.4 softwardrom GSL Biotech (Chicago, USA) available@ahapgene.cotn

The plasmids pAgro and pHSG contaiengs for GroES/GroEL chaperonires)ac
operon and a gene for thdaclq repressat®® Furthermore, pAgro ggains a
spectinomycin and pHSG a chloramphenicol resistance gene.

2.17 Buffers and media

Molecular biologyand expression:

DNA- and RNAfree sterileddH,O obtained by MilliQ® Integral Water Purification
System Kerck Millipore, Billerica, USA)wasused.
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10x PCR buffer for KOD Hot Start polymerase (Siglrich, St. Louis, USA and
10x PfuUltra Il reactionbuffer (Agilent Technologies, Santa Clara, USAgre usd as

received from the supplier

3 % (w/v) Agarose gel was produced by dissolving BgaroseNEEO Ultra Qualityin

300mL TAE buffer by microwave heatingAfter complete dissolution3 puL Midori

Greenwere addeda 50mL agarose gelmixedgentlyand subsequently poured into an

agarose gethamber for hardeningefore hardening, a comb was added for pocket

formation.

TAE buffer (50x)

5x DNA loading huffer

Tris acetate (pH.0) 2M sucrose 29

EDTA 100mM Orange G 10mg
ddH,O fillup to 5mL

Tfbl buffer TfbIl buffer

KAc 0.59¢9 MOPS 0.21g

RbCI 2.42g RbCI 0.12g

CaCl 0.29g CaCl 119

MnCl, A4 H,0 2.0g glycerol 15mL

glycerol 30mL ddH,0O fill up to 100 mL

ddH,O fill up to 200mL pH 6.5 with 1M NaOH

pH 5.8 with1 % acetic acid Sterile filtration(0.45uM)

Sterile filtration (0.45uM)

The following media were sterilized at 12T and 1.3ar for 20min.

LB medium (per liter) LB agar plate medium (per liter)

NaCl 5¢g NaCl 5¢g

yeast extract 59 yeast extract 59

tryptone 109 tryptone 109

ddHO 1000mL agaragar 159
ddH,0 1000mL

Desired antibiotics were only added toedia

<50°C. DissolvedLB agar plate medium was
poured into Petri dishes for hardening and

afterwards stored at€.
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TB medium (per liter) phosphate buffer(per 500mL)

tryptone 129 KH.PO, 11.57g
yeast extract 249 KHPO, 62.70g
glycerol 4 mL ddH,0 500mL
ddH,0 900mL pH 7 with HCI (37%)

phosphate buffer 100mL

TB madium and phosphate buffer were sterilized separately to hinder phoppéeifgtation.

SOC medium (per 100mL) 5x ISO reaction buffer

tryptone 29 25 %(w/v) PEG8000 159
yeast extract 0.5¢g 500mM Tris-HCI (pH 7.5) 3mL
1M NaCl (final: 20mM) 1mL 50 mM MgCl, 150pL
1M KClI (final: 2.5mM) 0.25mL 50mM DTT 300pL
1M MgCl; (final: 10mM) 1mL 1 mM dNTP mix 240pL
1M MgSO; (final: 20mM) 1mL 5 mM NAD 300pL
1 M glucose (final: 20nM) 2mL

ddH20 fill up to 100mL

Protein purification

For affinity chromatography protein purification 50 mivis-HCI (pH 7.5) buffers with
varying imidazole concentrations, namelyn®, 5mM, 10mM, 50mM and 300nM

were used.

Several surfactargontaining buffers as listed in the following were applied for

purification of squalené@opene cyclases.

lysis buffer (per liter) solubilization buffer (per liter)

citric acid (final: 200mM) 38.49 citric acid (final: 60mM) 11.5¢g
EDTA (final: 0.1mM) 37mg detergent (final: 26 (W/v)) 109
pH 6 with 1M NaOH pH 6 with 1M NaOH

regeneration buffer (per liter) wash buffer (per liter)

citric acid (final: 12mM) 2.31g citric acid (final: 12mM) 2.31g
NaCl (final: 500mM) 29.22g detergentfinal: 0.1% (w/v)) 19
detergentfinal: 0.1% (w/v)) 1g pH 6 with 1M NaOH

pH 6 with 1M NaOH
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elution buffer (per liter)

citric acid (final: 12mM) 2.31g
NaCl (final: 200 mM) 11699
detergen((final: 0.1% (w/v)) 1g

pH 6 with 1M NaOH

Regardingabove mentionedysis, solubilization, regeneration, wash and elution buffeiton X-100 or
CHAPS were used as detergent. As described in the results part, the detergent concentration was varied in
some experimentghapter3.2.1) Thebuffers were filled up with dd}D.

SDS gels:

running gel 12% (20 mL) stacking gel 5% (4 mL)

ddH,0 6.6mL ddH,0 2.7mL
30% acrylamide mix 8.0mL 30% acrylamide mix 0.67mL
1.5M Tris-HCI (pH 8.8) 5.0mL 1M Tris-HCI (pH 6.8) 0.5mL
10% SDS (a9 0.2mL 10% SDS (a9 40puL
10% APS (a9 0.2mL 10% APS (a9 40 L
TEMED 8uL TEMED 4L

First, the running gel was prepared and poured for hardening directly after final APS addition.
Afterwards, stacking gel was poured on top accordingly followed by comb addition for pocket formation.

At a later stage of the thesis, commercially avail&bpressPluE PAGE Gels(ready

to-use SDSPAGE gels) frontGenscript Biotech Corp. (Hongkong, Chivegre applied

accordingt o manuf acturer 6s i-MGPSrSDS tunnioghlsufferi nc | udi
powder. The MIniPROTEANR Tetra system from BiRad Laboratories Inc.

(Hercules, USA) was used fperforming the SDAGE

Lammli loading buffer (20 mL) 5x SDS gel running buffer (2L)

1M Tris-HCI (pH 6.8) 2mL Tris 309
MgCl, 190mg glycerol 1449
glycerol ImL SDS 109
SDs 0.89 ddH,0 filupto 2L
bromophenol blue 2mg

DTT 0.31g

ddHO fill up to 20mL
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staining solution (per liter)

destaining solution (per liter)

Coomassi&Blue G250
30 % HCI (ag)
ddH,O

60-80mg
35mM

1L

methanol
acetic acid,100%

ddH,0

300mL

100mL

600mL

Biotransformations

Elution buffer used for squaleimpene cyclase purification as described above was
also used as reaction buffer for any reaction applying squblgmene cyclase
including all cascade reactions that were conducted concurrentlfEREDs

ERED reactionswere either carried out in X8M citrate buffer (pHs) or in 50mM

MES/KOH buffer (pH6.8).
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2.2  Molecular biology

2.2.1Standard procedures

Agarose gel electrophoresis

The method was used to separate DNA and to qualitatively assess their.aEenet
Ru | e rkiEPretained DNA Laddemwas used as markéviarker (5uL) and samples
mixed with 5x DNA loading buffer (25uL) were loaded on a hardened agargsk
(chapter2.1.7) that was overlaid with 1x TAE buffer beforehaidvoltage was applied
to the gelfor 45min (120mV) in TAE buffer. DNA visualization was accomplished by
UV light.

DNA cleanup procedures

Different DNA cleanup procedures were utilized in this thesisthig¢ DNA Clean &
Concentratd-5 kit (ZYMO Research Corp, Irvine, USAvas used to clean DNA
fragments according to the manufacturers instruction, except an additional
centrifugation step after the last washing step and before elOtidA.was eluted with

10 puL ddH0; ii) nitrocellulose membrarsg0.025e m  V S WP OMrskOMillipore,
Billerica, USA) were used to purify DNA by means of dialysis. The membrane was
placed carefully on top of ddH,O reservoirand 1620 uL DNA-containing sample
were added as one drop on top of the membrane. Aftemir2Qp to 15uL purified
DNA was used subsequentlyii) DNA was isolated after separation by gel
electrophoresis cutting out the band of interest and applying thenoc | eanE Ge l DN
Recovery Kit ZYMO Research Corp, Irvine, USAaccording to the manufactuésr
instruction iv) plasmid DNA was purifiedfrom cell pelletsby the application of the
Zyppy™ Plasmid Miniprep Kit(ZYMO Research Corp, Irvine, USAccording to the
manufactures instruction, excepa prolonged centrifugation after neutralization for
10min andan additional cenifiugation step after the last washing step and before
elution. DNA was eluted with 30L ddH,O.

Concentration determination

DNA concentration and purity were determinedising a Nanodrop ND 1000
SpectrophotometefAgilent Technologies, Santa Clara, USA pyL per sample was
transferrednto the spectrophotometer.
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DNA ®quencing

Commercial GATC Biotech AG (Konstanz, Germany) sequencing service was used.
20 pL of a30-50 ng/pL purified DNA sample were sent.

Cell growth monitoring

Cell growth was monitoredybmeasuring optical densifpD) valuesat 600nm using a
Amersham Bioscience$lltrospec 3100 pro UV/VISpectrometer(GE Healthcare,
Chicago, USA).

2.22 Preparation of competent cells

Competent cells were evaluated before usdréysforming them with aappropriate

positive control anddH,O as negative control.

RbCl competent cells

RbCl competent cells were prepared for transformation of cells with plasmid DNA by
heatshock.After inoculation of a LB preculture over night at 37 and 180pm with
the desirecE. coli strain (DH3J, XL1-Blue or BL21(DE3)), a 20énL LB culture was
inoculated withl mL of the preculture Cell growth was maintained &7°C and
180rpm until an OD valueof 0.5-0.7 (chapter2.2.1) In the following, the culture was
first cooled on ice for 1®nin and afterwards centrifuged for frfin at 3220pm and
4 °C. Isolatedpellet was esuspendedentlyin 20mL Tfbl buffer, the solution cooled
on ice for 15min, centrifuged as before and the newly obtained peajksttly
resuspended in &L Tfbll buffer. Again, the solution was coolesh ice for 15min
before finally shocKrosting 50 uL aliquots with liquid nitrogen that were stored
at-80°C.

Electrocompetentells

ElectrocompetenE. coli TG20+ cells were prepared for transformation of cells with
plasmid DNA byel ectropor ati on. The preparation
tetracycline resistancand ensured the essential cooling chaiaintenance After
inoculation of a LB preculture over night at 37 and 20Gpm with theE. coli TG20+

strain, a 500nL LB culture wasinoculatedto an OD value of 0.05. Cell growth was

maintained at37°C and 200pm until achieving an OD valuef 0.50.7. In the
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following, the culture was first cooled on ice for @B@n with repeated slow hand
shakingand afterwards centrifuged for biin at7800rpm and 4°C. First, theisolated
pellet wasresuspended gently inrbL ice-cold ddH,O, filled up to 500mL with ddH,O
and centfuged as before. Secondtire obtained pelletvas gentlyresuspended in L
ice-cold ddHO, filled up to 250mL with ddH,O and centrifuged as befor&hird, the
obtained pelletvas gentlyesuspended in &L ice-cold 10 % (v/v) glycerol filled up to
25mL with 10% (v/v) glycerol and centrifuged as before. Finally, the pellet was
resuspended in @AL 10% (v/v) glycerol before shockfrosting 50 uL aliquots with
liquid nitrogenthat werestored at80 °C.

2.23 Cell transformation

Heatshack transformation

Depending on the material sourcel@uL of purified DNA (linear or cyclic) was
added ¢ a 50uL aliquot of RbCI competent cellsi{apter2.2.2 thawed on ice and then
incubated for 3@nin on ice beforethe heatshock was perfoned at 42C for

45-60 seconds. Aftermmedate cooling on ice for-3 min, the cells were mixed with
500puL LB medium and cell growth was stimulated at°®7and 180pm for 45min. A

100puL fraction of the obtained solution was plated on LB agar plates dirécty the
residual solutiorcells were harvested by cafigation for Imin at 7000pm and £C,
resuspended in 100 pL of the supernatant and plated completely on an additional LB
agar plate.All plates wereincubated overight at 37°C. To select for cells with
successful DNA uptake, LB agar plates contained antibiotic according to the resistance
gene encoded by the utilized DNBET-22b(+) vector: ampicillin, pER8a(+) vector:
kanamycin; pDHE vector: ampicillin)

Electroporation

Deperding on the material source;1DuL of purified DNA (linear or cyclic) was
added ¢ a 50pL aliquot of electrocompetentells Chapter2.2.2 thawed on ice. The
mixture was gently mixed and transferred itihe bottom ofa suitable electrocuvette
(2mm g®) preventing any bubble formation befoekectroporation was initiated at
2.5volts usingthe H132507GenePulsdt 1652076 electroporation systénom Bio-

Rad Laboratories Inc. (Hercules, USAmmediately, ImL warm SOC medium

(pre-heated at 37C) was aded and the electroporated cells were regenerated for
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30min at 37°C and 180pm. A 100uL fraction of the obtained solution was plated on

LB agar plates directly. From the residual solution cells were harvested by
centrifugation for Imin at 7000pm and 4 °C, resuspended in 100 pL of the
supernatant and plated completely on an additional LB agar plate. All plates were
incubated ovaright at 37°C. To select for cells with successful DNA uptake, LB agar
plates contained antibiotic according to the res#agene encoded by the utilized
DNA.

2.2.4Site-directed and site-saturation mutagenesis

Sample reaction

The QuikChange Il Sit®irected Mutagenesis Kit (Agilent Technologies, $a6tara,
USA) was used for sitdirected mutagenes sitesaturationmutagensis (the latter
uses degenerateodons, chapteé?.1.3) First, the samle reaction was prepared
(Table1l3) using complement pairs obiiward and reverse primers (chafet.3).
pET-28a(+) vector containingcr ERED gene or pDHE vector containimyel ERED
gene served as templates for giieected mutagenesis. pDHE vector containmoy
ERED gere was used as template for ssguration mutagenesighe following
described methodological differences vibe¢én mutant generation for sii&ected
mutagenesisvs. site-saturation mutagenesis are the result of atimigation process
(chapter3.1.3) aiming to generate enough mutant gene containing colonies after
transformation.The use of degeneratodons like NNK does not result in distinctly
separable gnes but rather generates a mixture of all those gehfter cell
transformation, each colony contains one of those gdrmsstatistical reasons, the
number of colonies screened is linkedo the probability of actually assessing all
possibleamino acidvariants (all 20 in case of NNK)which can for example be
assessed by the freely available CASTER tool from Rekt.’* As applied in this
work, the screening of 95 colonies for a single NNK codon theoretically providés 95

coverage.



2. Materials and methods 48

Table 13: 50puL sample reaction for QuikChange sitedirected mutagenesis using the KOD Hot
Start DNA polymerase.The enzyme was added as last component.

components amounts (example)
ddH,0 32puL
10x PCR buffer for KOD Hot Start polymerase 5pL
2 mM dNTP mix (final: 0.2 mM) 5pL
25 mM MgSO; (final: 1.5 mM) 3L
30ng/uL template vector (final: 30ng) lpL
10 pmol forward primer 15uL
10 pmol reverseprimer 15uL
KOD Hot Start DNA polymerase 1pL

*up to 2 % (v/v) DMSO wasadded to the sample reaction if the
GC content of the primers exceeded¥s0

The sample reaction was performed usiag appropriate thermocyclere.g.
Mastercycler EP &om Eppendorf AG, Hamburg, Germany) with repeated heating and
cooling steps (Tabl&4).

Table 14: Thermocycler program that was applied to the QuikChange reaction samplélhe applied

temperature and time of each step as well as the number of repeated cycles are displayed. The annealing
temperature was adapted accogdio the primer GC content.

step program
initial denaturation 95°C 2min  1x
denaturation 95°C 1min
annealing 50-65°C 1min 20x
elongation 72°C 3 min
final elongation 72°C 3 min 1x

Agarose gel electrophoresis

For QuikChange trouble shootintpe annealing temperature was varied as indicated or
up to 2% (v/v) DMSO wasadded to the reaction sampl&sr evaluation of different
reactions for the same uttation, 8uL of the reacted sample were analyzgdalgarose

gel electrophoresis (chapt2R2.l). The samplandicating highest DNA amountvas

selected for further processing.
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Restriction digest

Parental methylated DNA was disposed of by addition jof Dpnl restriction enzyme
incubated for 1h at 37°C. For sitesaturation mutagenesis additionglll were added

afterwards and incubated over night at@7

DNA purification

For sitedirected mutagenesis, DNA was purified B)}A Clean & Concentratd!-5
kit, while dialysis was applied for sigaturation mutagenesis (chap&2.1).

Cell transformaibn

RbCI competenE. coli DH5U cells orE. coli XL1-Blue cells were transformed using
10puL of purified DNA by means of heahock trasformation in the case of
site-directed mutagenesis, whisddectrocompetertt. coli TG20+ cells were transformed
using 10pL of purified DNA by means of electroporation (chapg?.3). Plasmid
isolation and sequencing follodbdor mutants generated by sd&ected nutagenesis.

In the case of siteaturation libraries, the obtained colonies were used for direct

inoculatian (chapter2.3.7)

Plasmid isolation and sequencing

A grown colony from the incubated LB agar plates was picked to inocalai®
preculture containing@ppropriate antibiotic (chapt@rl.5) After incubationat 37°C
and 180rpm ovemight, the culture wasentrifuged and the plasmid was isolafesmn
the obtained pellet usintipe Zyppy™ Plasmid Miniprep Kitand subsequently sent for
sequencing to control successful mutagenagisr concentration determination by
NanoDrop(chapter2.2.1).

2.2.5Gibson asembly

Insert amplifcation and vector linearization

Gibson assembly represents an alternative for classical restriction digegttamn-
cloning allowing forinsertion and deletion afene fragments to a plasmid. First, two

separate polymerase chain reactions (PCR) are performed to produce amplified copies
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of the desired insert and linearized vector containing overlapping gene sequences that

are introduce by the designed primers (Taldl5).

Table 15: 50 uL PCR sample reaction for amplification of the desired insert or linearization of the
vector using thePfuUltra 1l Fusion HS DNA polymerase The enzyme was added as last component.

components amounts
template DNA* 50-200ng
10x PfuUltra Il reaction buffer 5uL
10mM dNTP mix 1.3pL
10 pmol forward primer* 1L
10 pmol reverse primer* 1L
PfuUltra Il Fusion HS DNA polymerase luL
ddH,O fill up to 50 uL

*T emplate was selected accimgl to the primers
applied (chapte?.1.3). As two PCR reactions
are performed, suitable plasmids for insert and
vector amplification were used afalr different
primers are needed in total.

The PCR
Mastercycler EP &om Eppendorf AG, Hamburg, Germany) with repeated heating and

reactions were performed using an appropriate thermocyelgr (

cooling steps (Tabl&6).

Table 16: Thermocycler program that was applied to thePCR reactions for insert amplification
and vector linearization. The applied temperatel and time of each step as well as the number of
repeated cycles are displayed.

step program
initial denaturation 95°C 120s  1x
denaturation 95°C  20s
annealing 60-70°C* 20s 30x
elongation 72°C  90s
final elongation 72°C 180s  1x

*Annealing temperature was applied as
suggested for primers used by the
SnapGene 3.1.4 software from GSL
Biotech (Chicago, USA) available at
Gnapgene.cofn

DNA purification

The PCR sample was separated by agarose gel electrophoresis, the DNA of interest
puiified usingtheZ y moc | eanE Gel DaNdAhe Bomcerdriatne r vy Ki t

determined by NanoDrop (chap&g.1).
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Assembly reaction

The molar ratio of insert to vector should be 5:1 and can be calculabeg DNA
concentrations and length e.¢. NEBioCalculato v1.7.% source:
dttps://nebiocalculator.neb.c@n200ng vector DNA wasisedand the insert adjusted
accordingly. Assembly reaction contained il of Gibson master mix solution
(Tablel17) and 5L of the 5:1 vectoinsert mix (filled up withddH,O if necessary) and

was initiated by incubation at 3C for 1h. Gibson master mixcontains T5
exonuclease to generate sticky ends causing annealing of insert and vector, a

polymerase to fill up missing gaps and a ligase to combine them to a cyclic plasmid

Table 17: Preparation of Gibson master mix.

components amounts
5 x I1SO reaction buffer 100puL
T5 exonuclease 0.2uL
Taq DNA ligase 50pL
PfuUltra Il Fusion HS DNA polymerase 6.25uL
ddH;O fill up to 375puL

The solutionwas separated in 38 aliquots and
stored at20 °C for further use.

Cell ransformation

RbCl competenE. coli XL1-Blue cells were transformed usi@giL of reacted Gibson

assembly sampley means oheatshock transformation (chapt2r2.3).

Plasmidisolation and sequencing

A grown colony from the incubated LB agar plates was picked to inocalai®
preculture containg appropriate antibiotic (chapt2rl.5). After incubatiorat 37°C
and 180pm ovenight, the culture was centrifuged and the plasmvas isolated from
the obtained pellet using theyppy™ Plasmid Miniprep Kitand subsequently sent for
sequencing to control successful mutagenesis after concentdgtermination by
NanoDrop (chapte2.2.1).
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2.3 Protein production and purification

Different geneexpression angbrotein purification protocols depending on thaeplied
enzyme, strain and purpose were applied in this thesis.ER&Ds and cyclases
different conditions and methods warecessaryln the case of EREDs, additionally
different expression systems were useepeahding on thé&eRED-containing vector,
pET-28a(+) or pDHE Furthermore an expression system in -g8@epwell plates
(96-DWP) (Ritter GmbH, Schwabmiinchen, Germanypas developed for screening

larger mutant libraries

2.3.1Gene &pression and cell harvesting

EREDgeneexpession using pER8a(+) vector

All media contained kanamycin for selection purposB®Cl competentE. coli
BL21(DE3) cells were transformed withurified pET-28a(+) vectors containing either
wild-type ncr genefrom Zymomonas mobilisr variants thereof, nareall variants
created by sitglirected mutagenesis with defined codon exchaligeapter2.2.3). A
single colonyor a glycerol stock solutiowas used to inoculate anfL LB preculture
(37°C, 180rpm, overnight) which in turn was used to inoculate a larger TB culture
(100 or 400mL) in a 1:5000 dilution. 50QL of the preculture were mixed with
50% (v/v) glycerol to prepare a glycerol cell stock solution stored -80°C.
Overexpression wasduced by addition of IPTG (end concentration:riM) at 30°C
and 180pm after an initial cell growth stimulatioat 37°C and 180pm up to an
ODvalue of 0.50.7 (chapter2.2.1). After roughly 2t cells were harvested by
centrifugationat 8000rpm ard 4°C for 30min and the obtained pellet was either
further processed or stored-28 °C.

EREDgeneexpression using pDHE vector

All media contained ampicillin for selection purposes and in some cases also
tetracycling spectinomycin and chloramphenicol (the latter three were onlydused)
method development being omitted for later standard expressigenas encoding
enzymevariants).Electrocompeteri. coli TG20+ cells were transformed with purified
pDHE vectorscontaining either wiletype ncr or oyel genefrom Zymomonas mobilis

and Saccharomyces pastorianueespectively orvariants thereof, namelyllaNCR
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variants created by sHgturation mutagenesissome NCR variantscreated by
site-directed mutagenesis and all OYE1 variafuisapter2.2.3). A single colonyr a
glycerol stock solutiorwas used to inoculate angl LB preculture (37C, 180rpm,
overnight) which in turn was used to inoculate a larger TB culture (100 oma00
containng 0.5g/L rhamnose (overexpression inductom a 1:5000 dilution.
Overexpression and growth were simuliaungy triggered at37°C and 180pm.
Except for the characterization of hits as described in the following expression method,
500uL of the precuure were mixed with 58 (v/v) glycerol to prepare a glycerol cell
stock solution stored a80°C for backup. After 22-24h cells were harested by
centrifugation at 8006pm and 4C for 30min and the obtained pellet was either
further processed orased at-18 °C.

EREDgeneexpression using pDHE vectior 96-DWP scale

Ampicillin was used as antibiotim all media solutionsand transformation oE. coli
TG20+ cells usingncr genes modified by sitsaturation mutagenesis was perfornasd
described inthe beforehand expression methBdr 95 out of 96 wells of a 9BWP a
colony was picked and added taniL LB preculture solution in each well. One well
served as negative control. To limit media evaporatiom allow for oxygen input, the
96-DWP wasseakd with an awpermeable membrane amdapped in a plastic bag
containing smalpunctures and a wet paper cloth beneath the p\er. incubation of
this Apreculture96-DWPO at 37°C and 350pm, 50uL of the grown preculture were
used to inoculate 950L per well of LB medium containing 0g/L rhamnose inductor.
Growth and oveexpression inthe fiexpressior®6-DWPO was stimulatedinder the same
conditions as thdiprecuture96-DWPO was grown. For londime storage, well per
well, 500uL from thefpreculure96-D WP were usedo mix with 50% (v/v) glycerol
in an adlitional figlycerol96-DWPO. This stock plate was aked with an impermeable
aluminum lidand stored at80 °C for further use. After 224 h cells were harvested by
centrifugation a#000rpm and 4°C for 10 min, the supernatant was discaddand the
pelletcontaining96-DWP waseither further processed or stored& °C.

SHCgeneexpession using pER2b(+) vector

All media contained ampicillin for selection purposeRbCl competentE. coli
BL21(DE3) cells were transformed with purified pERb(+) vectors containing either

wild-type shc gene from Alicyclobacillus acidocaldarius or variants thereof
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(chapter2.2.3). A single colony was used to inoculate ml5LB preculture (37C,
180rpm, overnight) which in turn was usedompletelyto inoculate a larger TB culture
(400mL) containing 0.9/L lactose dissolved by heating). After simultaneoasll
growth and geneoverexpressiorstimulationat 37°C and D0rpm for roughly 20 h,
cells wereharvested by centrifugation @00rpm and £ C for 30min and the obtained
pellet was either further processed or stored&tC.

2.3.2Cell disruption

Harvested cell pellets wem@suspended i mL/1 g pellet 50mM Tris-HCI pH 7.5
buffer (for EREDS or lysisbuffer (for cyclaseschapter2.1.7;here a spatuttip full of
deoxyribonucleaseand 10uL/1 g pellet PMSF were addedCell disruption was
achievel on ice by sonication for 4nin usingBranson Sonifier 25¢G. Heinemann
Ultraschalt und Labortehbnik, Schwéabisch Gmund, Germanylhe cell debris was
pelletedby centrifugation at 170023000rpm and 4 C for 25min. For ERED workup,
the lysate supernatant was either used for reactioeszedried over nightto obtain
lyophilizateor wasfurther purified without delayFor the membranbound cyclase, the

supernatant was discarded and the pelleted cell debris was further processed.

2.3.3Protein purification

Affinity chromatography

EREDs containing an MNerminal PolyHiss tag were purifiedvia metal affinity
chromatographyusing His GraviTrap TALON columng$GE Healthcare Chicago,
USA). Filtered solutions and buffers were used for column applicafioa.columns
were prepared bywashng with water andsO0mM Tris-HCI pH 7.5 buffer. The lysate
was filtered through a 0.4&m filter before it was poured onto the colunifiution was
performed using imidazole in rising concentrations contained inmB® Tris-HCI
pH 7.5to get rid of proteins binding nespecifically to the columnFirst, up to anL
buffer containing 5nM and 10mM imidazole were used, then the tagged enzyme was
eluted with 50mM imidazole (24 mL). Residual binders were removed using 800
imidazole and discarded. The columns were regenerated by washingb@itivi
Tris-HCI pH7.5 ddH,O and 20% ethanol in whichthey werestored at £C. The
purified enzyme solution wasoncentrated andesaltedwith Vivaspin ultrafiltration
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spin columns (Vivaspin 1kDa from SartoriufAG, Gottingen, Germarn)ysing50 mM
Tris-HCI pH 7.5 buffer.Remaining 23 mL were aliquoted andtored at-18°C for

further use.

Heatshockand ion exchange chromatography

AacSHCis a thermostable protein and could be purified by-sBkatkdenaturatiorof
other proteins. The enzyrwm®ntaining cell debris wasolubilized over night at 4C
with solubilization buffer(chapter2.1.7) (1 mL/1 g pellet) using théntelli-Mixer RM-

2M (ELMI Ltd., Riga, Latvia). Afterwards, the heahock was applied at 3C for
30min. The treated solution was centrifuged at 23@d0 and 4°C for 30min and the
supernatant was filtered (Qu&1) before application onto ion exchange columns.
DEAE-Sephacel@vas used asolid ion exchange material that was freshly packed

a column(2-3 mL) in vacuobefore useBefore addition of the fiered supernatant, the
column was washed with 5 column volesnof regeneration and wash buffer
(chapter2.1.7) After protein binding, again 5 column volumes wash buffer were added
before elution with 2B column volumes using elution bufféchapter2.1.7) The

purified cyclase solution was stored &Glfor further use.

2.3.4SDSPAGE

Control of expression and purificatiowas performed bySDS polyacrylamidegel
electrophoresis(PAGE). For expression, samples before and during expression
induction as wellas shortly before cell harvest were taken. The pelleted samples
correlated toan optical density of 0.26vhen diluted with buffer to InL) and were
resuspended in 38 ddHO. Purified enzyme solutions were used directBach
sample vas diluted appropately to 15puL and mixed with15puL Lammliloading
buffer (chapter2.1.7) After denatuation for 10min at 95°C and centrifugation,
15-30puL of supernatant were cast onto polyacrylamide gelchapter2.1.7) 5puL
PageRule™ Prestained Protein ladder |(&) was used as marker in a separate gel
pocket.The gelelectrophoresis was performet 10 mA per gel for 10min and then
25mA per gel for 55min. The gel was developed by application of staining and
destaining solutioifichapter 2.1.7)
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2.3.5Determination of protein concentration

Enzyme concentrationsere measured bgradford assay”>

For EREDs 200puL Coomassi&Blue G250 dyeis added to 80QiL 1:10061:5000
diluted enzyme solutiofwith ddH,O). After a 5 min incubation time the binding of
Coomassie to protein was determined by measuringabis®rption at 596m. The
concentration wasalculatedby comparisorio a calibrationcurvethat wasobtainedby
measuring the absorptiasf BSA samples of knowrtoncentrations (10, 8, 6, 4 und
1 pg/mL). Samples were measured as triplicates.

For cyclases, the detergesumpaible Br a d f o r deddert wasEused. Protein
samples were diluted 1:10 with elution buffer.pll0sample were mixed with 156
Bradford reagent and the absorption at B8b was measured immediatelyhe
concentration wasalculatedoy comparison t@ calbration curvethat was determined
by measuring the absorptiaf BSA samples of knowroncentrations (10.8, 0.6, 0.4,

0.2 and Ong/mL). Samples were measured as triplicates.
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2.4  Analytical biotransformationsand product analysis

In the following, standard procedures for analytical biotransformations are described.
Experiments leading to those methods as welipgific analyses anghique negative
controls are mentioned in the results pale specification of different condins, e.g.

buffer concentratiog) indicates that, depending on the purpose of the experiment,
different variations of the same method was useaich is further specified in the
related results part.Extraction of samples chapter2.4.9 and their analysis
(chapter2.6.1) are described in separate chaptrsot specified further, duplicate or
triplicate measurements refer to simyjarbut separately prepateeaction approaches
using the same stock of either a purified enzyme preparation or the enagpiai@ing

cell culture.

2.4.1Biotransformations using purified NCR ERED

The isomerg- andZ-citral were used as substrates for all analytical biotransformations
and in some cases the isomeric mixture was utilized additionally. The-stcaled
reactionscontained2 mM substrate, 2.5nM NADH, 1% (v/v) DMSO and 50ug/mL
purified enzyme solutiorfpurity >90%) in 12mM citrate buffer at pH6. The reactions
were started by final enzyme addition and incubation &C3@nd 18Gpm for 4h.
Reactions were pfrmed adriplicatesand carried out in BhL plastic tubes

2.4.2Whole cell hotransformations

The isomerg- andZ-citral were used as substrates for all analytical biotransformations
and in some cases the isomeric mixture was utilized additioahditions were used

for OYEL1 library screening and NCR hit characterization as mentioned accordingly.
The 1mL-scaled reactions contained 2 mM substrate, 2.mMM NADH, 5% (v/v)
isopropanol and §/L enzyme containinge. coli TG20+ cellsresuspendeih 50 mM
MES/KOH buffer atpH 6.8. The reactions were started by firslbstrateaddition and
incubation at 30C and 180pm for 4h. For OYEL library screeninggeactions were
performed agluplicatesin 2 mL plastic tubesbut active variants were resened in
duplicates under theamereaction conditions except usingrtM substrate and &M
NADH.
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2.4.396-DWP screening of NCR variants

The isomerE- andZ-citral were used as separate substrates for each screened variant.
In fact, for each fiprecultured6-D WP,0two fexpressior96-D WP s liave been
inoculated to enable parallel screening of both substrate isomers separately
(chapter2.3.1) For screening, the cells from a harvesiedpressior96-DWPO were
resuspended in 58M MES/KOH buffer atpH 6.8 containing NADH 2.5mM final
concentration). Thus, whole cells were used for screening. The cell suspension was
transferred to a separate DWP containgigss inlets fromHirschmann Laborgerate
GmbH & Co. KG(Eberstadt, Germany). The reaction vetarted by addition of citral
stock solution in isopropanol to achieve final concentrations 2 substrate and

5 % (v/v) isopropanol in 50QuL total reaction volume per well. The glass inlets not only
ensured inert surrodling but also allowed foprevention of evaporationby using
tight-fitting cap mats by Hirschmann. The reactions were perforate80°C and
500rpm for 4h using the plate shaker TiMixbntrol equipped with a T30 Incubator
hoodfrom Edmund Buhler GmbH (Hechingen, Germany)

2.44 Biotransformations using purified AacSHC

Either Scitronellal orR-citronellal was used as substraté.eT500uL-scaledreactions
consisted o2 mM substratel % (v/v) DMSO and 2mg/mL purified enzyme solution
(purity >80 %) in elution buffer(chapter2.1.7; contains 0.2%6 (w/v) Triton X-100 if not
mentioned otherwise)The reactions were started by final enzyme addition and
incubation aB0 °C and 600pm for 5h or 40h. Reactions were performed as triplicates

in 2.5mL glass vials

2.4.5Biotransformation for cascade reactions

E/Z-citral was used as substrater cascade reactions towards isopulegol using an
ERED and an SHC concurrently. For cascadesvaluation several parameters were
changed(chapter3.2.2) in comparison to followingchosn reference conditionsA
500puL-scaled reaction in 2ML glass vials containe@ mM substrate 1% (V/v)
DMSO, 0.5mg/mL purified ERED and 2.5mg/mL purified SHC enzyme in elution
buffer. The reactions were started by final substrate addition and ookt 20°C

and 600rpm for 5h and performedsriplicates. From these experiments followisg
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far optimized conditions are proposed: The 1fi06scaled reactions are performed in
1.1mL glass vials and consist &mM substrate5 % (v/v) isopropano] 4 mg/mL
purified SHC enzyme solutiorand 10 g/L E.coli TG20+ cells containingeRED in
elution buffer(chapter2.1.7) The reactions were started by final substrate addition and
incubation at 20C and 600pm for 520h.

2.46 Extraction methods

EREDbiotransformations

Biotransformation samples weretectedby thorough mixing for 18 using two times
500uL MTBE containing 2mM 1-octanol as internal standardifter the two

centrifugationstepsat about 1300@m for 2min, first, 200uL of the organidayerand

secondly, 40QuL were combined in a gas chromatognaghassvial for further analysis
(chapter2.6).

ERED96-DWP screening

Biotransformation samples were extracteace by thorough mixing for 6@ using
500uL MTBE per well Separation of the ganic layer was achieved by centrifugation
at 4000rpm for 5min. 150uL of organic layer was transferred in an intentaining

gas chromatograplglassvial for further analysis (chaptér6).

SHC and cascade biotransformations

Biotransformation samplaesere extractedby thorough mixing for 4@ using two times
500uL ethyl acetate containing mM 1-decanol as internal standawfter the two
centrifugationstepsat 7000rpm for 2min, first, 200uL of the organic layerand
secondly, 40QuL were combinedn a gas chromatograplyassvial for further analysis
(chapter2.6).
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2.5 Preparative Dbiotransformation for  (-)-menthol
synthesis

The preparation of--menthol fromE/Z-citral was performed in a twsiep process
(Figure22). First, ¢)-isopulegol was produced in a bienzymatic cascade and
subsequently the crude reaction mixture was supplied with heterogen@6(s/\b)

Pd/C catalyst and hydrogen gas for reduction)tongnthol.

1) 3.5 mg/mL SHC variant,
20 g/L TG20+ (contains ERED variant)
5 % (v/v) isopropanol
6.25 mM NADH
0.1 % (w/v) Triton X-100

200 mM NacCl
= 12 mM citrate buffer pH 6
X >
o OH

| 2) 5 % (w/w) Pd/C, H, H

PN
E/Z-citral (-)-menthol

Figure 22 Preparative biotransformation of E/Z-citral to (-)-menthol. First, citral is converted in a
bienzymatic cascade of #REDand an SHC followed by addition of 3% (w/w) PdC and hydrogen gas
for final reductionto menthol

Bienzymatic cascade

The bienzymatic cascade usiffRED and SHC was carried out in 12@L total
volume The reaction, however, wagplit in six 20mL reactionscarried out in 20nL
septumscrew cap glass vialk total, 0.6 mmol citral were used as starting materia.
19mL elution buffer (12nM citrate, 200nM NaCl, 0.1% (w/v) Triton X-100, pH6)
containing 3.5mg/mL AacSHC variant A419G/Y420C/G600A, 2/ NCR variant
W66A/1231R/F269V comprisinge. coli TG20+ ells, 6.25mM NADH and 1 mL
E/Z-citral dissolved in isopropahdfinal concentrations: 51M citral and 5% (V/v)
isopropanol)were added.The reaction was carried out for B2at 20°C and 250pm
using a Multitron shaker from Infors AG (Bottmingen, SwisR)e reaction progress
was followed by taking 25QL samplesthat were extracted (chap®#.6) and
analyzed by gas chromatograplidpter2.6.1).



2. Materials and methods 61

Hydrogenation

syringe

Schlenk line
access

Figure 23: Experimental hydrogenation setup.A 250 mL threeneck flask equipped with septum,sga
inlet adapters for Schlenk line connection drydrogen balloon connectiors avell as a magnetic stirrer
wereused. The reaction solution from the previous bienzymatic cascade was added using a syringe.

For the hydrogenation reaction, inert conditions withR6&mL threeneck flaskwere
generated by alternating heatimgvacuoand flooding with nitrogen gas for three times.

86 mg of 5% (w/w) Pd/C suspended inrBL elution buffer were added under nigem

flow before the flask was flooded with hydrogen. Afterwards, the MPROcrude
reaction solution from the bienzymatic cascade was added dropwise to theidlask
septum using a syringe. The reaction was carried out under vigorous magnetic stirring
maintaining a constant hydrogen atmosphere. The reaction progress was followed by
taking 250uL samples that were extracted (cha@iet.6) and analyzed by gas
chromatography chapter2.6.1). The reaction was finished after B4 The reaction
solution was filered over celitén vacuoto remove the heterogeneous catalystshed

with isopropanol and water arttien extracted three times witROmL MTBE per
extraction Phase separation was achieved by centrifugation. Combined organic layers
were washed with bme, dried over magnesium sulfate and the solvent was removed
under reduced pressure. The raw produas purified by flash colummrthromatography

over silica gel using a gradient elution from puarbeptaneto a 19:1n-heptanéethyl
acetate mixture. Elutioprogress was followed by thin layer chromatography (9:1
n-heptanéethyl acetate) using a vanillin development solution gw&nillin, 2.5mL
sulfuric acid 200mL ethanol) Menthol was identified at aRs value of 0.18. After
solvent removal under reduced press(#ementhol (0.63ng, 0.04mmol, 6.7% yield)

was obtained in 936 purity (chapteB.2.3) as colorless crystaf$d-NMR (500MHz,
CDCl): t(ppm) 3.41 ({d, 1H), 2.17 (sd, 1H), 1.97 (dddd, 1H)66.(dddd, 1H), 1.61

(dg, 1H), 1.42 (m, 1H), 1.26 (s, OH), 1.11 (dddd, 1H), 0.98 (m, 2H), 0.92 (t, 6H), 0.81
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(d, 3H)."*C-NMR (126 MHz, CDCL): U (ppm) 71.56, 50.14, 45.05, 34.53, 31.63, 25.84,
23.14, 22.20, 21.00, 16.10. The shifts are in accordanceeratiite’>® As a side
product, 3,7dimethyloctanol (15.5 mg, Orimol, 16.3% yield) was obtainedas
colorless oilin another fraction’H-NMR (500MHz, CDCk): ti (ppm) 3.68 (m, 2H),
1.62 (m, 1H),1.361.55 (m, 3H), 1.161.32 (m, 6H), 0.89 (d, 3H), 0.87 (d, 3HfC-
NMR (126 MHz, CDCk): U (ppm) 61.27, 40.01, 39.27, 37.38, 29.52, 27.98, 24.69,
22.70, 22.60, 19.65.
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2.6  Analytical methods

2.6.1Gas chromatography

GC/FID

A GC-2010 gas chromatograph fro®himadzu(Kyoto, Japan)equipped with an
AOC-20i auto injector, & FID detector and either an HPcolumn (30m x 0.25mm
ID, 0.25pum film) from Agilent Technologies (Santa Clara, USA) c¢ h4iDEXa2l5 b
column (30m x 0.25mm ID, 0.25um film) from Supetd/SigmaAldrich (St. Louis,
USA) or a chiral HPChiralt20B column(30m x 0.32mm ID, 0.25um film) from
Agilent Technologiesvas used with hydigen as carrier gas (8@/s if not mentioned
otherwis@. Depending on theneasurement purposend analytes used, the different
columns were used (Tahls).

Table 18 Applied GC programs for Shimadzu GC/FID with injector and FID detector

temperatures for different columns andobjectives If not mentioned otherwise the liaevelocity of
the hydrogen carrier gas was &d/s.Split injection mode was applied in all cases apd. vas injected.

column objective GC program
determination of product 60 °C for 3min, 10 °C/min to 105°C, hold 4.5min, 30 °C/min t0o135°C,
Agilent HR-1  formation for citral to citronellal 50°C/min to 325°C, hold 2min; injectortemperature325°C;
conversions FID temperature325°C; splitratio 1:10

90°C for 25min, 50°C/minto 220°C, hold 3min;
injectortemperature220°C; FID temperature230°C; split ratio1:20; linear
velocity of carrier gasA0cm/s

Supelco baseline separation of
b-DEX 225  citronellal enantiomers

Supelco rough separation of citronellal 100°C for 8.4min, injectortemperature220°C; FID temperature230°C;

b-DEX 225  enantiomers for screening split ratio1:20; linear velocity of carrier gag:'0cm/s

HP-Chirak enantiomerseparation for 40°C for 5min, 1°C/min to 130°C, hold 1min, 2°C/min to 200°C, hdd

20B isopulegol and menthol 3 min; injectortemperature: 225C; FID temperature: 225C; split ratio 1:20
GCIMS

A 7890A GC/MSgas chromatograph froragilent TechnologiesSanta Clara, USA
equipped with a 5975 series MSD mass detgaboization by electron impact; V)

as well asan FID detector and a HB column (30m x 0.25mm ID, 0.25um film) from
Agilent Technologieswas used withhelium as carrier gas (17.98%i constant
pressurg The chromatograph was used with a single method for the analysis of
SHGC-derived reactionéTable19).
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Headspace measurements were performed usi@g-2010 gas chromatograph from
Shimadzu(Kyoto, Japan) equipped with a QP2010 mass spectromet&O&rR5000
auto injector and an FID detector and an H®msi column (30m x 0.25mm ID,
0.25um film) from Agilent Technologies (Santa Clara, USMelium served as carrier
gas (30cm/s).Split injection mode waapplied in all caseand 1L was injectedThe

applied headspace vial waot heated before measurement

Table 19: Applied GC/MS programs for Agilent Technologies GC/MS(first entry) and Shimadzu
GC/MS (second entry) Split injection mode was applied in all cases and. vas injected.

column objective GC program
. determination of product . . . .

Agilent formation forisopuleqoland 50°C for 3min, 6 °C/min to 20 °C, 10 °C/min to 138.5°C, 120 °C/min t0310°C,
HP-5 menthol puieg hold 1 min; injectortemperature250°C; FID temperature310°C; splitratio 1:5
Agilent determination of citronellal 60°C for 3min, 10°C/min to 105°C, hold 4.5min, 30°C/min to 135°C, 50°C/min

g . . to 285°C, hold3 min; injectortemperature250°C; ion sourcéemperature200°C;
HP-5msi in the gas phase L

splitratio 1:20; headspace measureme
Quantification

Standard quantificatiofior variant characterizatiowas performed by comparison of
analyte and internal standard peak ar&age to their relative nature, enantioselectivity
values were determinedith suitable accuracy. In this caggoduct formation values
were consequentlgalculated relative to enzyme witgpe. For all experiments aiming

to determine nomelative product formation values, quantification was achieved by
additionally comparing to an externalijeasuredcalibration line for the analyte of
interest. For the clracterization of two of the generated mésselective ERED
variants (chapte3.1.5), two separate cell cultures containing the respective variant were
used to independently perform reaction triplicates with each of these biological

duplicates (six reaains for each variant).

2.6.2NMR spectroscopy

For nuclear magnetic resonan@dMR) spectroscopyexperiments an Avance 500
spectrometefrom Bruker (Billerica, USA) has been used. BarNMR and**C-NMR
analysis, 500MHz and 126MHz magnetic fields were @jfied, respectively.
Tetramethylsilane (TMS) was added to samples as standard for calibration of chemical
shiftstiin ppm witht ( T M® ppm.
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2.6.3IR spectroscopy

For infrared spectroscopy (IR) spectroscopy, a Vector 2BRF3pectrometefequipped
with a MKIl golden gate single reflection diamond ATR systefrym Bruker
(Billerica, USA) has been used. The samples were analyzed as liquid films between

sodium chloride platesulting in absorption bands presented as wave numbet. (cm
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2.7 In silico methods

2.7.1 Molecular dockingsimulation

Molecular docking simulates substrate binding in a rigid protein surrounding within a
defined simulation cellThe YASARA software fromYASARA Biosciences GmbH
(Vienna, Austria) was utilized to perforfiexible molecular dockingsimulation'>®
Protein templates were loadedpb files from solved crystal structures (NCR: 443
OYEL: 10YA). If necessary, the software interiralsilico variationtool was used to
simulate an enzyme variant. Before dockiagsimulation cell was defined around the
completeproteinand water was added followed by application of the YASARA energy
minimization script. After removal oiater, the simulation cell was defined around the
active site cavity and dockingimulation was performed by application of the
dock_run.mcr macro usingINA as docking method anthe AMBERO3 force field.
Further processing of resulting substrateyme complexes were performed using the
PyMOL software from Schrodinger LLC (New York, USA). The obtained binding
modes were assessed by meeting certain demands for succesdysisc&hown from
literature (chaptet.3.2: The activated C=C double bond is stacked abovee
hydride-donating isoalloxazine moiety of FMN and the electron withdrawing group is in
hydrogen bonding distance towards the stabilizing His/Asr*pair.

2.7.2Molecular dynamics simulation

Molecular dynamics simulation allows for the calculation of protein dynamics, thus side
chain and domain movements of proteifdolecular dynamics simulations were
performed in collaboration with Dr. Wigang Brandt from the Leibniz Institutefdlant
Biochemistry (Halle(Saale), Germanyisingthe YASARA software fromYASARA
Biosciences GmbH (Vienna, Austridrotein templates were loaded @b files from
solved crystal structures (NCR: 4A3U; OYELl: 10YA). If necessary, the software
internal in silico variationtool was used to simulate an enzyme vari&umulations
were either performed for single enzymes or subseargyme complexes after docking
simulationas described above. Two differe"ASARA simulation scripts have been
used. The md_refinemenihcr macro performed a short M§ simulation and was

primarily used to allow for side chain adjustments after doclamgulation The
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md_run.mcr macro performed an§ simulation and was used to simulate the effect of
amino acid variatios on the activeite dynamics. Both scripts simulated the complete
protein under periodic boundary conditions in aqueous solution a4ldnd 29&
(standard conditions of the macrdayhile the MD refinement used the YAMBERO3
force field, the MD simulation was performedth the AMBERO3 force field. Further
processing of the simulation results we@erformed using the PyMOL software from
Schrédinger LLC (New York, USA)

2.7.3Semiempirical quantum mechanics calculation

Quantum mechanics calculations solve the Schr@&dingquation enabling the
calculation of electron properties that are for example completely neglected in
molecular dynamics simulations. Thus, transition states and chemical reactions can be
calculated. Semempirical methods make use akveral empiricayl determined
parameters and simplifications in order to also simulate larger reaction systems like an
enzyme active siteSemiempirical quantum mechasi calculatios were performed in
collaboration with Dr. Wtgang Bradt from the Leibniz Institute fo Plant
Biochemistry (HalldSaale), Germany)Grid calculations of twocoordinateswere
caried out by the use of the PM7ahhiltonian as implemented in the MOP2AL6
(Version 16.276L, James J. P. Stewart, Stewart Computational Chemistry,
AHTTP://OpenMOPAC.n#) program. Each grid point calculatiorapplied MMOK
corrections and the BFGS algorithm for geometry optimizatibhe fiMolecular
Operating Environment short MOEfrom the Chemical Computing Group (Montreal,
Canada)vas used as software platform for visualization sedup of the calculations.
Atoms defining the enzymatic active site habeen selected for calculation
(chapter3.1.]). Remaining atoms were removed. Additionally, several atoms were

defined as fixed toeduce calculation effort.
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3. Results

In contrast tocclassicab organic chemistry, biocatalysis is a young and emerging
discipline. Due to the tremendous scientific and industrial efforts, it evolves into a
serious complement for organic chemiétiy:!®**® The possibiliy of genetically
modifying biocatalysts has shown that enzyme preferences can be altered to overcome
existing limitations like stability, narrow reactivities, selectivities and substrate
specificities”® While this has been shown frequigrfor specific showcases, it is also
important toinvestigatethese techniquesr the synthesis of specific valuable products.
This is achieved by considering enzyme catalysis in retrosynthetic analysis to provide
certain missing reactivities or seledtigs involving the adaptation opportunity by
genetic engineeringn this work, this research is expanded taking the example of the
industrially important aroma chemica){nenthol. In the following its described how

the envisioned alternative chemoemnzatic synthesis of this molecu(ehapterl.7) is
realized and asseskeThe first part focuses angineering of afR-selectiveERED to
provide the necessary selectivity fej-nenthol synthesis. The second part describes
the application of this novel catalyst amchemoenzymatic synthesis in combination
with an engineere8BHC and a hetemgeneous hydrogenation catalyst.

3.1 ERED engineering towards R-selective citral
reduction

The envisioned chemoenzymatic synthesis Qfmenthol is based on an existing
large-scale industrial processhich makes use of the easily available starting material
E/Z-citral 3® One major synthetiadvantagehat could be achieved by the alternative use
of enzymesis based on thechallenging stereochemicalreduction of citral to
R-citronellal. The process requires chiral control in the reduction of both isomers of
citral, E andZ, becausé&-citronellal cannot be further converted to produgerentho)

which is the only diastereomer that nfas consumer products demands. However, no
catalyst has yet been described to catalyze the enantioconvergent reductiorcitfdioth
isomers toR-citronellal. It appearsthough,that the market for-J-menthol is valuable
enough to reason the energeligcabstly separation of citral isomers that is necessary to

apply two different homogeneous catadysthat provide the necessary chiral
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conversions. From this point of view, assessing alternative enzyme catalysts constitutes
a fascinating object of studylthough, also no enzyme has been described yet that
provides the describe®&-selectivity in the reduction of both isomers of citral, the
opposite reactivity to th&enantiomer with remarkable enantioselectivity9@ % ) is
widespread as a classification of exist&REDs unveils (chapterl.3.3). From these

data it is also apparent thatselective citral reduction is in prirge possible as shown

for yeastderived reductases althougimly for the E-isomer Ongoing screeing and
characterization of novélREDswould be a possible strategy to find a suitable enzyme.
But motivated by the inspiring recent advances in enzyme engineering, this work
describes a mutagenesis approach to provide the ddsisetectivity for both citral

isomers.

Finding a suitable target enzyme gene precededrihgme engineeringtrategy that is
described in the followingin principle, anERED either kelonging to the identified

typel or typell citral reductases could serve as ngaiaesis templke (chapter3.1.3)
Although typel enzymes already are partialR-selective, typél enzymes have the
advantage that they already enable enantioconvergent reduction for both isomers. As
this is so far unachieved by adglassicab chemical catalyst, this might be the more
challenging feature to address. Dte these considerations, a tyljheERED was
selected as mutagenesis target in the beginning. Thus, it might also be elucidated how
the enzyme maintains its enantioconvergentadtar. Regarding citral, previous studies
rendered NCRERED from Zymomonas mobilias efficient catalyst for the reduction to
citronellal, although it is a challenging substrate for many dEREDs 2% Therefore,

it represents the model enzyme in this thesis. Nevertheless, an analogogsnesisa
approach using the typeERED OYE1l from Sacclaromyces pastorianusvas
performed in comparison (chapténl.4). OYEL is the oldest and best characterized

EREDpresenf’ %7157

3.1.1 Characterization of NCRERED-catalyzed citral reduction

The NCRERED from Zymomonas mobiliwas chosen for further characterization and

as mutagenesis targer thereduction of both isomers of citréifigure24).%°
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Figure 24. General reaction scheme of the ADH-dependent NCR EREDcatalyzed reduction of
E/Z-citral to S-citronellal.

In the following some experiments preceding the later on described mutagenic
approaches are described in which citral was converted using NCRypald The
deliberation was to chacterize some aspects of the reaction that might be crucial for
later application. For instance, important implications might derive from the molecular
nature of citral and citronellal. On the one hand both structures bear an aldehyde moiety,
which is geerally a rather reactive functional group and on the other hand, both

molecules are regarded as volatile monoterpenes.

Initial reaction and analysis setup

To achieve catalysis, simple access to the catalysts is desirdlletydé¢ NCRERED
geneandall later mutants thereof were expressedticoli BL21(DE3). E. coli is the
most widespread appliednicroorganism for molecular biology applications®
Enzymes were readily expressed and purifidqy affinity chromatogaphy
(FigureAp. 2). Purified enzymes displayed haracteristt yellow color. Bllowing
experiments anall later NCR-basedsite-directed mutagenesisapproachegmployed
purified enzyme preparations due to known cellular sé@etions in whole cells ots

lysate (further specified iohapterl.3.3and chapteB.1.3.

For a start, suitable reactioconditions for the reduction of citral using NGERED
werechosen on the basis of preceding projétf4Due to itslesspolar character, the
solubility of dtral in water is limited.The aldition of 1% (v/v) DMSO cosolvent was
sufficient to overcome this issue in the scope of analytical conversging 2 mM
substrate in InL reactions NCR ERED also accepts the presence of other organic
solvents(mostly polar proticthat can be used as cosolveftt&urthermore, an excess
of NADH (2.5mM) was added to prevent a limited supply of reduced enz@Qit@te
buffer at pH6 proved to be suitable buffer conditions for this reactfon.

The applied bromatographic methods for achiral and chiral gsial of the reduction
reactions realized sufficient separation of educt and product pe@kgureAp. 3-5).
For achiral analysis, three minor additional peaks wisstified close to the citronellal
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product peak. They could be ascribed to citral as they were also found in the respective
standardgincluding the separate isomer standarbi®tably, NMR analysis of the citral
standards revealed no impuritilo hints br significant uncoupling meaning the
ERED-catalyzed oxygen reduction to hydrogen peroxidas found. The presence of
hydrogen peroxide would cause spontaneous VBzteffer epoxidation of citral to

form epoxide$® However, no epoxides were found in the NERED-catalyzed

reactions

Several control experiments were conducted in order to test if certain reaction
compounds led to background citreéduction or if other side reactivities were

observable with either citral or citronellal (Tal2@).

Table 20: Conditions for negative controls performed to link citral reduction activity to the ERED
activity and to probe for side reactivities.Samples were tested as triplicagt two time points. First,

the sample was mixed and directly extracted and second, the sample was mixed, incubated dor 2.5
30°C and 180pm and then extracted to compémne effect of reaction conditions.

probed conditionsin buffer solution

citral only
citronellal only
citral andNADH (nho enzyme)
citral andenzyme (no NADH)
NADH andenzyme (no substrate)
citronellal andNADH (no enzyme)
citronellal andenzyme (no NADH)

According to the abovksted entries 1 mL samples in 2nL plastic vials
containedone or more of the followingdditives: 2mM citral or 2mM
citronellal in 12mM citrate buffer at pH6 with 1% (v/v) DMSO, 2.5mM
NADH, 10pug/mL NCRWT.

In none of the citrabased negative controls citronellal formation was found. The
reduction depends on the NABRdtiven reduction by th&RED. No side products were
identified in the samples. Howevet,was found thaunder reaction conditions after

2.5h only a fraction of the initially used substrate amount could be identified when
compared to directly extracted samples. This was supposed to be a consequence of the
volatility of the monoterpenelhis potentially volatility-derivedsubstance loss wilbe

described in more detail in following experiments.

Some insights into the NCR EREfatalyzed reduction of citral were obtained by
determining reaction progress at different time points (Fig&je It should be noted

that each time point representsiagividual triplicate analytical sample reaction.
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Figure 25: Time-dependent reduction ofE/Z-citral by NCR ERED. Analytical reactions as described
in chapter2.4.1 were performed as triplicates for each displayed time peing2 mM substrate The
calculated concentratiomdmM] of citronellal, Z-citral andE-citral are plotted against the tirhfmin].

The timedependentreduction measurements revdhht both isomers of citral are
almost completely consumed afte2Omin. The Z-isomer is depleted faster than the
E-isomer. This reflects a slight preference of NERED for the reduction oZ-citral,

which was described previously.Furthermore, afterl20min a maximal product
concentratia of 1.4mM citronellal is achievedTaking into account that for these
measurements, }0y/mL enzyme was used, a TOF (turnover freqygmof 1.32s” can

be calculated for the given substrate concentraltmreover,the product cocentration
decreases &dr 2h. The mentioned volatility of citronellal or further interactions, for
instance with the protein or the reaction vessel, were considered possible causes. As this
behavior will directly affect all analytical and also preparative reactiadditional

investigations were conducteddtudy this depletion further.

Influence of citronellal volatility

To verify product loss due to evaporatitveadspaceneasurement was performed after
reaction incubation for B (Figure26). It should be noted that fohd headspace
measurement npreheatingof the sample was conducted in order to link identified

substances in the gas phase to evaporation during the reaction.
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Figure 26. Chromatogram of a headspace measurement after reaction of citral in the presence of
NCR wild-type and NADH for 6 h under standard corditions as described in chapte2.4.1. The
sample wasot heatedo account for evaporation. By its mass spectrum thepsak could be identified
as citronellal.

Indeed, the product citronellal was found in the gas phakde a reference blank
contained no citronellal. As citronellal has a boiling point @8 2C andreactions were
performed at 30C, no boiling process @lains these observatianEBvaporation is a
surface effect that happens below the boiling poiritl the gas phase is saturated with
the evaporating substantenterestingly,no citral was found in the gas phase although
it is also a volatile comgund A simple weighing experimerghowed that citronellal
evaporates faster than citr@tigure Ap.6). Both compounds were soaked on a filter
paper and the loss of weight was followed. In this open system, citronellal eveporate
four times faster than tcal. In another experiment, rhL reactions (1Qug/mL NCR
wild-type with 2mM E/Z-citral as described in chapt2d.1) in different closed
reaction vessels were compared, nametyl2plastic tubes (inL gas volume) and
5mL glass vials (4nL gas volume)A reaction time of 1% was chosemssuming that
evaporationwould then causgasphase saturation. Thesult was that the fotfold
higher gas phaseolumein the glass vials was correlated to a fald decrease in
citronellal concentration in the liggh phase Figure Ap.7). The results suggested that
evaporation is the main cause of the observed productalndsthat putative other

processes are negligiblehapterd.2.2).

Computationaknalysis of NCREREDcatalyzed citral reduction

As part of this poject, NCRERED was also characterizeid silico. These studies
resulted as part of a research stythe Leibniz Institute of Plant Biochemistiy
Halle (Saale), Germany under supervision of Dr. Wolfgang Brandt. The initial
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motivation was to calculat&ctivation barriers of the citral reduction in NERED for

different prochiral binding modes aiming to find correlations to achieved selectivities
Interestingly, these calculations led to novel insights into the oxidative half reaction of
NCR ERED. A semiempirical quantum mechanical calculation using the PM7 method
was applied to obtain these resulibe PM7 methods suited for simulatingeactions

in catalytic pockets oénzynes!*® Due to simplifications and implemented empirical
parameters, systems with several hundred atoms can be calculated within several hours.

With respect to enzymatic reamtis, this allows the calculation of active site models.

The generation of this active site model was proceeded as follows: As no crystal
structure of NCR in its reduced form was available, FMMids modelled based on the
available crystal structure of tlexidized FMN form (pdb ID: 4A3U) and the resulting
structure was geoetry-optimized using the Amberl2EHT force field. As model
substrate,E-citral was docked into the resulting structure followed by molecular
dynamics refinement. Subsequently, the cateautamodel wasextracted (Figur@7). It
contained amino acids H172, N175 and Y21Which are described as catalytically
relevant amino acids as well as T25, Q98 and R#2#ich interact with the flavin
mononucleotidé®***° In order to account for the hydrophobic nature of the binding
pocket, residues W66, W100, 1231, F269, W342 and Y343 iweheded in the model.
Furthermore, the flavin mononucleotide and the subskEatiéral were included. Later
calculations also considered a modelled water molecule derived from the refinement
structure as described below. All main chain atoms of theaatius, the flavin ribityl
phosphate moiety and the side chains of W66, W100, W342 and Y343 were held fixed
during the calculatios (chaptefl.6). Side chains 1231 and F26&e positionedon
especially flexible surface loop regions andsthihese atomseve not fixed.
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E-citral

Figure 27. NCR active site model for semiempirical PM7 calculations of the citral reduction.

Atoms are color coded: dawn (green for enzyme and purpés citral), hydrogen (white), oxygen (red)

and nitrogen (blue). Gray atoms were considered but defined as fixed during calculations. The
representation depicts the catalytic flavin in the FMNstate &er proton transfer from FMN Nio

R224. The modelvas extracted based on a moleculgnamics refined docking structure Bfcitral in

NCR ERED. Before docking, NCR crystal structure (pdb code: 4A3U) was modified to its reduced
FMNH, form and geometrpptimized using the Amber12EHT force field. A modellwdter molecule

was consideredased on the molecular dynamics refinement.

The preliminary calculation approach was based on the mechanism of the oxidative half
reaction as described in literatifé®® In this mechanism the main trajectories are a
hydride transfer from a FMNHs p e c i e s atornof thehaetiva@6 alkene and a
proton transfer from Y177 to CU. In |liter
negatively charged FMNHrather tha the neutral FMNkispecies was described as the
hydride donor. From a mechanistic point of view, the negative charge at Mk of
FMNH™ species would indeed facilitate the hydride tranbfea mesomeric effect. In
NCR, amino acidR224 described to stalize the flavin esidue was identified to bén

close proximity to the N1 positiomt was suspected that it might act as a base to form
the FMNH? species from FMNK The according PM7 calculation could indeed verify
this assumption. The reactigmoceeded with a low activation barrier of kdl/mol

and was exergonic resulting in a freeemgy release of 10lJ8al/mol. The result

reasoned to use the FMNHpecies for further calculations.

Surprisingly, assuming the trajectories of the mechaudlisscribed iriteratureresulted

in a highly endergonic reaction (+2%k®&al/mol) and thusvasfoundto be unfavorable
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and unlikely to happen (Figuhp. 8). As consequence, new trajectories have been
evaluated to probe alternative mechanisms in ordersigitran exergonic reaction. The

so far Y177based protonation was considered as a potential energetic issue because
direct protonation gives a negatively charged tyrosine species. Therefore, alternative
protonation mechanisms were probed based on redithii®? and a catalytically
involved water molecule. Different protonation state$a72 (- a n dtautdmers and
protonated species) were tested with and without a modelled water molecule. The water
molecule was derived from the molecular dynamics refinentlesit simulates the
structure in water. From these calculations an alternative exergonic msuleuld be
derived (Figure&8). The respective energy scheme is juled in the appendix
(FigureAp. 8).
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Figure 28 Calculated alternative mechanism for the oxidative half reaction in NCRERED for the
reduction of citral. The FMNH?* species is formed by protonation of R224 to prepare hydride transfer
form flavin N5 to citral ®, which in combination with protonation by a positively charged H172 species
results in an enol intermediate. This intermedrataranges in the active site pocket to adopt a hydrogen
network with residues N175 and Y1&g well aghe modelled water moleaul Thisorientation triggers a
final H shift reaction to form the citronellal product in a ketwol tautomer reaction. Overall, the reaction
proceededransselective.The first step was calculated separat€ligral methylprenyl residue is denoted
residwe R.

The previous calculated protonation of R224 to provide FMN&hbe considered as a
first step facilitating the following hydr.|
hydride transfer, the carbonyl moiety gets protonated by a positivelyech&t§j72 to
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form an enol intermediate. The enol rearranges in the active site to adopt new hydrogen
bonds to N175 and the modeled water molecule. The water molecule simultaneously
adopts hydrogen bonds to N175 and Y177. This rearrangement prepares iackgedo
hydrogen shift reaction that releases the citronellal product and is equal to an
enzymecatalyzed ketenol tautomerism.lt is noteworthy that in the calculated
mechanism residue Y17#étainsits previously ascribed proton donor function, but the
calculation hints at the probable necessity of a more complex protonation caduade.
calculated mechanism remain#é@nsselective. The calculateGibbs free reaction
energy is-3.4 kcal/mol and thushe reaction i€xergonic. For the hydride transferjlst

a high activation baier is derived (30.kcal/mol).

3.1.2 Focused\CR active site engineering

Active site mutagenesis strategy

After basiccharacteristics of the NCR ERE&atalyzed reduction of citral had been
investigated, the enzyme was subjected to enzyme engineering in order to invert the
natural S-selectivity. The often superior selectivities that are achievable by enzyme
catalysts rely on their thredimensional proie structure. The intermolecular forces of
this macromolecule usually form a cavity around the site of catalytic action. This cavity,
which is known as the active site pocket, constraints the modes of binding that are
achievable for a given substrate ligi&ral. The active site residues that form this pocket
can therefore have a direct influence selectivity. Based on the solved crystal
structur&' of NCR, these residues have been identified by selecting all of those amino
acids that surround citral in a distance ok §docking model)with the exception of
R261, which lies in 5.58 distancebut rounds off the cavity (Figu29).
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Figure 29: Selection of active site residues in NCRERED crystal structure (pdb ID: 4A3U) as
mutagenesis target sitesResidues (gray) surround citral (black) in & Slistance except for R261
which lies in 5.5A vicinity. Citral C=C double bond (purpleandcitral oxygen (red) are highlighted as
well as the catalytically relevant amino ackik77 and the prosthetic FMN (green).

In a first mutagenesis approach these residues should be probed to identify residues that
influence reaction selectivity directly. For all of the selected 14 active site residues
either a smaller (generally A, but Grf&) or a larger amino acid (generally F, but W fo

F or Y) was installed by sHdirected mutagenesis except for trygtan residues that

were exchanged against two smaller residues (A and F). This rather small mutant library
of 28 enzyme variants was alf reasonable size with respect to the necessary
purification of each enzyme to rule out eedrived alcohol dehydrogenase side
reactivity. Also, the rather long analysis time of each sample had to be considered
because chiral separation was necessaagsess effects on selectivity. As explained in
the introduction, the main challenge of this mutagenesis study was to provide
simultaneousR-selectivity for the reduction of both isomers of citral. This is
complicated by the fact that those isomers uguatiert a substrate control effect that
guides the reduction to proceed with opposite enantioselectivity. In consequence, all
generated enzyme variants in this work were analyzed using the separate, isentrs

E-citral andZ-citral.
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Upon analysis of il first enzyme library, s@ral noteworthy observations werede
(Figure30). First of all, a change of the39 % S-selective reduction of NCR wiltipe

was achieved for alterations at positions 25, 56, 66, 100, 172, 175, 177, 231 and 232. In
total, 12 of the 28 variations led to different enantioselectivities. However, the impacts
of these alterations differed substantially. Especially position @6éhes the eye.
Exchange of tryptophan against alanine in variant W66A even inverted the enantiomeric
excess InE-citral reduction to 466 R, while a wildtype like product formation was
maintained. Noticeable changes were also observed by T25F and [28akong

which in contrast to the W66A exchange were, however, also accompanied by
significant decrease of product formation. An unexpected and insightful observation
was the completely divergent response of the different citral isomers. While noticeable
selectivity alterations were achieved in the reduction of EAeomer, theZ-citral
reduction selectivity remaine@89 % S-selective in all casesdn addition, only seven
residues affected the chiral outcome in that case. This isomer differentiatidd baou
regarded in light of the fact that the wilgpe enzyme shows the same absolute
selectivity ©99% S) for both citral isomersAnother curious result was that exchange

of the ascribed proton donating Y177 was found to influence the selectivitydlesga

of an exchange against alanine or tryptophan. Besides, bothvétiérs retained over

50% wild-type activity. H172 is another catalytically relevant amino acid interacting
with the citral carbonyl group that hadhanfluence on selectivity. Whilexchange
against alanine retained more than%8®f wild-type activity, phenylalaningariation

was deleterious in terms of enzyme activibut also showed greater influence on
selectivity than the alanine exchange. As H172, N175 can interact with likzates
electron withdrawing group anthis interactionappeas to be relevant because
alterations decreased product formation at least to an extent %f #dwever, no
influences on the selectivity were observed. Changes at positions 56, 100 anh232 als

displayed minor selectivity alterations.
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NCR single variant screen

Use of Z-citral
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Figure 30: Screening result ofZymomonas mobilidNCR ERED active site single variants towards
the reduction of either Z-citral (above) or E-citral (below). Gray bars indicate the relative activity in
percent with respect to thproduct formation resulting fronZ-citral reduction by NCR wildype
(Primary yaxis). Green lines indicate thee.-value in percentranging from 1006 S to 100% R
(Secondary wxig). Variants showing significant enantioselectivityeaitions in comparison to witype
are highlighted by the measured numerisalectivity value; n.d.= not determinedFurther details are
specified in the appendix (Tabd. 1).

To sum up the mainesults of this first round of mutagenesis: ihé citral reduction
selectivity of NCR carbe altered by singlamino acid variars ii) position 66 is the
most relevant target amino acid to ealtcitral reduction selectivity; ii) reyme
engineeringeads tovery different selectivity responses with respect to the two citral

isomers. Reduction selectivity Bfcitral is altered more readily.
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Screening of double variafibrary

Based on these findings, it was concluded that the W\&&#Aation is vital to allow
opposite enantioselectivity in NCR. A second round of mutagenesis was consequently
performed in order to probe if further optimizations are achievable and which amino
acids next to W66 mightebconsidered as selectivity bgpot positios. In this second

round of mutagenesis a doublariantlibrary was generated based on variant W66A.

The same mutagenesis strategy as described before was followed, so 26 variants were

generated and screened against reduction of fegate citral isomer@-igure31).

Analysis of the doubleariantlibrary revealed further insights. As already observed for
NCR WG66A and other singlearians, a distinct difference in the reduction selectivity
of the citral isomers becomes apparent. While nearly all varratasned wildtype
selectivity toward<-citral reduction, considerable selectivity switches were observed in
the reduction ofE-citral. However, some variants hatsientionable differences in
catalytic behavior. Variant W66A/Y177W was the first NCR variamthich
significantly influenced theSselectivity of the Z-citral conversion namely the
selectivity changeftom >99e.e. % Sto 44e.e. % S while about 506 of the wildtype
activity was retained. While most doublearians remained R-selective in the
conversion oE-citral because of the underlying W66Ariation there were also some
variantswhich restoredS-selectivity, for example W66A/N175F antf66A/Y343A.
Most notably, W66AN175F qualitatively reverted the selectivity switch introduced by
WG66A (63% S), but the activity of this enzyme was nearlyrehated as well, while for
WG66A/Y343A a third of wildtype activity is obtained. Regarding position N175 in
combination with W6E6A, it is furthermore notable that the alanine and phenylalanine
variations delivered completely opposite enantioselectivities f&rcitral as
W66A/N175A results are.e.-value of 63% R. This selectivity effect of N175 was not
detected by the respective singlkrians, but rather depended on the W6@éiation
However both variants substantially suppressed catalytic activity. Boitral, in
comparison to single variant W66A, two additional doubdgians led to further
selectivity improvements toward3, namely W66A/I231A and W66A/F269A. Both
retained at least 6% wild-type activity. Not considering W66A/N175A due to its
deleterious effect on catalytic activity, variant W66A/I231A showed the best

improvements leading to ae. valueof 63 % R from E-citral.
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NCR double variant screen
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Figure 31 Screening result ofZymomonas mobilisNCR ERED active site W66A-based double
variants towards the reduction of eitherZ-citral (above) or E-citral (below). Gray bars indicate the
relative activity in percent with respetct theproduct formation resulting frord-citral reduction by NCR
wild-type (Primary yaxis). Magentalines indicate thee.e. valuesin percentranging from 10®% S to
100% R (Secondary wxis). Variants showing significant enantioselectivityeahtions in comparison to
wild-type asindicated by the maenta threshold line are highlighted by the measured numerical
selectivityvalues; n.d.= not determinedi-urther details are specified in the appendix (T &pe2).

Finally, the double variant library demonstrated the improvability of the
WG66A-introducedselectivity switch and the possibility to changeitral selectivity as

well. Considering the results of the single and dowaleantlibraries positions 177,
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231 and 269 we identified as additional hapots that enabled these further
optimizations but at the same time were not deleteriousrtpymaticactivity.

W66 sitesaturation analysis

As the previous mutagenesis approackegphasized position 66 seems vital for
selectivity control in NCRERED. Further understanding of this contnobhs generad

by sitesaturation analysis at this positi(frigure 32).

With respect to selectivity, sigaturation mutagenesis showed a correlation to the size
of the introduced amino acid at position 66. In Figg@e the side chain volume
decreases from left toght with tryptophan being the largest and glycine the smallest
amino acid. Focusing on unpolar amanmd residues (highlighted red), a trend becomes
visible. With decreasing side chain volume, the obtaifeselectivity increases.
However, for instancaspartic acidwhich is the fifth smallest aminacid, restores
Sselectivity. Varians W66A and W66G showed selectivitiss the same rangebut
WG66A displayed slightly highemR-selectivity. The mentioned trends are mainly
observable foE-citral becausas in the before mentioned mutagenesis approaches, the
differences in the reduction @-citral andE-citral become clearly visible in terms of
enantioselectivity: mostamino acid variationsdid not affect Z-citral reduction
selectivity. Most amino acids eve well accepted inerms of product formation
(60-100% relative activity). Most prominent exceptions are lysine and proline. Lysine

quarters activity and prolineariationreduces activity about 1€0ld.
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NCR W66 site-saturation

Use of Z-citral

—_
< 1291 T 5'23
2 - = = m T T -
e 1z i = H T
E*IOO & :E - I{ I L 40 g
£ 80 4 200 =
§ F0 3
(S oY)
3 60 - P20y
S 40 1 L 40
= - 60
o 20 H L 20
0 lIIIIlIIIIIIIHI T T T LI IOOR
s b 525338982358 2388¢9
;@w8808o§8@@8©o88oo%
=222
: - Use of E-citral
© A
2 = ¥ ¢
A = o °\%c
140 1= g 3 = o - gi = - - 100 S
--\D- c-. '80
120 A o= &
& = L 60
g 100 - B = - 8= _40 -
s sodf i = N B & = F20 =
S ¢ of 0 3
g ] 20|
S 40 A - 40
R~
. - 60
m - 80
0 T T T T 179 17 "1 17" "7 "7 7T "1 7T "1 "1 1T "1 IOOR
©>LEKSXIdgOW>ZAkFEFQO0®N <O
S8E8ES88C8ES8SEEEEEE

=£22==2=2==222=2%2

Figure 32: Screening result ofZymomonas mobilisNCR ERED W66 site-saturation-basedvariants
towards the reduction of either Z-citral (above) or E-citral (below). Gray bars indicate the relative
activity in percent with respedb the product formation resulting fronz-citral reduction by NCR
wild-type (Primary yaxis).Dark gray or redines indicate the.e. valuesin percentanging from 1006 S

to 100% R (Secondary axis) The variants are depicted according to their side chain voitime.
Enantioselectivity values for legmlar amino acid exchanges are highlighted in red. For the purpose of
trend highlighting in the case dE-citral reduction, enantiomeric excess values are also depicted
numerically.Further details are specified in the appendix (T&pe3).

Molecular do&ing simulationof NCR wildtype and variant W66A

An in silico docking simulationwas calculated to study the mutational effects of the
WG66A variantin further detail (Figur&3). Both isomers of citral were comparatively
docked into the NCR wildype andthe computationally created W66Ariant With a

crystal structure at hand, this is a powerful tool for visualization of the rather complex
circumstances in enzyme catalysis. From the different binding modes that are calculated
by the applied docking toglsmechanistically relevant binding situations could be

selected on the basis of constraiki®wn in literature(chapterl.3). In this case, the
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calculation confirmed the stricE-selectivity of the wildtype for citral reduction
because all binding modeklsplayed a pre prochirality, irrespective of using- or

Z-citral as docking ligand. This is changed in the variant W66A.B-citral a binding

mode with invertedR-selectivity was calculated next to tlseselective binding mode

(not displayed) forE-citral, however not foiZ-citral. This reflects the experimentally
achieved results. The calculation visualizes how the large tryptophan residue at position
66 effectively blocks an opposite binding modais allows for ssible deductions in

comparison tahe obtained experimental resulthapterd.1.2)

citral
i n NCI

W6 6 AG ¢

W6 6

Figure 33 Calculation of binding modes by molecular dockingsimulation based on the crystal
structure of NCR ERED (pdb ID: 4A3U). On the leff docking results oE-citral (above) and-citral
(below) in the wildtype are displayed and on the right for thesilico generatedV66A variant of NCR.
The prochirality of calculated binding modes is denoted.décking ofE-citral in W66A a preShinding
mode was calculated as well butnist displayed for the sake aarity. In all structuresthe catalytic
Y177 residueandthe prosthetid-MN (both dark green) are shown alongside H172 and NLBStrate
binding residues (blue) as well aogition 66 (light green) anthe docked citraligand (black). The
reactivedouble bondn citral is highlighted (purpleand thecarbonyl oxygen (red). Calculations used the
docking algorithm as implemented in the YASARA softw&re.
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3.1.3 Development of whole cell screening reactions

The sitedirected mutagenesis strategy ddsed in the previous chapter resulted
positions 66, 17, 231 and 269 as potential Fsgots in NCR ERED to enabln
inversion ofthe wildtype S-seledivity in the citral rediction. Consequently, these
hot-spots should be applied for a less rational combinatorial mutagenesis approach to
generate a necessary diversity to identify the desswitch in enantioselectivity.
Furthermore, a comparative engineering based on the already paRiséiiective
OYEL1 template was assessed as alternative solusioth approaches were initially
limited by the fact that enzyme purification as performeddll previously assessed
enzyme variants was impracticable. On the one hand, OYE1 ptiafichy affinity
chromatographyaused severe losses in catalytic actiyitgbleAp. 4). On the other
hand, it was unreasonable parify complete iterative siteaturation libraries. The
development of a whole cell reaction system for citral reduction was considered a

solution for bothapproaches and thus conducted.

Evaluation of whole cell reactions

The application of ark. coli strain containing the ERED genesshaampeed by an
alcohol dehydrogenasmtalyzed side reactioncHapterl.3.3. On the one hand it
causes the reduction of citral to nerol and geraniol, which are not further converted by
the ERED and are therefore dead side products. On the other hatie reduction of
citronellal to citronellol is problematic in light of the envisioned application in the
menthol cascade. The SHC cannot coneédronellol to isopulegolln this work the
previously developecE. coli strain TG20+ (unpublished results) as successfully
applied offering two advantages: i) it contains deletionghef two most unspecific
alcohol dehydrogenasegahk andyisb genes) ii) it contains a deletion of rhamnose
isomerase stoppinthamnose metabolisnThis enables the efficierpplicationof a
rhamnose promotor. This tighter expression system might facilitate foldhgh was

considered one potentisisue during OYEfeneexpression.

Two different whole cell approaches were selected as starting points to identify a
suitable eactionsystem using thé. coli TG20+ strain for EREDgene expression
(Figure34). While the firstapproach, denominated as sysi#rassumed conditions in

a viable cell (esting cell), the second syst@napproach assumed the opposite case.

Ess®ntially, systemA contained glucose as carbon source and no additional cofactor
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because a viable cell should provide internal NAD(P)H regenerdtiaiantrast, in the
second approach NADH was added. The starting conditions were selected in close
accordance to appachesdescribed in literatur® % For all reactionsE. coli TG20+

cells containing expressed NCR wilghe genewere washed and resuspended in buffer

solution. Supplements were added and biotransformations perfFigede 34).

300 - sydemA:

100mM KP; pH 7, 10mM citral,
T 50 geww/L cells, 1% (v/v) DMSO,
250 A 20 mM glucose

systemB:

200 A 100mM KP; pH 7, 10mM citral,
5 /L cells, 10% (v/v) isopropanol,
{ 12mM NADH, 5mM EDTA

changes to systerB:
B2 | no NADH contained

100 - M
B3 | no NCRERED
B4 | 10% (v/v) DMSO instead of isopropano!
o
o

relative product formation
to system B [%]

B5 | increase to 5@.../L cell use
B6 | decrease to % (v/v) isopropanol

buffer change
50 mM MES/KOH pH®6.8

B8 no EDTA contained

T T T 1 B7

B2
B3
B6
B7
B8

o
VN —Y

system A
system B

Figure 34: Evaluation of NCR ERED-catalyzed E/Z-citral reduction in whole cellsto citronellal.
Two generally different whole cell systems called A and$Bvell as deviations from systeBwere
tested as describeét. coli TG20+ cellscontaining NCR EREDwere resuspended in buffer solution
accordingly. The pduct formatios (in %) relativeto systenB are displayed.Biotransformationsvere
performed in ImL scale for 22h at D °C and 18Gpm asduplicates Referencing to the sum efluct and
product peaks, 3% chromatographic citronellal yield are obtairfed systemB.

For systemA almost no product formation was obtainéd1l % relative product
formation) while systenB resulted in reasonable formation of citronellal product. The
approachresultedin 39% chromatographic citronellal yieldSeveralalterdions of
systemB were carried out to optimize and simplify the method for a fast screening
application. Only a negligible rest activity remainetien no NADH was added to
systemB (B2). A negative control without expressé&RED neither resulted in
citrondlal formation (B3). The system seemed te more sensible towds DMSO than
isopropanol becausexchanging the isopropanol cosolvent with DMSO caused a
product formationdiminishmentof about 56 (B4). In this case, increasing the cell
concentrationdid nat lead to higher citronellal formation (BSA roughly 1.5fold

improved product formation was achieved by decreasing the volumetric isopropanol
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cosolvent proportion from0 % (v/v) to 5% (v/v) (B6). This increase was also observed
for using 50mM MES/KOH pH6.8 as alternative buffer systerithe reference
systemB contained the chelat®DTA. It is known that the chelating ligand EDTA can
inhibit some alcohol dehydrogenasesdoynpetitivebinding of divalent zinc'®¥1% The
supplement, however, seems to hamper citronellal product formation sigtyfi(B@.

The activity of systenB without EDTA led to a 28old citronellal increase. In
following experiments, the use of EDTwWas desisted fromas theE. coli TG20+ cells
provide a sufficiently lowered ADH side reactivity as will be described in the next

experiment

In a second set of experiments, the findings were used to define a new whole cell
reaction systemwhich was appéd in the citral reduction using both, NCR and OYE1
EREDs (Figure85). ForE. coli TG20+ NCR a chromatographic citronellal yield of
96 % resulted. For the purpose of evaluation, Eheoli TG20+ strain (rha promotor
controlled expression on pDHE vectorasvcompared with th&. coli BL21(DE3)

strain (T7 promotor controlled expression on pEBR(+) vector) Both strains
containedERED as biocatalyst andieretreated undesimilar reaction conditions. The
comparison of th&. coli TG20+ ancE. coli BL21(DE3) strain clearly shows the effect

of the alcohol dehydrogenase deletionsErcoli TG20+. In E. coli BL21(DE3) a
significant ADH activity is observable. It is deased up to 2@bld in the
ADH-deficient strain. ADH activity refers to the sum of terpene alcohol formed by the
reduction of either the substrate citral or the product citronellal. The experiment shows
that theE. coli TG20+ strain enables the use of OYEL in this system in contrés¢ to

E. coli BL21(DES3) strain In the E.coli BL21(DE3) strainalmost no citronellal
formation was observedbut the formation of citronellol resulting from further
reductions by ADHsIn contrast to NCR, the reduction activity of OYEivards citral

is lower (chapteB.1.4 provides a comparison of activity towards single isomers). The

results also show thatminor residuafDH activity remains in th&. coli TG20+ cells.
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BERED activity = OADH activity
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'§ 60 A 50 mM MES/KOH pH6.8, 10mM citral,
S 40 5 genl L Cell mass5 % (viv) isopropanol,
g 12 mM NADH
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TG20+ TG20+ BL21 BL21
NCR OYE1l NCR OYEl

Figure 35 Comparison of ERED-catalyzed E/Z-citral reduction in E.coli TG20+ vs E. coli
BL21(DE3) whole cellsto citronellal. Either NCR or OYE1 ERED waapplied.Cells were resuspended
in buffer solution accordingly. The relative product formati@gm %) in relation tothe citronellal
formation by NCR coniaing E. coli TG20+ strain igdisplayed Biotransformations were performed in
1 mL scale for 22 at30°C ard 180rpm as duplicatesThe product is either citronellal as consequence
of ERED activity or the sum of the alcohols nerol, geraniol and citronellol as consequeA&d of
activity. Referencing to the sum efduct and product peakd6 % chromatographic wild were obtained
for E. coli TG20+ NCR.

For key variant NCR WG66A, additional experiments were performed comparing
enantiomeric excess valuebtained usinghe whole cell systerno those usingurified
enzymes. The reactions were performed under othewsinsilar reaction conditions and
thus allowed a comparison of these valdesleed, it was demonstrated that similar
selectivity values were obtained. In both cases.@0%6 S were obtained foZ-citral
while for E-citral 46e.e. % R and 48e.e. % R were measured for whole cells and

purified enzymes, respectively.

Optimizations for mutant library screening

In contrast to the so far applied mutant generation protocol two alterations were
required to ensure the formation of at least 95 colonies. Tleey mequiredo perform

the envisioned siteaturation strategy. These were: i) DNA purification using a
nitrocellulose membrane for dialysis and ii) cell transformation with mutated DNA
using the electroporation procedure, which is known to improve @amation
efficiency°®

The establishment of a suitable analytical métlletecting altered enantioselectivity
was vital for variant screenintn literature, for example various spectroscopic methods
have been described for selectivity discrimination, but are highly tailored to the specific
analytical problem and not geneyakpplicable’®® In contrast, chiral HPLC and GC
analysis is broadly applicableand can suit for the screening of several thousand
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mutants. This work focused on optimizing an available chiral dpematographic
method (~30nin/sample). Due to several optimizatidhe analys time was redwed

to ~8.5min/sample (Figur&6). These involved an increase of the isocratic column
temperature (90C to 100°C) and the carrier gas flow (2n/min to 70cm/min).
Additionally, the method was cut after full citronellal elution caudimg substrate peak

to be measured in the following sample. Over the course of 100 repeated injections it
was found that no overlap of the citral peak with the citronellal peak occurred and that
the citronellal signal remained stable. As a traffeof fast hit identification and
accuracy of selectivity determination, the loss of complete-l@seseparation was
accepted.

B-Dex-column

750004

S-citronellal
50000

R-citronellal

intensity [uV]

25000+

retention time |min|

Figure 36: Optimized analytical GC method for fast chiral separation of citronellal. A tradeoff
betweersepaation quality and methoshortage was followeduring optimization. Major shortenings can
be deduced to an increase of isocratic temperature froft 20 100°C and an increase of hydrogen
carriergaslinear velocity from 3@&m/min to 70cm/min.

3.1.4 Conparative OYEL1 active site engineering

As a complementary approach, OYE1l was also submitted to mutational analysis.
Thereby, the potentialfdhis typel citral ERED (chaptel.3.3) to achieve the desired
R-selectivity in the reduction of both citral isoreeshould be evaluateds the first
characterized and most studi&RED in literature, OYE1l was rendered a suitable
representative for this comparative pr6b&°"1°The developed whole cell reaction
systemcould beapplied for this analysief OYEL variants An active site mutagenesis
approach similar to the one presented for NERED was applied. In fact, the
mutagenesis targets were selected according to a sequence alignment of both enzymes
(FigureAp. 1). The selection of active site residues in NERED was thus transferred

to OYEL. A structural alignment of both enzymes highlights these positane€37).
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Q147 /H128 OYE1l /NCR

H191/
N194/

F374 / W342

} ,/ F296 / ¥269

FMN

Figure 37: Structural alignment of NCR (green) and OYEL (purple) EREDs (pdb ID NCR: 4A3U;

OYEL: 10YB). The active site of both enzymes is displayed. Indicated are sequentially similar amino
acids in both enzynsesubjected to comparative sid@gected mutagenesis. For orientation, the prosthetic
flavin mononuteotide group is depicted (black). Ftre selectedesidues the respective amino acid
position in each enzyme as indicated by the color code are presented.

The OYE1 mutagenesis approach was preceded by a comparison of the OYE1 and NCR
wild-typesin termsof activity and selectivity using the whole cell reaction system
(Figure38). This measurement confirms thgpel character of OYEL. The enzyme
does naturally display higR-selectivity in the reduction dE-citral and a significantly

less pronounced gdtivity towards Z-citral. Nevertheless, the outcome was also
R-selective with are.e. valueof 33%. Howeverproduct formations show thattral is

a worse substrate for OYE1 than for NCR. While half of NCR activity was achieved for
E-citral, Z-citral is over fivefold lower. This entails an opposite preference tfue
reduction ofE-citral. Hence the question arose whether an optimization of the already
presenR-selectivity would be achievable withoutrther hampering OYEL activity.
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Figure 38: Comparison of citral reduction by OYE1 (purple) and NCR (green) wildtypes using
whole cells with respect to activity (left) and selectivity (right) Relative activityrefers to the product
formation as obtained iB-citral reduction byNCR wild-type. The selectivity is expressed as. values
ranging from 10® Sto 100% R. Reduction towards both isomers of citrgl,(purple) andZ (green)
have been evaluate@ihe substrate concentration was®i.

As before, both isomers of citral veeevaluated separately the screen of OYEL
variants (Figurg9). A striking difference to the comparable NCR mutagenesis
approach was the high number of OYE1 variants that displayed no a¢ti®iyut of

28). In addition, another 10 of thosariantsshowed relative activities below 20. In
accordanceyariatiors at the catalytiamportantamino acids H191cprresponds to
H172in NCR), N194 (NCR: N175) and Y196 (NCR: Y177) are less well tolerttad

in NCR. This demonstrates that citral reductiorQYEL is more sensitive than in NCR.
Alterations of activity and selectivity were observed for both isomers, so no general
different effect of mutagenesis can be attributed to the two isomers in this case. With
respect to selectivity, many variations edie the selectivity of OYE1, but namino

acid variantresulted in unambiguous further increaseRedelectivity. Variants Q147F
(NCR: H128) and F374W (NCR: Y343) displayed €l@ % R in the reduction of
Z-citral but these increases lie within the meagweegors. In contrast, the mutagenesis
approach shows that OYE1 selectivity can be reverted to pr&sidectivity. For
instance E-citral reduction selectivity was inverted to %S by variantN194F (NCR:
N175) andZz-citral reduction selectivity is irerted to 726 S by variantF269W (NCR:
F269). It is noticeable thatariations at OYE position YSB@NCR: W66) donat show a
mutational effect as pronounced as in NCR W66.

Due to the fact that OYEL1 showed a considerably worse mutability than NCR and
neither provided distinct starting points for increading present OYER-selectivity,
ongoing mutational studies focused on NCR W66A as engineering target.
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OYEI1 single variant screen
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Figure 39: Screening result ofSaccharomyces pastorianU@YE1 ERED active site single variants
towards the reduction of either E-citral (above) or Z-citral (below) using a whole cell reaction
system Gray bars indicate the relative activity in percent with resfmetite product formation resulting
from E-citral reduction byOYEL1 wild-type (Primary yaxis). Yellow lines indicate the enantiomeric
excess ranging from 1006 S to 100% R (Secondary ¥xis). Variants showing significant
enantioselectivity alterations in comparison to viifde as indicated by the yellow threshold line are
highlighted by the measured numerical selectivity valle results were retrieved from the supervised
Bachelor thesisf F. Dehli**®

3.1.5 Iterative sitesaturation mutagenesis

The preceding sitdirected mutagenesis studies on the NCR -tk proved the
feasibility to induceR-selectivity in the reduction of citraNeverthelessespecially for
Z-citral, the achieved selectivity changssl demanded significant further alterations to
provide the desired®-selective biocatalyst The in the previous chapter presented

alternative use of OYE1 as mutagenesis targe¢éagp to be unpromising. Howeyer
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the successful implementation of thenzymatic citral reductionn a whole cell
environmentprovided the meandor creating and analyzing larger enzyme libraries
That allowed combirtarial replacementsit hot-spot positiois identified in the NCR
template In this work, an iterative siteaturation strategy was followeahotivated by
the success in the selectivity engineering of other enzymatic reattidfs™®’ For
library constructionthe before applied sHeirected mutagenesis approach was
expanded by using primers with the degenerate Nddidon (N=A, T,G,C and

K =T, G) that encodes all 2Banonicalproteinogenic amino acidand thusenabled
complete sitesaturation. As dscribed before (chapt@r2.4) 95 colonies per
site-saturation were screened for statistical reasons. Therefore, itamagnient to
apply 96DWPs for cell growth, expressn and screening reactions
(chapter2.3.1& 2.4.3) The remaining well was used for buffer negative contiols
order to still allow for screening of both isomersaitial separately, two 9BWPs
containing similar genes were prepared by using the same preculture plate for
inoculation. Expressioranalysis not only proved th&RED geneswvere expressed
under these conditiondut also that the describetlplicateplates deliered similar
expression levelg(FigureAp. 9). After reaction screening, hepot regions with
increased R-selectivity were slected for gene sequencing. As describedthe
following, samples with catalytic activities below a defined threshold line were
excluded from further analysibut otherwisectivity was no criterion in this screening.
In the following, it will be deschied how the effectivity of the described screening was
evaluated.

Evaluation of whole cell screening

The developed whole cell screening should primarily be effective in the identification of
variants with increaseB-selectivity In light of the existentite-saturation analysis at
NCR position 66 that had been performeth purified enzymes (chapt8rl.2) the
effectivity of the screening could lassessed by repeating the -siéduration at position

66 with the whole cell screening as described aboveth® one hand, it should be
evaluated whether the W66A hit would have been found in the screening and on the
other hand how accurately known selectivities would be reproduced. Furthermore, this
first evaluation should also prove the principal ability totain measurable citral
conversions witm the wells of the applieBWPs For this analysis, onli-citral was

considered as it was known that saturation of position 66 should result in a broad
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selectivity distribution for this isomer, whilZ-isomer redution selectivity is almost

unaffected by variations at position 66.

First, the analysis of the screening resulted in citronellal formation for most samples (12
of 95 reactions did not display measurable citronellal formatierjich proved
functional EREDproduction The buffer negative control resulted in nweasurable
citronellal formation. Second, a broad distributione@ valueswas obtained ranging

from 99% Sto 42% R (Figure40). This hinted that the mutagenesis approach resulted

in the generation of different variants including the W66A hit.

s 41-42 % R
oo —
o
e R
I
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@ S
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Y
\ s

84-99 % §

Figure 40: Selectivity distribution obtained after screening E-citral reduction by a NCR W66X

librar y, presented as pie chartSlicescorrespond to individual colerodede.e. values measured in the

library. Slice thickness indicates how often the value was measured. The smallest slice represents one
measurementNext to the prominent 99% S value, theresults are summarized to four regions of
measurece.e. values as indicated and the numerical values of these regions are deprictetal, 95
samples of an NCR enzyme library consisting of position 66 variants as obtained by the use of a
degenerate NK codon were screened. W66X indicates a theoretical change against any of the 20

canonicalproteinogeit amino acids.

Further insights were generated by sequencingsélectedsamples thatmainly
displayed differente.e. values in the screen. Based on the sequencing results, these
values could be compared with the selectivities that were obtained withegurifi

enzymes in the previous siaturation of position 66 (TabRk).
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Table 21: Comparison of NCR W66X e.e. values as obtained for purified enzyme the previous
site-saturation approach (previoug with those measured by the whole cell seenfor the reduction
of E-citral in the saturation approachwith degenerate codon (screenl18 samples oh sitesaturation
library created by the use of a degenerate NNK codon that resulted in vadoualues (sreer were
sequenced and then the. values were comparedd results from a previous siaturation mutagenesis
(previoug created by sitelirected mutagenesis atestedwith purified enzymes.

ee % sequenced ee%
(screen NCR variant (previoug

>99S wt >99S
>99S wit >99S
>99S wt >99S
96S WG66R 96S
87S W66K 99S
86S WG66H 82S
93S W66L 85S
88S W66Q 86S
94S WG66E 94S
28S Wee6V 37S
50S w66V 37S
40S Wee6V 37S
85S WG66N 87S
18S W66T 18S
21S W66S 37S
23S W66S 37S
42R WG66A 46R
41R W66G 41R

The selection of sequenced samples highlighted that the screen succeethex
identification of the W66A hit and also generated the se€bsélective W66Grariant

Thus, the screening method appeared qualitatively suitable to screen for variants with
increasedR-selectivity for which the screen was primarily designed fdre Three
samples with 29 % S-selectivitywere all identified as wildype. The relatively large
proportion of samples with 89 % S-selectivity (Figure40) might be derived by
residual amount of wildype genes and therefore, consecutive screens were carried out
implementing arextendedpnl restriction digestionThe method was considered to be
generally accurate enough as the medium aberration was% (not taking wildtype

into account to avoidbias). Regarding activity, the scredras a very limited
applicability. As an indicator of activity, the obtained citronellal peak areas (sum of
both enantiomers) were related to the hgjlpeak area obtained in one BBVP, which

gavea relative activityvalue. From the sequencimgsults a triplicate measurement of

the wild-type and variant W66V were obtained randomly. Tines calculatedrelative

activities ofwild-type and variant W66V weré0+ 27 % and 35t 15 %, respectively.
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As activity was initidly considered a second criterion, no further optimizations for
better reproducibility in activity determination wereperformed.As a consequence,
following screening results only display a zone of actjwiitich can be regarded as a
qualitative assessmerftrom the 18 selected samples, 13 different amino acids were
identified. Without further sequencing of the residual 78 samples, it was assumed that
the diversity of the codon degeneracy was generating sufficient variability for the
envisioned selectivityimprovements. This is supported by the broad selectivity
distribution of the screened W66X librafyigure40).

The sitedirected mutagenesis strateggsultedfour hotspot residues in NCR ERED
that appeared to have significant influence on the cdliction selectivity. These
were positions 66, 177, 231 and 269. From these identifiedgubtpositions, it was
decided to randomize three in combination with the W&@#&iant As the alanine
variantwas a crucial leverageariationfor opposite NCR emdioselectivity in the citral
reduction, it was remained unchanged. This also minimized screening effort. The
strategy was to iteratively saturate remaining selectivityspot residues Y177, 1231

and F269. In theory, several mutagenesis pathways wes@dssible Kigure4l).

Screening of iteative sitesaturation libraries

W6E6A
177 231 269

NN N

231 269 177 269 177 23]

269 231 269 177 231 177

Figure 41: Possible iterative sitesaturation pathways for NCR W66A as target.The scheme displays
all theoreticcombinationsn the iterative approach edndomizing one position at a time and selecting a
new target gene for furér saturation at remaining hgpot positions.

First, each hespot position wagandomized separately generating three individual
WG66A based doublevariant libraries. Variants wih optimized R-selectivity were
subjected to sequencing-or each library, the variant with highest obtained
enantioselectivitywas chosen as template for randomization at the residual two
positions and so onn the course of screening, it was identifibettit is beneficial to
define a threshold activity value of?4 in the screen (relative activily comparison to

the highest measured product formation within the screen of one library referring to

both the screen towardsE- and Z-citral). Below this value no accurate
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enantioselectivity determination was achievable because of the limited ability to
concisely integrate small peak areas in a chromatogram. Thus, such samples were not

considered further.

The summary of main results dfet iterative sitesaturation screeningfarting from the

NCR WG66A template shows that significant selectivity improvements could indeed be
obtained (Figurd2; TableAp. 5 contains detailed results of sequenced variafiis).

each randomization, tweeleced hits with increasedR-selectivity are displayed. It
appears that after position 66, position 231 is most relevant for inducing higher
R-selectivity. For variantW66A/I231R, E-citral reduction was already almost
completely R-selective (9%k.e. % R), while herein a selectivity inversion was also
achieved forZ-citral (32e.e. % R). In contrast, theR-selectivity enhancing effect of
posiion 269 was less pronounced and produced improvements as already obtained in
the sitedirected mutagenesis approach o€ tiWW66Abased doublevariant library
(chapter3.1.2). Nevertheless, the combinatorial alteration of position 269 with positions
66 and 231 resulted triple variants with the most promiBisglectivity values for both

citral isomers. These were for exam66A/1231R/F269V W66A/1231P/F269Vand
WG66A/1231HF269P. It is noteworthy that tH&66A/I231P/F269VWariant was found
independently in two different iterative pathways. These variants displayed relatively
similar selectivity values. Considering the results of both independent measurements,
variantW66A/1231P/F269\fesultedfor instance amr.e. valueof 93-96 % R for E-citral

and 6372 % R for Z-citral.
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Figure 42 Iterative site-saturation mutagenesis of NCR W66A using NNK codon degeneracyto

allow exchange against all 2@anonical proteinogenic amino acids atdisplayed target sites. The

hot-spot positionsr177, 1231 and F269 wemandomizedseparatelyn a consecutive manner as indicated

by feX.&177X. From the 95 colonies screened in each saturation step, the best two hits are displayed
selected according to improvdgselectivity with respect to the underlyirgmplateenzyme of the
saturation step. Each displayed hit shows the agdadtionas i ndi c ai.e.eRR69Y nefesfio+ 0

the variant NCR W66A7269V. The measuregle. valuefor each citral isomer (eithdt or Z) as %R or

% Sand a bar indicator for the related activity (short: act.) are given for eadkehative activity values

were calculated by comparing the measured citronellal peak area to the highest obtained citronellal peak
area within onesaturaéion screen. Inconsequence, activities need to be compared in reference to the
template enzymeT he col or depth of the hitds blue backgrou
variationswith the lightest blue for the singlariantW66A and the darkestue for the quadrupleariant
W66A/F269V/1231PY177D. The red color indicates the path to hits that were further characterized.
Further details of analyzed variants are displayed impipendixTableAp. 5).

In the following description, it is highlighdethat the displayed relative activity values
can only be regarded in comparison to the template that wasTuseds rooted irthe
calculation nethod (for example variant W66A/F269V/I23YR/77D does not display a
higheractivity than its template W66A#69VN231P but rather decreases the activity of
the template furtherPuring the screening it was finally decided that following eafch

the possible iterative sHgaturation pathways (Figudd) was unreasonable due to
increasingly severe effects on a&lgtic activity when alterations at position 177 were
included. Preious results from the si#irected mutagenesis approaches had suggested
that alterations at the catalytic residue Y177 were accepted in eéragalytic activity


















































































































































































































