Combination of computational and experimental
approaches to rationalizsd modify aldoxime
dehydratase catalyzed reacti@msl their

application

Dissertation

zur Erlangung des akademischen Grades

Dr. rer. nat.

Eingereicht von Hilmi Yavuzer
25.08.2021

Fakultat fir Chemie

Universitat Bielefeld






Erstgutachter: Prof. DHarald Groger

ZweitgutachterProf. Dr. Stephan Hammer

Termin der Disputation:
Ort: Bielefeld

Die vorliegende Arbeit wurde arhehrstuhl fir Industrielle Organische Chemie und Biotechnologier
Universitéat Bielefeld untelceitung von ProfDr. Harald Gogerin der Zeit vomJanua2018 bis Septembe021
angefertigt.Die Arbeit wurde durch die Fachagentur fir Nachwachsende Rochstoffe \KN&tdernummer:
22001716) sowie durch die Européische Kommission im Rahmen des -EINBN Projekts finanziert
(Fordernummer: 737266)Die Dissertation wurde selbststéandig verfasst uridrhder gegenwartigen oder einer
anderen Fassung noch nicht einer anderen Fakultat oder Hochschule vorgelegen. Esemadeereals die

in dieser Arbeit angegebenen Quellen undsHiiftel verwendet.

Hilmi Yavuzer







Publikationen

Michael HinzmannHilmi Yavuzer, Alessa Hinzmanrklarald Gréger
Discovery of novel aldoxime dehydratases with the 3DM system

Manuskript in Arbeit
Michael HinzmannHilmi Yavuzer, Harald Groger
Expanding the substrate scope of OxdRE towards benzylic aldgximes

Manuskript in Arbeit

Lukas Schobellilmi Yavuzer, Ana Maria Bago Rodriguez, Harald Gréger, Bernard P. Binks

Pickerng Emulsions enabling nesompatible chemoenzymatic tvatep cascade towards n octanenitrile in batch
and flow
Manuskriptin Arbeit.

Hilmi Yavuzer, MichaelHinzmann Jianing Yang, Harald Groger
Combination of structurbased sorting and in silico protein descriptors to incribeetbermostabilityof enzymes
Manusript in Arbeit.

Hilmi Yavuzer, Jianing Yang, Lukas Schober, Harald Groger
Rational biocatalyst design for a cyanitdee synthesisfdong-chain fatty nitriles from their aldoximes

Eur. J. Lipid Sci. TechnoEZur Veroéffentlichung eingereicht.

Alessa HinzmanrHilmi Yavuzer, Yasuhisa Asano, Harald Groger,

Improving Activity and Stability of Aldoxime Dehydratase OxdRE fr&hodococcus erythropolis by Directed
Evolution
ChembioChenizur Veroffentlichung eingereicht

Hilmi Yavuzer, Yasuhisa Asano, Harald Groger,

Rationalizing the unprecedented stereochemistry of enzymatic nitrile synthesis via a carotvipathtional and
experimental approach

Angew. Chem. Int. E@021, https://doi.org/10.1002/ange.202017234

Carmen Plass, Alessa Hinzmann, Alessa, Michael Terhorst, Waldemar Brauer, KeikdliDikeYavuzer,
Yasuhisa Asano, Andreas J. Vorhdlgbias Betke, Harald Groger

Approaching Bulk Chemical Nitriles from Alkenes: A Hydrogen Cyasitdee Approach through a Combination
of Hydroformylation and Biocatalysis,

ACS Catal2019,https://doi.org/10.1021/acscatal.8b05062



Vortrage

Hilmi Yavuzer, Yasuhisa Asano, Harald Groger,

Rationalizing the unprecedented stereochemistry of resolutions with aldoxime dehydratases via molecular
modelng,

37" Workshop, Graduate School of Chemistry and Biochemistry, Nove2@2€y Bielefeld.

Hilmi Yavuzer, H. D. Piyumi Wathsala, Fumihiro Motojima, Hiroaki Sasai, Yasuhisa Asano, Harald Groger
Rationalizing the enantioselectivity of aldoxime dehydratases,

Cebitec Multistep Synthesis in Chemistry and Biology, Noven2fdr9 Bielefeld

Hilmi Yavuzer, Harald Groger
Identification of new aldoxime dehydratases using 3DM as a bioinformatic tool
6" Cebitec Retreat, Septemt2819 Bad Sassendorf

Hilmi Yavuzer Yasuhisa Asano, Harald Groger
Rationalizing the enantioselectivity of aldoxime dehydratases,
5 Cebitec Retreat, Septemi#918 Bad Sassendorf

Hilmi Yavuzer, Yasuhisa Asano, Harald Groger
Rationalizing theenantioselectivity of aldoxime dehydratases,

Molecular modeling workshop, Ma2018 Erlangen

Posterprasentationen

Hilmi Yavuzer, H. D. Piyumi Wathsala, Fumihiro Motojima, Hiroaki Sasai, Yasuhisa Asano, Harald Groger
Rationalizing the enantioselectiyibf aldoxime dehydratases,

Cebitec Multistep Synthesis in Chemistry and Biology, Noverab&# Bielefel.

Hilmi Yavuzer, Yasuhisa Asano, Harald Groger
Rationalizing the enantioselectivity of aldoxime dehydratases,

Molecular modeling workshop, Ma2018 Erlangen



Danksagung

Zuallererst will ich meinem Doktorvater Prof. Dr. Harald Groger danken, der mir die Mdglichkeit gab mich mit
spannenden Themen sehr freitefassen und mich in jeglicher Hinsicht weiterzuentwickeln. Herzii€yank

fur die gemeinsame Zeit, dein Vertrauen in meine Fahigkeiten undstetige Unterstiitzung fur neue Ideen.

Herrn Prof. Stephan Hammer moelth fir diesehr bereitwillige Ubernahme des Zweigutachtens bedanken und

fur seine Unterstiitzung bei Fragen zu geeigneten analytischen Methoden.

Bei Prof. Yasuhisa Asano von der Toyama Prefectural University mochte ich mich neben der wertvollen
Zusammenarbeit auf dem Themengebiet der Aldoximdehydratasen auchsefiie unermessliche

Gastfreundlichkeit in seinem Labor bedank&n. ™# %= #F oV 9

Fur die Bnanzierung dieser Arbeit mdchte ich mich bei Bachagentur fir Nachwachsende Rochstoffe (FNR)
(Fordernummer: 22001716) sowiei der Europaische Kommission im Rahmen des GREOW Projekts
(Fordernummer: 73726&edanken.

Wahrend meiner Promotion hatieh die EhregrofRartigeStudierendezu betreuendie viele hervorragende
Ergebnisserzielt haba, weshalb ich mich ganz herzlich bei Caro Besse, Arne Merschel, Erich Gebel, Masaki

FutramaKatarina Klimova Séren Jansedianing YangMaximilian Béhmbedaken méchte

Fur daKorrekturleserdieser Arbeit mochte ich mich bei Dr. Alessa Hinzmann, Karla Wagner, Hannah Bork, Dr.
Franziska Kiihn, Dr. Daniel Bakonyi, Lukas Schober, Michael Hinzmann, Alina Nastke, Dr. Nadine Zumbragel,

Luisa Koch, Jannis Nonnhoff,rDCarmen Plass und Dr. Jana Léwe ganz herzlich bedanken.

Ein besonderer Dank gebiihrt allen ehemaligen und jetzigen IOCB (OC1) Mitgliidatig Unterstiitzung und

dem fachlicherAustausch im LaboDabei will ich besonders Anikdegemann und Thomas Geisler danken, weil
ich mich bei unerwarteterKomplikationenstetsauf euch verlassen konntBei den ehemaligen Mitgliedern der
IOCB, Dr. Daniel Bakonyi, Dr. Phillip Rommelmann, Dr. Floridthoff, Dr. Tobias Betke méchte ich mich fur

die vielenlehreichen StundehedankenDr. Nadine ZumbréagelDr. Franziska KihnDr. Jana Léwe und Dr.
Carmen Plass moéchte ich mich fir die aufregende und dynamische Zeit bedaidtennur fir die
wissenschaftlicen Austauschsondern auch fur digertvolle Zeit die wir als Freunde verbringen konnt€arla
Wagner,dir mdchte ichflr deinefrohe Natur und stetige Hilfsbereitschafanken Die Welt braucht mehr
Menschen wie didchMichael Hiremann, Lukas Schober und Alessa Hinzmann euch dreien mdchte ich fur die
fortwahrendeind intensive Zusammenarbg#nkenFur die gro3artige Hilfe irhabor,ob es mal dagemeinsame
Arbeiten am Wochenende oder das tbernehmen von Experimenten war, will idvendighnis Nonnhoff, Luisa
Koch, Alina Naskte Karla Wagner und Hannah Bork bedanken. Fir die Bewdltigung des blrokratischen
Aufwands und die Planung sdmtlicher Veranstaltungen, will ich mich ganz herzlich bei Angelika Bendick
bedankenich bin Gberaus déar fir alle Momente diwir als Arbeitsgruppe oder ifinzelnenhatten, vielen
DankMichael Hinzmann, Alessa Hinzmann, Lukas Schob&nnis NonnhoffAlina Nastke, Alina Guntermann,
Hannah Bork, Luisa Koch, Niklas Adebar, Tim Gumann Laura Bernhard, Micol Santiianing Yangind Dr.

Anke Hummel



Bei der Arbeitsgruppe von Prof. Dr. Stephan Hammer mdchte ich mich ebenfalls bedanken. Ihr seid eine grof3e
Bereicherung fur die Fakult&ebastian GergeMa t Y4g ,Giady Hlaugund Kai Schilkeich wiinschte ihr
hattet viel friher den Weg nach Bifdkel gefunden. Vielen Dank fir das Nutzen von etlichen

Sequenzierungsmarken, aber auch fur die freudigen Abende die wir zusammen verbringen konnten.

Bei ManuelaKoch undNicole Hessemdchte ichmich fir meine gesamte Zeit an der Universitéianken
Beginnend vom Bachelorstudium bis zum Ende meiner Promotion konnte ich mich immer auf euch verlassen. Ich
kann nicht in Worte fassen wie viel Ihr fir Menschen wie mich bedeutet und gmebgroe Unterstiitzung lhr

fur alle Studierenden an der Fakultatdsdhr seid stets voller Tatendrang und immer auf unserer Seite! Vielen

Dank fur allesund macht genau so weiter!!!

Zu guter Letztmdchte ich mich bei meiner Familisnd bei meinen Freunddredanken, die mich tatkréftig auf
meinem Weg begleitéhaben Besamders méchte ich mich bei meinen Geschwistern Minevver, Serdar und
Mehmedarifsowie bei meinen Eltern, Zekiye und Mustafa bedanken, die mich selbstlos und ohne Bedingungen
unterstiitzen und dabei selbst manchmal zu kurz komiseist schén mich immer aufieh verlassen zu kénnen.

Ein grofRes Dankeschdn geht an meine langjahrigen Freunde Kevin und Nils. Ich kann mich wahrlich glticklich
schétzen euch an meiner Seite zu haben. Alina Nastke dir danke ich fur die wundervolle Zeit und deine

Freundschaft. Andreahaanke divom ganzen Herzen fur die gemeinsame Zeit in Bielefeld.

Von all den Dingen, die ich vermissen werde, wird es
und die Quasselstrippef ver br altabeh ethazib Erittel unsefds Lederse | , A
sehr eng zusammen verbracht, uns den Gefahren und Herausforderungen des Lebens gemeinsam entgegengestellt.
Nun geht jeder von unseinen eigenen Weg und ich danke euch, dass ihr mich zu dem gemacht habt der ich heute

bin und ich weif3 nicht, wo ich ohne euch drei heute wigtewerde derAlltag mit Alessas zahllosen Niesern,
LukasunplatzierterBemerkungen und Michhes A Di al ekt i Michadtdudh ansereMegernénises e n .
sich, mogest du Alessa die Stiitze selie du fir mich warst und sie dir dein Wegweiser, der ich fiir dich war.

Solange wir alle Treu Seite an Seite stehen, werden wir den Rest des Weges, auch wenn es nicht mehr jeder Schritt

ist, ihn dennoch gemeinsam bestreiten. Worauf ich iméchitsfreud



A true master is an eternal student

Master Yi

Sabreden dervi Kk muradéna er mi K

Turkisches Sprichwort



Table of contents

1  Aldoxime dehydratases: State Of the Alt............eoviiiiiiiiiieee e 1
2 Protein engineering with computational tools: State of the art............ccccoviiiiiiiieee 10
2.1 Overview computational tools guided protein eNgiNEELING ........cceevirurriiieereee e 10
2.2 Molecular modeling methods bmproves substrate specificity and selectivity............ccccoeovvvieens 11
2.3 Molecular modeling methods to improve stability and activity............ccccvvvveriecceeiiiciieeee e, 15
3 Rationalizing the unprecedented stereochemistry of resolutions with aldoxime dehydratases via

paTo] L=Tot 0] = g oo 1= 1 o o PSPPI 17
% A |V o] 117 L1 o PRSP UPSRRN 17
3.2 Biocatalytic dehydration of chiral NItFIES...........eeiiiiiiiiii e 19
3.3 Development of @ dOCKING PrOCEAUELE ... ....eeiiiiiiiiiie ettt e e e e e e e e e e e e e 20
3.4 Modeling guided site directed mutagenesis of OXARE................oo v, 24
3.5 Summary and outlook for rationalizing the stereochemistry of aldoxime dehydratase............. 28
4 Chiral nitrile synthesis and formal double dynamic kinetic resolution.............ccccccvvvveeieiccccveeeennenn, 29
ot R |V (o 1AV 11T o PSPPI 29
4.2 Isomerization study with PPOX as standard SUDSIIALE...............euuirimeeiiiiiiiiniiiiiineeeeeeeeeeenenees 31
4.3 Racemization of chiral AldOXIMES. ......c.coiiiiiiiiiie e emee e e e s ssmme e 33
4.4 Flow Set UP fOINE DDKR.........uiiiiiieiiiiiii ettt eemt et e e st seee e e e s s nnnnnneeee s 40
4.5 Hydroformylation as alternative aldoXime SYNtNESIS. .........cooiiiiiiiiiecc e 44
4.6  EXPression OPtMIZAtiON............eeie ittt enere e e e s snnneeeee e D)
4.7 Rational designed MUIALIONS. .........ciiiiiiiiii ettt e e st b et s esme e e s nneneeeas 50
4.8 Smart library scre@ng to increase the selectivity of OXAREASE............cvvviiiiiiiiiiiiceeieeieeeeeeeee, 55
4.9 Summary and Outlook for the chiral nitrile synthesis in a double dynamitikiesolution.............! 63
5 Improving the biocatalytic transformation of non-soluble fatty aldoximes by targeting activity and
LS = Lo YA O (e | = T PP 66
L% A |V o] 1)Y= L1 o PRSP URRRY 66
5.2 Solubility and enzyme substrate complex of fatty aldoximes.............ooooiiiiiccceeee 67
5.3 Increasing protein stability and in silico method development............cccooiiieec 69
5.4 Increasing the activity of OxdB by rational design.............ooooiiimr e 15
6 Compatibility of hydroxylamine and aldoxime dehydratase using Pickering emulsion in flow....... 78
6.1 State of the art and MOLIVALION. ...........ueeiiiiiiiieee e eeesnneeeeee e L O

6.2 Pickering emulsion enabled combination of aldoxime formation and biocatalytic nitril synthesis.in flow
.................................................................................................................................................. 80
6.3 Addressing highly insoluble substrates with Pickering emulsians..........ccccccoevvieeciivveeeeeeeeeeenn. 83
6.4 Conclusion of Pickering emulsion mediated fatty nitrile synthesis...............cccoiveee e 83
7 SUMMATY ANA OULIOOK. ... ..uuriiiiiiiiiiiiiie e ceeee et e e e e e e e e e s e eeestesaeseereeeeetaeaaeeeeasaaamtareateaaaaaaaeaaesessanas 84
Zusammenfassung UNA AUSDIICK. .........uviiiiii e eeer e e 89
9 EXPENMENTAL SECHOM .....eiiiiiiiiiiiiiie et ettt e e e st bt e e e e s se e e bbb e e e e e e s snbrneeeeesanea 94
1S I R 0] 4 o1 o To 18 [ o L S TP PP U PP PPTTRRSOPPIS 94
9.2 Chemical SyNnthesSes Of SUDSIIALES. .........coiiiiiiiii ettt eeeee e 94

9.3 Biochemical andnolecular biological MEethods.............coviiiiiiiiiice e 115



9.4 Modeling with MOE (Molecular Operating Environment)............cccooocuviiiieeseeeiniiieeee e 123
9.5 Rationalizing the unprecedented stereochemistry of resolutions with aldoxime dehydratases via molecular

(a1 e (=111 o To PR PO TP PP PP 131
9.6 Chiral nitiile synthesis and formal double dynamic kinetic resSolution..............cccccvvcevriivneen.n. 138
9.7 In silico method to increase thermostability of eNzymes...........ccccooiieeeii e 168
9.8 Increasing the activity of OxdB by rational deSIigmn...........cccuvevieeiicce i 193
9.9 Pickering emulsion mediated biotransformation..............cccvviiieeei e 199

9.10 Combining Flow chemistry and Pickering emulsion with OxdB catalyzed octane nitrile sy2®esis

L 5 2 Y - 1Y o3P PRUR R 205
O IS o =T o o] £V T 1T LTSRS 208
S R = ] o 1o £ PP 209

11.1  OxdB aldoxime dehydratase fraBacillus sp.as pUC18 CoNStrucCt...............oooeveevvcceeee e, 209

11.2 OxdB aldoxime dehydratase fraBacillus sp.as pET28a CONSIIUCL.........cccevvvvvieieereeeeinnnnnnnns 211

11.3 OxdREaldoxime dehydratase froRhodococcserythropolisas pET28a construct................. 216

11.4  OxdA Plasmid aldoxime dehydratase fr@seudomonas chlororaphés pET28a construct....219
D < (= = g o= PP PROPPPPPPPNS 221



1 Aldoxime dehydratases: State of the art

Nitriles belong to a very fundament al class of mol eci
With a broad range of utilizatioeither as main product esbuilding block (e.g amines and acids) nitriles can be

found in low prize high volume segment as solvents, polymers, adhesive and surfactants or in high prize low
volume segment as pharmaceuti¢atsProminent examples for the bulk chemical sectors are acetonitrile and
adiponitrile, which are produced in million ton scale per {é&n.fine chemical sector nitriles are often found as
fragrancessuch as dodecanenitrile, or cumin nitffleBesides those examples, nitriles are also important in

complex méecules such as vildagliptin and saxagliptin, as they are both antidiabetic type 2 drugs with the sales

exceeding billion dollar per yeart!

high-price A Pharmaceuticals
HO

0
R—CEN .
N NH,
nitriles >),'Q---CEN N C©_< Bulk chemicals
saxagliotin cumin nitrile =N =N
glip _C C

1

acetonitrile  acrylonitrile

T

high-volume

Schemel: Selected examples of nitriles in chemical industry with classification inrvolwme highprice and highvolume
low-pricesegment

Over the decades various of methods have been developed to construct nitrile moieties. However, the established
routes for the synthesis of nitriles need harsh and environmental harmful conditions, eithemipigtature like

the ammoxidation or the use of highly toxic hydrogen cyanide or cyanide salts in substitution or addition
reactiond>® Besides, traditional routes awt provide a direct asymmetric nitrile synthesis. The optical pure
nitriles are produced either by chiral nitrile precursors or by subsequent enantioselective transformation of racemic
or prochiral nitrile. Thus, leading to a high demand in a sustainshlell as asymmetric nitrile synthesis, whereas

many efforts were made to develop new strategies in the last décade.

Traditional non-selective routes Novel enantioselective methods
substitution/addition chemocatalytic protonation
HCN H* Rec N/SiR
R R— e — — =C=
\\ X R-C=N
pH
& p— ~—N
R /
N\ NH3 O, H,0 R
ammoxidation biocatalytic dehydration

Scheme2: Selected examples of novel and established methods for the synthesis of nitriles.
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Among the variety of methods that have been reported, only a few covering the drawbacks of the established
methods in terms of sustainability or enantioselectiine example is thaldoxime dehydratase catalyzed
dehydration of aldoximes towards the corresponding nitrilexsch werediscovered bythe Asanogroupin the

late 9098 Through their studies of nitrilase and nitrile hydratesetaining organisms that metabolize nitriles to
amides or carboxylic acids, they were able to nthieefirst finding of this class of enzyméy predicting the

existent of a nitrile generating enzyme in same pattitvay

Aldoximes themselves occur naturally in plaats growth, development and defense metabolite, which are
producedrom amino acidsia Cytochrome P450QYP) proteinsi® Microorganism such aBacillus subtilisare

able to convert those aldoximés the corresponding nitrile. ey discovered the first aldoximes dehydratase
(OxdB) fromBacillus subtilisand showed thassociatiorof this enzyme class wiih the metabolismof nitriles

and characterized the enzymatic properties as well as the recomibipeegsiorof this proteint3l

Plant Microorganism
Aldoxime-
HO. 0 CYP79 H dehydratase Ny Nitrilase Q
e | N on| S on T A,
R™ONH, R™ N R
Nit"N /A(midase
hydratase 0
R)J\NHQ

Schemes: lllustratedAldoxime-nitrile pathway in nicroorganism as well as the formation of aldoximeplants.

Aldoximes dehydratase contain heme b as prosthetic group and require microaeralbic ggnditions to be
expressed as soluble and correctly folded prot&hgvith the discovery of the aldoxime dehydratase from
Rhodococcus sfOxdRE) theAsanogroupwere able to carystalize the enzyme with propanal oxime anthbal
oxime, providing three different crystal structures and clarifying the Micheetigplex of OxdRE™*1 The
comparison of the corystal and ligand free crystal provided two different conformations of the enzyme.
Proposing a conformational change induced by a bound substrate, lesadicigsed entrance site of the enzyme.

Ser

Figure 1: Schematic representation of the structural details of the aldoxime dehydratase active site. Hyalrdgamne
indicated as blacHottedlineswith distances in Angstrom between atomgicated inred. (A) OxdA, (B) OxdREsubstrate
complex.(This figure vasreprintedwith the permission of PNASI}S!



The Kobayashigroup later on provided a new cigs structure of the aldoxime dehydratase fiéseudomonas
chlororaphis (OxdA) showing the sequential and structural homology of both aldoxime dehydrdtage® (

1).1581 The catalytic center is relatively large and close to the protein surface with a smatieriftanactive site

itself consists of the heme group, which is coordinated by the H169 and the backbone of M179 and G170. Whereas
the iron itself is bound to the H299 (below the helieéBesides the heme, the enzyme class has sinoilar t
oxidoreductase a catalytic triad consistent of R178, H320 and S219. With the preliminary worksafrtogroup

providing mutagenic analy$i&!® and the cecrystal of OxdRE# in combination with the QM/MM study of the
catalytic activity of Oxds frontiang et al*® a mechanism for the enzymatic dehydratiSohemed) could be
proposed!® Aldoxime dehydratase contain a catalytic triad, consistent of an arginine (R178), histidine (H320)
and serine (S219). S219 coordinates the substrate and increases its basicity, H320 acts as acid/base catalyst and its
initial acidityis increasedh the interaction witiR178. In the initial statd  the heme is present in its ferrous state

(Fe™), allowing the migration of the substrate, which is then coordingtethe nitrogen at the ferrous center of

the heme and by hydrogen bonds at the hydroxy functionakityd320 and S219Ik). Step 2 describes the
Michaeliscomplex or enzymsubstrate complex.

Argqzg Hisgoo Args7s Hiszog

\ \
NH NH
| N N I
HN)\NH{ \-NH f—Serm HN)TJ_\‘,HE’ \»N‘H //Serz19
HO R RV ™y
* s OH ~ O-H
H N H N
Hiszgg Hiszgg
//N
v < -
. R Argi7s His3z0 ]}
Ar HIS320 \\
91\78 )Nl—l —
NH — © _H-N.
)\9 THN N Seran HN” °N-" \@/‘\’\i /—Serz1g
HN™ N w0 H R M o
A o "
H N
!
His
Hi5299 299
PON
H O H
— v —
Hiszzg His
Arg1\78 Al’g173 1S320
NH — NH _
© _H-N Ser. o -
HN N \7N\ f’ 219 HN)\N" H N\7N
. -0 Ser219
H N H /[
e R
© \H
N H&N)
HiSzgg Hiszgg

Schemed: Postulatednechanism of aldoxime dehydratase catalyzed dehydration of aldoximes towards the corresponding
nitrile.
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In the described mechanism, the reaction now proceeds wighdtomation of the H320 by R178creasing the
acidity ofH320. In the third stegl( ), theacidic H320 protonates thwgdroxy group of the aldoximevhich has
already an increased basicitye toits coordinationby theS219andthe electron donation dérrouscenter.The
protonation then leads to an electron rearrangement, whereby water is ésrlaading groupnd iron is oxidized

to F&3. In the following transition staté\{), a rearrangement of the substrate due to the electron transfer from the
ferric center to the nitrogen leatdslinear orientation and the oxidation of the iron t6*F&he Ci-carbon of the
substratén now spatial proximity to thed320 andS219, whereas thacidic GH is coordinated by H320 and

S219 Thereprotonation of R178 causes the H320 to become basic and depmtbheasebstrateM). This
electrorrearrangement then leads to the formation of the nitrile, which leaves thes#tetrel the enzyme returns

to its initial statel(). For the reactiomo proceed or the enzyme to be active the heme has to be in the ferrous state
(Fe'?), which is why the a microaerobic expression as well as the addition of reduction agents when using purified
enzyme is necessafy! If the heme is present in the ferric state*ffFand used for the reaction with an aldoxime

the oxygen of the hydroxyl grpus bound to the iron, leading to the inactivation of the enZd.

With the recent report of a novel aldoxime dehydratase Boatyrhizobium sp(OxdBr)?Y in total only eight
aldoxime dehydratases have been discovered yet. Excluding aldoxime dehydrata¥ei3®%e from
Rhodococcus spvhich could be stated homologue to OxdRE all know aldoximes dehydratase and their properties

are shown imable 1.

Table 1: Protein propeties akported aldoximes dehydratases (OX&f).
Properties OxdAPRP4  OxdBl31% OxdF@?® OxdREY?28 OxdRG?1 OxdKl8  OxdBr?!!

Molecular
weight (kDA) 76.4 42.0 34.1 80.0 80.0 85 77
native
Sequence 40.1 41,0 44.0 447 44.8 44.5 41
Subunits 2 1 1 2 2 2 2
Soretpeak (nm)
) 408 407 420 409 409 409 404
Ferric form
Ferrous form 428 432 431 428 428 428 427
Optimum pH 5.5 7 5.5 8.0 8.0 8.0 7.0
Optimum
45 30 25 30 30 20 40

temperature °C
Stability pH 6.0-8.0 6.58.0 458.0 6.09.5 6.09.5 5.56.5 7.08.0
Stability

temperature °C

<40 <45 <20 <40 <40 <30 <30

Origin: OxdA fromPseudomonas chlororaphi®xdB fromBacillus sp, OxdFG fromFusarium graminearurmOxdRE from
Rhodococcus erythropolisOxdRG from Rhodococcus globerulusOxdK from Pseudomonas spK-9, OxdBr from

Bradyrhizobium sp.

The general enzyme properties of the known aldoxime dehydrataseery similar They have an average
molecular weight of 40 kDa arate eithepresentas monomers or dimerBhe sorefpeaks also appear in the same

range for the ferric form at about 408 nm and the ferrous form at about 428 nm. In terms of activity, the optimum



reaction temperature ranges betweerl20C and theptimum pH ranges from 58.0. Aldoxime dehydratase

are in average stable at 30°C and a pH o870

For most of these enzymes, kinetic data were also collected and are summdrat#d &11n general, there is no

trend in Ky-values dthough they vary from about 1 mM up to 11 mM, they remain in the same order of magnitude.
With these data it could be shown very early that aldoxime dehydratase have a relatieelybiatgate spectrum,

since cyclic, aromatic, heterocyclic, chiral and aliphatic aldoximese successfully convertedhe exact
classification and applicability of aldoxime dehydratases in organic chemistry has been achieved in recent years
through coopeation between th&réger and Asanogroups Many milestones have been reached and aldoxime

dehydratases have been established as biocatalysts for a dyeeidiernative synthesis route.

Table 2: Km-valuesof Oxdsavailable in literature for a subest of susbtrates.

Aldoxime
dehydratase N
X, ..OH Z
RN R
H,0

Kwm-value/ mM

Substrag OxdB™3 | OxdA?Y | OxdRE?® | OxdK"® OxdFG?® OxdRG*
Z-phenylacetaldoxime 0.87 3.2 0.99 3.52 1.40
Z-3-phenylpropionaldoxime 1.36 4.08 0.97 2.76 2.31
E/Z-4-phenylbutyraldoxime 5.24 0.88 1.79
E/Z-2-phenylpropionaldoxime 10.0 4.07 3.71 11.9

Z-p-chlorophenylacetaldoxime| 1.24
Z-p-methoxyphenylacetaldoxim¢  3.08

E/Z-indoleacetaldoxime 2.40 1.46
Z-naphthoacetaldoxime 0.84
E/Z-acetaldoxime 11
E/Z-propionaldoxime 4.32 1.85 0.77 5.13
E/Z-n-butyraldoxime 111 0.25 4.34 2.16 2.87 1.73
E/Z-n-valeraldoxime 2.42 141 3.78 10.1 1.13
E/Z-isovaleraldoxime 3.58 6.66 1.33 2.66 3.97
E/Z-n-capronaldoxime 6.12 3.12 0.88 2.94
E/Z-isocapronaldoxime 2.98 6.76

E/Z-cyclohexanecarboxaldehyd

: 1.25 5.96 1.13
oxime

Fatty nitriles play an important role in industrial chemistry within the production tree of fine and bulk chéricals,

the biocatalytic synthesis has to be able to compete with traditional synthesis in terms of productivity. For the
synthesis of fatty nitriles OxdB happened to be the most suited variant, with high activity combined with the high
stability Hinzman et al’®! showed the applicability of this enzyme and reaching record numbers in terms of
substrate loading for enzyme catalyzed reactions. For the best presented example of OxdB catalyzed reaction a
substratdoading of 1.4kg-L™* with octanal oxime as substrate was reached, converting it into octanenitrile with
93% conversionTable 3). Its worthy to mention that those nber are enabled with the wild type of OxdB.
Comparing to other enzymes with a heme group such as then@YiBoxygenase superfamily, reactions usually

take place for optimized mutants in mM rafi§eOxdB reaches similar potential as the nitrile hydratase, one of

the most prominergxample of an industrially applied enzyme, that is used for the synthesis of acrylamide from

acrylonitrile®® The nitril hydratase reaches a space time yield of 0:L-kg* under industrially optimized



condition*! while the OxdB for the example of octane nitrile reached already under laboratory conditions a space
time yield of 0.06kg-L*-h* (Table 3).

Table 3: Preparative biotransfation of aliphatic aldoximes to miesusing OxdB as whole cell cataly&t.

OxdB in whole cells

WN/OH . WN
n aqueous reaction medium n
30°C, 24 h

Entry n= Susbtrate loading Conversion Yield
/g L1 1% 1%
1 1 288 >99 81
2 2 342 >99 84
3 2 428 93 n.d
4 3 665 >99 98
5 3 1430 93 n.d

Besides thenoncnitriles also dinitriles play an important role as example adiponitrile is being produced annually
in million ton scalé! the synthesis is carried out industriathostly by the addition reaction of cyanide with
butadienéd®3? Using aldoxime dehydratases, an alternative cyafiieke synthesis route was also demonstrated.
Adiponitrile was successfully prepared on a preparative scale@Qzi. Quantitative conversiowith a substrate
loading of50 gL*was achieve&®! With thosementioned examples of Oxwtalyzeddehydration of aldoximes,

this enzyme class showed high potential to be applied in industry in the future.

OxdB in whole cells

N A, -OH -~ Z
HO™ ~ N =

50 gL aqueous reaction medium, N
g Ar-atmosphere >99% conversion,
1 L reaction volume 30°C, 27 h 62% yield

N

Schemeb: Adiponitrile synthesis in watett 80°C using OxdB as whole catalyst on liter s¢le.

Besides performance of catalyst also the stability, recovery and product purity are key features when it comes to
economical and sustainable process. Immobilization techniquesaadly applied to overcome such hurdles.
There many different immobilization methods known, varying from covalent bound to a carrier, crosslinking of
protein aggregates (CLEAs) and encapsuling techniétiéhe methods also differ with formulation of the
biocatalyst as pure enzyme, crude extract or as whole cells. Proven and well known examples &e lipase
(Candida antarcticaand glucose isomerag€. oshima), with remaining residual activity of over 50% after 15

runs at high temperature exceeding@%*® The use of a heterogenous catalyst in a reaction also enables a simple
work up and recovery, increasing the economic benefits of a process. Therefore, immobiézandues were

also investigated for aldoxime dehydratase. So far two different yet similar approaches are reported so far namely
silica coated alginate beads and superabsBfF&mBoth methods belong to the class of encapsuléicmiques

From the perspective of using aldoxime dehydrases in water ephase systems and being able to reuse them,

the silicaalginate bead proved to be very suitabléVith the investigation of diffent formulation of the
biocatalyst they also show#tht the enzymes were better suited as immobilized witedleatalysts than purified



proteins, which otherwise had only minimal residual activity. OxdB, for example, could be reused four times as

an imnobilized wholecell catalysiFigure 2).

OxdB in whole cells

in Si-coated alginate beads, recyled 4 times N
WN/OH /\/\/\///
PPB+ 10% (v/v) ethanol,
24 h, 30 °C

Relative activity
o
(%3]
1

0 1 2 3 4

Recycling-round

Figure 2: Recycling study of OxdB immobilized in calcium alginate beads coated with TEche#85)36]

With regard to the abowaentioned monoand difatty aldoximes tkir overall solubility in water is very popr

therefore limiting the biotransformation in watéfo overcome this hurdle immobilization technique were
investigated to perform the biocatalytic reactionoirganic solvent. For that, superabsorhser encapsuling
technique enabling a solid water phase, was used to perform nitrile synthesis in pure organi€$dlent.
superabsorber method enabled than also to use the enzyme as solid phase in a flow set up. The reported packed
bed reaction alsperformed very well with high conversions (>95%) with a residence time of 30 mins for 100 mM
octanal oxime. The same system was later also applied for segmented flow set up highlighting how robust and

versatile aldoxime dehydratase can be (ikd.

In a total synthesis of a product, the optimization of one step does not necessarily lead to improvement of the entire
synthesis. Thus, in the case of nitrile synthesis with aldoxime dehydratases, access to aldoxime and precursors was
also an essential iss, as well as optimization of the entire cascade. Theréftaes et al*¥ showed that starting

from petrochemicals as a resource for the production of nitrile, the entire cascade can be accomplished in one pot.
In this way, the se of solvents for processing the intermediate steps can be avoided and the cost factor for
chemicals in the bulk industry can be reduced considerably. The major problem was the synthesis of the aldoxime
and the subsequent enzymatic dehydration. Sincemaingéxcess (1 mM) hydroxyl amine already leads to
inactivation of the enzyme. Bydecomposition of theesidualhydroxyl amine at 100C, the onepot synthesis

could be achieved? preparative scale reaction withottene as exemplified starting substarmeld be achieved

with over 90% conversion and an isolated yield of 67%.

As alternative to petrochemicals as starting material, the synthesis of the akigtiaytileg from alcohols, which

in turn can be obtained from renewable resources, was alsoiststdblThe known tempo oxidatitih was
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optimized for the substrate claggercoming the hurdle of over oxidation of alcohols to aéiiSubsequently
they succeeded demonstrating the cascade reaction from alcohol to nitril in sequential 4gpe reaetion,
reaching quantitative conversion and very good yields ffitriles ranging fromn-octanenitrile to n-
dodecanenitril&? In addition, the produced nitrile was at the same time used as a s®lvasy two different
routes for the preparation of nitrikgthoutthe necessity to isolate intermediatssyld be fully established.

Table 4: Chemoenzymatic cascades reactmmards aliphatic nitrilefrom two different feedstockpresenting an cyanide
free altenative synthesis

Petrochemicals Nor CO/H;  notisolated not isolated
n

T~ HoNOH OH] Oxd
0 |
. /[ W -H0 RM;VN -H,0 \%\\\N
" pipo
n

Entry n= Conversion to aldehyde Conversion to aldarme Conversion to nitrile  Yield
1% 1% 1% 1%
12 6 74 n.d 90 71
2v 3 99 99 92 60
3 5 99 99 95 71
4P 9 99 99 93 63

2 Conversion related to the hydroformylation pathway starting fraraténe®% ® Conversion related to the TEMPO oxidation

pathway starting from the alcohf! n.d = not determined.

In relation to the methodsgsenteddinitriles as well asbrancheditriles were also successfully presented and
indicatethe versatilityof this approachWith regard to the diversity of enzymatic nitrégnthesisthesynthesis

of an aromatic nitriles was also achievildmely 2furonitrile and pyronitrile were produced, concluding the first
reported benzylic aldoximes conversiéf?l In particular, 2furontrile is of industrial interest and is used in
pharmaceutical and fine chemicagjment. The synthesis off@ronitrile from furfural (biorenewable feedstock)
represents an altertiae cyanidefree synthesis route, since in comparison the industrial synthesis is carried out

via ammoxidation at over 40@ 44

H,NOH
— o_ J e
biomass _— \ / H,O
-Ha
NJ\OH OxdYH3-3
9) / . (@) =N
L) o W
10 mM >99% conversion

Scheme6: Biocatalytic synthesis of-furonitrile starting from furfural, which can be obtained from biont&#s$!

The conversion of 99% at a substrate concentration of 10 mM could be shown with the aldoxime dehydratase
OxdYH3. The low substrate concentration was due to the relatively low expression of the new restynvhioh

is why thepreparatiorof the aromatic nitriles could only be shown as proof of concept so far. Since this class of
nitriles is of great intere§or applications, there is stilligh demand for this research fieklcompletely different

property of aldoxime dehydratase atdhe same time the main advantage of biocatalytic reactions from classical
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chemical reactions in generas the selectivity. Oxds are also enantioselective catalysts capable of producing

enantiomerically pure nitriles. However, the selectivity of aldexdehydratase is a very special novelty.

E-rac
A
- N .
/\7N\ *&N\ :
Ph OH Ph OH OxdB Ph/\\\N E/Z-ratio Temp conv. ee.
E-(S)-aldoxime  E-(R)-aldoxime S)-nitril 4:1 30°C 99% 0%
E/Z-mix o —— (S)nind 4:1 8°C 60% 65%
: 9 oH -H20 99:1 8°C  50% 98%
Ph/vN Ph _N Ph . 1:11 8°C 15% 67%

SN

Z-(S)-aldoxime  Z-(R)-aldoxime (R)-nitril

Z-rac

Scheme7: Whole cell biotransformationf@xdB catalyzed dehydration ofgghenylpropanal oxime (PPOX) in different
E/Z-mixturesl46]

The first reported enantioselektive dehydration of aldoxime waddigner et al*®! showinghigh enantiomeric
excess 98%secould be reached when using low reaction temperatures an&M&gatio (99/1). Revealing that
the enantioselectivity of the Oxd catalyzed dehydration is dependent Bfthagio of the aldoxime and stating

that low temperatures would decrease the isomerization rate.

R1 )R1
RZ/L‘“]//N ~OH Ry “Cx
. \ Aldoxime N
R4 NH,0OH-HCI R4 dehydratase (S)-nitrile
o Na,CO3 N E/Z-separation E-(rac)-aldoxime  in whole cells
RZ — R; ZT0H ————— — > andlor
H - H,O H R; OH H20
(E/Z)-rac L . _N R4
Ry R e
H 2 N
Z-(rac)-aldoxime (R)-nitrile

Substrate scope

Aryl-aliphatic substrates

N..
/NV.OH =~ "OH S « O /N"'OH
o o {
R 0

Cyclic aliphatic substrates acyclic aliphatic substrates
\N on X-OH MN
N..
)\/\{V OH

Scheme8: Substrate scope of the synthesis of chiral nitriles fistndifferentaldoxime dehydrataség]

With intensive investigation froBetke et al*”! a broad substte scope with 5 different aldoxime dehydratase as
well as a detailed characterizationtbé enantioselectivity waachieved proposing a general concept. All five
aldoxime dehydrataSdollow the same principle when chiral aldoxisn@reused for the reaicn. When starting

with an E-isomer, preferable the-Strile is formed and vice versa with t@eisomer. Rirticular substrates with
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their stereogenic center thposition as well as a strong steric differentiation of the substituents at the chiral center
showed high enantioselectivity in the reaction course, yielding the corresponding nitriles with up ¢e©9%

This phenomenon was later tailored and rep&fleas part of this work in chaptér This unique phenomenon
brings the advantage in applied organic synthesis to be able to obtain opposite enantiomers with the same starting
aldehyde in optical pure form. The use of this method for industrially relevant product is rather low, since low
substrate loadings as well astbreparation of the substrate with multiple workup stages, as well as the
isomerization are difficult to deal witin addition,kinetic resolutions (KR) in general are relegant routes, with

their naturally limitation of 50% yiel#® The limitation of a KR can usually be addressed with a dynamic kinetic
resolution, in which aecond reaction is used to racemize the residual enanffditféin relation b the aldoxime
dehydratase catalyzed reaction, however, a DKR would only solve this problem to a limited extent. Since the limit
of this KR is not 50% but 25% if one assumeg&ahproportion of 1/1Which is why the reaction is so extremely
unattractivefor the preparation of productlevant nitriles.To realize an attractive and elegant way fiie
preparation of chiral nitriles starting from aldoximes and u€inds a formal double dynamic resolution (DDKR)

has to be developethd opens up an excitj and novel approaghwhichwas also part of this work and will be

discussed in chapter 4.

2 Protein engineering with computational tools State of the art

2.1 Overview computational tools guided protein engineering

In the last decade, enzymes have fogredt value in industrial and pharmaceutical syntiesihe development

has been made possible by unprecedented advances in protein engineeriag thatlify naturally occurring
enzymes in terms of substrate spectrum, specificity and sele@tVity addition, ways have been developed to
maintain the activity of the enzymes at elevated temperatures or under the infitienganic solvent§® The
possibilities go so far that we have already reached the end tfitl waveof biocatalysid®” One of the most
important milestones reached was the development of directed evéititfbEnabled by high throughput assays,
directed evolution can be performed to reach the desired properties of an enzyseseitBut, depending on the
targeted property and the fact that not all enzymes can be assayed in high throughput manner, the demand for

computational analysigs alternativés very high®%

[

I
S i fford Directed luti
Clr_?t?rrzalrygs?z ;r [ irected evolu |on] I:l d

IT
:\ [ ) l"
g k Rational design

-

Computational time / t

Figure 3: General @erview about the screening afford versus the computational time of protein engineering approaches.
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Thecomputationatools forproteinengineering are very diversangingfrom combinatoridf!! to fully rationaf®?
with widely varying approache3he combinatorial methods are based on the random mutagenesis principle with

the premise that the mutation space is reduced mnadtiesignto have a feasible approal€h?s-64

While rational design does not técg extensive screening, the enzyme must be fully understood at the molecular
level (structureactivity-relationship SAR). There are different types and approaches for rational design, whereas
the application depends on the targeted enzyme prof3rbgrate specificity and enantioselectivity are often
governed by steric factors of the active site, which is why docking simulationsiv@lation and QM/MM
methods are suited for targeting those propeffigs addition, docking simulations provide general information
about the activeiteand binding possibilities for the ligaffdl Even thougtthe number of available protein crystal
structures increased in the last yearmst of them are without direct information about substrate binding.
Conventionally, those i nf ocowergstals atmebdwsth tlersubstrgteor dn éhikital, by p
but the generation of corystalsare enormously tediousnd often without successThe general success and
convenience of docking simulatigrhas great importance especially in medicinal chemisfigual screening
method help in hit identification and in later stages also in lead optimizationgithusing drug developmerit”)

2.2 Molecular modeling methods to improves substrate specificity and selectivity

For most cases the modifiga of the substate specificity and selectivity of an enzyme is the simplest property to

target with docking simulatio®®! This applies specially when reaction mechanism and binding pose of ligands

due to cecrystals & already available. For that, the essential step is the correct preparation of the active site in
order to reimage the transition state of the reaction. With correctly defined geometries, such as binding angles and
distances, a differentiation even betweenantiomers of one ligand is possi#felherefore, this method is highly
dependent on the informationds availabl e. I n most ca

binding pose.

This can be exemplified with the work Ghislieri et al®® whereas basic docking experiments led to a hypothesis
driven mutagenesis of tineonoamine oxidase frodspergillus nige (MOA-N). The enzyme was priously used

to deracemize simple chiral amine with only one large moiety at the chiral ¢8rfae modfication led to an
active site with much higher volume, leading to an enlarged substrate scope of thBl MQ#ant Eigure 4).

The new developed mutant of MG\ wasable to selectively oxidize5[-4-chlorobenzhydrylamintowards the
ketone.
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Figure 4: Modeled structure of the MOA and mutants with increased volume of the active site leading to improvement of
substrate acceptance froB)-phenylethylamine as ligand towardighlorobenzhydrylamingThis figure wageprintedwith
the permission of ACSIE®]

When docking is combined with saturated mutagenesis the binding poses are not required to be accurate to have
sufficient improvement, especially when the active site or the substrate is large and multiple conformations are
possible. The visualization leattshypothesis guided complete or partial randomization of the identified hotspots,
which represents a simple yet highly successful approach wilkepeninghe understanding of the enzyme. For

this purpose iterative saturated mutagenesis (ISM) becameadly applied todl'll Besides the application in
biocatalysis docking is a key tool in mediaddemistry, whereas its used to screen large ligandeceptor

libraries in the field of drug discovery and developmEntthermore, moleculanodelng can also be applied to

find certain features in naturBtarting from docking simulation the active site bamationalized ad the proposed

or predicted changes in the essential amino acids can be screened in large sequiffit@rbstsacture based

libraries.

But docking simulations have their limitations, whittoagly dependent on the reaction and investigated property.
Since t is well known that enzymes are not static catalgststhatheir performances more mechanical driven
concerted dynamic interaction of all amino agdi@lsreactions proceeding in multiple dynaniiansitions states

or when the selectivity is depending on the migration of the ligand (tunnel), docking simulation alone cannot be
applied toarational improvement. Therefore, enzyme activity as well as stability are also properties,sufzilti

cannad be addressedtctivelyby docking simulations.

To address such properties as well as to include the dynamic nature of enzymes molecular dynamic (MD)
simulations were inventd@! One of the biggest pioneers in this fielddsB. Janssenhis groupdeveloped a
molecular dynamic simulation tagdict the enantioselectivity of an enzymatic reaction. Determining transitions
states or binding motifs as near attack conformations (NAC) with docking simulation. In a subsequent MD
simulation, the examined amount of time or the population rate ofgénediin this NAC were correlated with the
enantioselectivity’>’® Whereas the enantioselectivity would be then calculatedERitfi“*= [NAC]”/[NAC]P.

P rders to the preferred enantiomer aBdto the disfavored enantiomer.The method was designed with
dehalogenase as examplégure 5). The reason for thatvas, that for fourdifferent dehalogenaseX-ray
structures were available as well asperimental data ofl5 substrates, which provided conversiand

enantioselectities ranging from Evalues of 3200, thus providing the perfect basis forsilico development.
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Figure 5 shows the NAC determined via docking and slubsequently uselID-simulationto predict the

enantioselectivity

Br H.O Br OH
R 2 ‘R, * S R + HBr
Ri 2 — > R1/\/ 2 R1/\/ 2
dehalogenase
Trpio7 Yes A
o} ~ Q
A’Spms\(é' N 2
y D
‘ ]
% No

o} s
Tﬁiﬁh‘bf
Clg

Substrate d:\,>0 o
2 B
'1 160 -
N~

- o \’WW\[\M/\M/\/‘WJW’\/\

o 120 -

angle 0, (°

100 -+

time (ps)

Figure 5: Schematic illustration of th@ehalogenaseatalyzed reaction. Geometries that were clarified to result in a near
attack conformation (left). MBimulationto determine the time spend in NAC (righ{fjhis figure wageprintedwith the
permission of ACS)7®!
Importantkey playersthat need tdbe mentioned when it comes modern protein engineering eéBernscheuer
& Hohne Besides their utilization of automated HTS methods laoishformatic tools they also showed many
examplesof molecularmodelng guided protein engineerif@.’® In one example they use M&mulation for
substrate specificity and activitynodification of thetransaminase frorf©hromobacterium ciolaceunenabling
the conversion of bulky ketoseand increasing the activity by 2061d.["® Tailoring that the specificity is
dependent on the tunnel leading to the active site of the enTixa&1D-simulationguidedtrajectoryof the ligand
through the tunnel, led to rationalizirigey amino acids and modifyy them to improve thdiocatalytic
transamination. Ifrigure 6 the modified positionsf thetransaminase (F88L, C418L) as well as the bound PMP

at the end of the tunnel are shown.

Figure 6: lllustration of designed otant identified via MDsimulation.(This figure wageprintedwith the permission of
ACS)[7]
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MD-simulations are well suited toinvestigatecomplex eizymatic reactionsand interactions The costly
computational times are gradually becoming a matter of the pastegisind tothe rapid development of chip
technology®® This isalso the case for quantum mechan{€¥) methods. While MD simulations are suitable
for, as the name suggests, dynamic interactiomsnovements in general, QM methods are mainly used for the
determination of transition states. Thus, QM methods carsée to gain a better understanding of the reaction

steps and to formulate reaction mechanistthiéme9).
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Scheme9: Schematic illustration of the NCS catalyZedtet Spenglereaction Exemplified transition states as result of the
QM-calculation as well as the energy profile leadinth®formation of §)- and R)- products are shown indxtk and redas
illustrative example(This figure waseprintedwith the permission of ACSIE!
Norcolaurine synthas@NCS) is able to conert dopamine and-Bydroxypehnylacetalehyd to norcolaurine,
howeverit was unclear how the reaction would proceed, which were the selectivity determining steps, which
substrate would migrate firahd how would the transition states look like clarify these questi@aQM methods
were applied to determine energy profiles for each pathwayo#ride formedenantiomer. The extensive
calculation led to the explanation and tailoring of the mechanism behind the NCS catalyzed rdzistexxample
clealy shows the strengths of QM methodsit with the drawback that QM methods alone are not suited for the
application of a broad substrate classification, due to the long calculatiom&iwmging onlya specific subset of
molecules However they delivercrucial mechanical inside especially when nothing alseut the enzymes
known 8l For an instance the characterization of the NCS ersaiictivity with docking or MD simulation would
not have been possible for the exemplified reactionoofatlaurinesynthase The revealed mechanism behind

the NCS, provides the basis for subsequent work on subspetdicity and selectivity.
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2.3 Molecular modeling methods to improve stability and activity

MD simulations are also used to identify dynamic, flexible regions of a protein. Changes in these regions can affect
protein stability and activity, because catalysis requires certain flexibilityticht residues or parts of the protein.

The improvement of the stability is a crucial point when it comes to biocatalysis, but besides the usage in organic
chemistry increasing the stability of an enzyme is always beneficial, since it promotes thabitityl¥??! At the

same time, computdrased enhancement aékility (thermostability, solvent tolerance) is the most difficattk

in terms of rational desigisince stability, unlike selectivity or specificity, does not depend on a few amino acids

in a particular scaffoldratherthe scaffold itselfletermines the stabilityVhile our current understanding is not
sufficient to represent an excellent tool for stability calculatiabhshe same timemany different approaches to
predict and improve thermostabilitye availableOn the bioinformatic Mgel, it is possible to compare the target
protein with thermophilic proteins either using romoloy model or sequence basedmparisor®®! Other
structurebased methods refer to flexibyli(B-fit), hydrophobic interaction in the protein core, disulfide bonds

(FRESCO) or folding energies (Foldj:24 The most successful way to enhance protein stability is to use small,
but smart librarie§®

100 —
80 4
60

40

Residual Activity / %

—a—Wild Type
—o—Variant X
—¥— Variant X|

201

40 50 60 70 80 90 100
TI°C

Arg33/Asp34/Lys35

Figure 7: Thedefined mutatiorsites in Lip A that were chosen for saturation mutagen&sermostability of the purified

Lip A and mutants X and Xisplayed as residual acti\\;i(t:yH():Tsr;/]e‘ﬁhis figure was reprinted with the permission of Wiley
The libraries development can be achieved by using the naropdrtes as an exploitation principle achieve
a certain accuracy rather than just randomly screening. For an inRegtezeet af% showed by using the-Bactor
as argument of the flexibility of a protein regions as criteria to define hot spots, which then were used to generate
libraries. Those libraries werscreened to identify improvement in thermostability. Lead mutants were then
combined in a ISM to achieve final variants (X, XI) with highly improved thermostability frofC5@t 50%
residual activity) to 98C (Figure 7).18%
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Figure 8: De novo design o&n enzyme exemplified with Kemp eliminag€his figure wageprintedwith the permission of
Wiley-VCH).[62]

Besides that, there are already a few examples exceeding the staetierdsrand examples and already emerging

the fourth wave of biocatalysi¥! Pioneer groups in the field of computational biochemistry achieved examples

of de novoenzyme design. Starting from Qb&lculations to define correct amino acids agdrid geometries for

a defined and stable transition state of the target reaction. The obtained results lead to an theoretical active site of

an enzyme, the theozyri¥8. This theozyme is then placed in protein scaffolds using RosettaMatch, the best

starting points are then further optimized with RosettaDesign to achieve the correct amino acids in the predefined

theozyme. After furthein silico evaluations a f& examples 14100 variants are tested in wet experiments. With

this method a few de novo designed enzyme were achi®etb aldolas#” Kemp eliminad®288l Diels-

alderasé®!

In this work, some of these presented methods and approaches are adopledto use them for the enzyme

class of aldoxime dehydratasgproaching rationally the selectiyictivity and stability.
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3 Rationalizing the unprecedented stereochemistry of resolutions with

aldoxime dehydratases via moleculamodeling

3.1 Motivation

Designing stereochemical processes is of utmost importaniteefecess to chiral building blocks needed for the

production of ine chemicals and pharmaceutid@i$€®°1While over the last decades numerous examples with

chiral chemocatalysts as well as enzymes, both representing fascinating chiral catalysts, exist, at the same time

Abdefinitiono

t her e

i s one

gener al

5799 9¥wWhenastarting flomf o r

one (enantio)selective catalyst and a specific substrate, only one enantiomeric form of the jtdmucbtained.

This is true for any type of asymmetric catalysis starting from prochiral substrates as well as for resolutions starting

from racemic substratég:°®°1 |n other words, when having only one etiamerically pure form of a chiral

catalyst in hand, only one enantiomeric form of the product will be accessible in the corresponding transformation.

Very recently, however, a unique enzymatic transformation which gave access to both enantiomerit dorms o

chiral nitrile although starting from theameracemic aldehyde and utilizing tlsameenzymewere identified*

This unprecedented stereochemical phenomenon turned out to have its origin in the formation oEreaethic

Z-aldoximes as intermediates by simple condensation of the aldehyde as starting material and hydroxylamine.

R4
N
Rz/L%(/ “OH
H
(E/Z)-rac

Scheme 1. Enantioselective dehydration of aldoximes towards the corresponding nitrile.
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dehydrated to the chiral nitrile. It is noteworthy that the enantiopreference of this enzymatic resolution then

surprisingly does not depend on the absolute configuratittirecdtereogenic center at the aldoxime, but oicthe

or Z-conformation of the aldoxime.
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In detail, in the presence of the same enzyme, usin§-taeemate as substrate then furnished 8wifrile,

whereas theR)-nitrile was formed when starting from tiZeracemate $chemel10).4”] Thus, when segrating

thesekE- andZ-aldoximes, both racemates undergo dehydration with formation of the opposite enantiomers of the
nitrile productswhereas using the neseparated racem/Z-mixtures would lead to more or less racemic nitrile
products. The catalyskeing capable of this unique transformation are members of the enzyme class of aldoxime
dehydratase (EC: 4.99.15)2392 Although they have been known for over three decades, ®ulifferent
enzymeshave been published with only a little known about their nature. Thesechataing enzymes convert
aldoximes to the corresponding nitriles by release of water without aitjoadl cofactor and contain a catalytic

triad consisting of an arginine, histidine and serine or threonine. The substrate scope turned out to be very
broadl[!3:16:18.22.23.28.39,46.47.92.98nd among the resulting aliphatic and chiral nitriles are various important products

for the chemical industry.

To gain insight into this exciting and very unusual stereochemical behavior of this class of aldoxime dehydratases,
molecularmodelng studies were performed, includingsilico mutations and docking studies. In order to prove
suchdata on rationalizing the selectivity of an aldoxime dehydratheeomputational studiesere combined

with laboratory experiments by preparing and characterizing the theoretically calculated enzyme mutants. Based
on a general postulated mechanismaieraldoxime dehydratase biomura et al*®l the focusof this work was
rationalizing this unusuawitch in enzyme selectivity by means of docking experimekdgsa softwareMOE
(Molecular Operating Environmefitj was used to investigapeoteinligandstructuresThe software has already
proven to be highly successful for ange of application$>°¢-%71 With the combination of wet experiments
including a variety of mutants and substratesapproach tanderstand this unique and unprecedented behavior
regarding the enantioselectivity of these enzymas developed-urthermore, the method shouldsfibe able to
correctly predict the enantioselectivity of the reactmthen be able to predict mutants with increased or decreased
enantioselectivity. By achieving a model with high accuracy in the enantioselectivity prediction, gaining a rational
insight into stereochemical properties of such enzyme should be po3sibleonducted computational as well as
experimentalwork, which will be discussed in the next few chapters was successfully repoAedewandte
Chemig?8!
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3.2 Biocatalytic dehydration of chiral nitriles

To characterize the stereoselectivity of the aldoxime dehydrataseRftonococcusp. N771 (OXdREWT)R2S]

for a model substrate as a basis for the mdédecomodeling studies, at firggrtho-, meta and para-fluoro-
substituted phenylpropanal oximead-2FPPOX rac-3FPPOX rac-4FPPOX) were synthesized and purified as
racemicE- andZ-isomers according to previously developed protoé6f§ The isolated racemig- andZ-isomers

were subsequently used in biotransformations wEthcoli BL21-STAR whole cells containing OxdRE in
recombinant form {able 5). The reactions with this wiltype enzyme proceed as expectsd previously
described*”! thus furnishing th (S)-nitrile when starting from thE- isomer whereas utilizing thi&isomer led to

the ®)-nitrile. The determined&alues and the corresponding calculated energy values of these biotransformation
experiments are given ifable 5.

Table 5: Biotransformations of various fluomsubstituted pheny2-propanal oximes a&- or Z-isomers with OxdRBNT

E-rac-mix
R4
@J ~OH @JY ~OH OxdRE variants (0.3 U)| Rz C\\N
FPPOX 10 mM, 20°C,
pH 7 PPB 50mM (S)-nitrile
E)-aldoxime E)-aldoxime
and/or
-H,0
R4
d dw "o
A <N
Z)-aldoxime 7)-aldoxime (R)-nitrile
Z-rac-mix
# Name OxdREWT
FPPOX Con./ ee/ E- xe®B/
% % Value kcal-mol?
1 dv 45 96O 112 2.6
2 ©\)VONH 50 65 R 9 1.2
F
2F-Z
3 @)V 48 96 (9 146 2.7
“OH
F 3FE
4 @)v 52 64R) 9 1.2
F 3Fz
5 J@)VN 34 93 (9 44 2.1
F
4F-E
6 Q)V 32 54 R) 4 0.7
F
4F-Z

19



3.3 Development of a docking procedure

This aldoxime dehydratase froRhodococcus sp.-R71 (OxdREWT)®8 has been chosen ftinis study since

crystal stuctures are available for this enzyme (PDB 3al5, 3al16, 841which served as adeal starting point

for the moleculamodelng of the transition states when converting the varleuendZ-isomers. In detail, three

different crystal structures are available, including two structures beiaystallized with norchiral substrates.

Furt hermore, crystal structures of two different conf
closedd conformatiaenysfiahcsewehe awnwhiyl &buedcon fAcl ose:
performed using the closed confation of OXdRE as this conformation appeared to be the one being relevant for

the catalytic cycle. In order to find out which step in the reaction determines the selectivity, normally all
intermediate states must be calculated. Ahisicase the enantiekectivity of the enzyme depends on eor

Z-isomer of the substrate and due to the fact thaBHigformation only can play a role in the initial step of the

catalytic mechanisms during the binding phase of the ligand, the binding enettiedigdnds to rationalize the
stereoselectivity of this enzyme clasere calculatedThe MM force field calculation was performed using data
generated from preliminary experimétisand from this work. To find the correct protdigand-structures (pose)

the cacrystal**! with n-propanal oxime as ligand as a basistfis studywas usedBased on the distances and

angles of the cerystal and the mechani§hfor the dehydration, cut offalues for a correct poseere calculated

(Figure 9a).

Figure 9. (a) Evaluating the docking results with redocking of propanal oxime; (b) pharmacophore generated with propanal
oxime.
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With the redocking of th@-propanaloxime the docking modelas well as thealculationwere evaluated and
proven to be correcftTo further refine, simplify and automatee dockingsimulationpharmacophores to obtain
the correct pose dheligands Figure 9b) were generatedhe pharmacophore can be used to define the binding
motif such as the position of the functional group and its orientation. For example, a good pose is not just be
described by the presence of the ligand inside the pdukiehby the orietation of the aldoxime ligand, in which
the aldoxime function shows a specific position with specified anglesGler ~115°), dihedrals (§-O-O,
~85°) and distances (f¢, ~2.5 A; OSer, ~2.8 A; GHis, 2.7 A) towards the heme group and the catalyitid tr
Only when these prerequisites are fulfilled, the subsequent dehydration step can proceed. With these defined
parameters in hand, a pharmacophore query was created which then allowed to find ligand poses with this specified
binding motif. Even though etalloenzymes are not well parameteri¥&a combination of MMF94 force field
with the scoring functions London dG and Affinity dG proved to be suited fopthisose The protein model
was prepared using the preparation kit given by MOE.

&, =

— ‘\A21?/
Hi$\1 D

(Mot

2/

(HEM)
\ 83541/

15 Leu
@1 8

Figure 10: Ligand interaction pattern witlR(Z2)-3FPPOX as an example bouindhe active site of OXdRERV/T.

As a representative example, the-f§ure in Figure 10 shows the interaction pattern of the enantod
diastereomerically pure ligan&Z)-3FPPOX with the active site of the enzyme OxelRE. The ligand shows a
hydrogen donation to the Ser219daheH320donates a hydrogen towards the oxygen of the ligand, while the
nitrogen is coordinated by the'Fmetal center of the heme. The phenyl group of the ligand interacts with the

porphyrin ringvia A-A-stacking and the aldoxime function for each isomer is always in the same position.
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Table6:Compari son of docking experfi,héann
fluorophenyi2-propanal oximes FPPOX and the experimental bisfamation of
OxdREWT with the various aldoximes.

) &G |/ xexeG |/ ) )
# Aldoxime Predction  Experiment
kcal-mof?* kcal-mof?!

1 2FER -7.20
187 ® C)

2 2FES -9.17

3 2FZR -6.24 (R R
1.64

4 2F-ZS -4.60

5 3FER -7.68
198 ® (S

6 3FES -9.66

7 3FZR -6.28 (R (R
151

8 3FZS -4.77

9 4F-ER -7.07
265 ® (S

10 4F-ES -9.72

11 AFZR -5.88 (R R
0.92

12 A4F-ZS -4.96

pGBi nding energy from docked | igand,

two enantiomers of one isomer. Lower binding energy of one enantiomer corres
to the formed enantiomer.

It is noteworthy that by means of thisodelng tool, it wasnot onlypossibleto predict the enantiopreference, but

also to determine quantitatively the enantioselectivity of any aldoxime substrate of thisTstoidyg). In detail,

thecal cul ated difference ( eaeG)weredsedsd pregictthé epnantiogrefdoence di ng
and enantioselectivity. For example, the binding energ$ &)-GF of-9.66kcal-maltis lower than the binding

energy of the opposite enantiom&H)-3F with -7.68 kcal-mol* (Table 6, entry 7&8). Notably, the resulting
calcul at ed ener gy98ktdlmof!eorrespornds very welpGith the dxperimental value of the
enantioselectivity and the preferred formatiof the Senantiomer. The high accuracy is underlined when
compar i ng-valtues gromatbeGdocking experimentJable 6) with those obtained from the
biotransformatia experimentsTable 5) demonstrating a perfect agreement of the predicted eraneferences

and a good agr ee me nvaluesBy lobkimgdeaper isntnhe findl @oses dheprotaiadiGand
structures and docked ligandsmilarities between each substrate and its confornkégsireé 11) were revealed

The methyl group is exposed to M29, L145 and the H320. The general pose of the docked ligand does not vary
from the position or the type of halogenation of the phenyl ringreftuee, the halogenation has no direct effect

upon the selectivity, however, it has a certain influence on the acceptance of a ligand. The enantiomeric excess

can differ because the binding energies vary with the type and position of substituent omyhenmhe
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Figure 11. Proteinligand-structure (pose) of-BPPOX conformers in the active center of OXeWRE. (a) 3(E,R); (b)
3-(E9); (c) 3(Z); (d) 3(ZR).

Therefore, the halogenation has no dieftect upon the selectivity, however, it has a certain influence on the
acceptance of a ligand. The enantiomeric excess can differ because the binding energies vary with the type and
position of substituent on the phenyl ring. The methyl group is thegpolyp which differs between the compared
conformers in space and alignment. Based on that information, that the main reason for the selectivity with respect
to an isomethe arrangement of the methyl gromnpsclaimed The methyl group is always positioriach cavity
which isformed by the amino acids M29, L145, A147 and H320, but for each conformer in a specific arrangement
(Figure 11). In general, all PPOxerivativedollow a certain alignment. The methyl group of the PPOX derivates
is always in the cavity. However, while the methyl group of the ligands EyiRh and Z,S-conformations (not
preferred) are closer to the H320 and L145, the methyl group of the ligandE8itland Z,R-conformation
(preferred) are more in the middle of the pocket directing towards the chigiyr¢ 11). The available data
suggests that the position and orientation of the methyl group in relation to the cavity determines the selectivity
(Figure 11a). The necessary alignment is only possible forBheomer inS configuration and for th&-isomer
only inR configuration. Due to the scoring function, however, it is not possible to determine the single contribution
of each Va-derWaals(VdW)-interaction. Thus, a direct determination of the energy contribution of the methyl
group was not possible. Another contribution leading to the observed selectivity could be related to the aldoxime
function. Due to their small variationinh e al i gnment, t he al doxi me moi ety co
with that the selectivityBecause of the perfectly designed modé ftossible to determine single atom energy
contributiondue to the ligand interaction pattahiustrated in(Figure 10). Using the energgontribution,it has
been successfully demonstrated that no correlation between energy contribution, selectivity and conformation
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exists.Meaning the aldoxime functionaliggoes not correlate with the selectivitf/for an instance the aldoxime
functionality would have an impact upon thelectivity, then, when comparing @ values(op @non= GE Svor-
gqERwon) for a pair of ligands, aign reversatould be observed leading to alernating graph when plotted
against the selected ligand paBsit Figure 12 shows randomlylistributionof theenergydifferencesTherefore,

it wasconcluded that the arrangement of the aldoxime function is essential for the reaction, but insignificant for

the differentiation between the enantiomeric pairs of an isomer

B sum-energies

Sum energy difference [kcal/mol]

-4 T T T T T T T T
2FE 2FZ 3FE 3FZ 4FE 4FZ 2BrE 2BrZ 3BrE 3BrZ 4BrE 4BrZ 2CIE 2CIZ 3CIE 3CIZ 4CIE 4CIZ

PPOX

Figure 12: Energycontribution of the aldoxime function in dependency of the enantiomer formed

3.4 Modeling guided site directed mutagenesis of OxdRE

To provethe hypothesisaboutthe methyl grougpeingthe main cause for the selectivity and in order to validate
themodelng study furtherthe calculation as well @&xperimentallyevaluation of/arious mutants with (i) a more
enlarged or alternatively (ii) a tighter cavity in the active sits initiaed Accordingly, these mutants then should

lead to a decreased (in case of (i)) or increased (in case of (ii)) differentiation of the substrate enantiomers, and
thus to a decrease of increase of the enantioselectivity. To start with the design of nithtaamewarged active

site (case (i))in silico studies showed that mutants with such an increased size of the cavity goes in hand with a
significant dwuag ease of the @e&a&G
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Figure 13. 3-(R,2)-FPPOX bound inthe catalytic center of OXdR®/T (a), in L1453~ (b) and 3M (c). The methyl group is in
the cavity, which is formed by the amino acids M2#45, A147 andH320. The figure shows the docked position of the
ligand 3(R2)-FPPOX in three different OxdRE varianThe L14% has a smaller cavity the triple point mutant 3M @12
L145A, A147G) has an increased cavity size

Consequently, such mutants then should lead to a lower selectivity. As described above, the cavity is formed by
four amino acids. With A147 beinglready very small an#129 beinghighly flexible, L145 was the most

promising mutation site, due to the highest steric contribution to the cavity. Mutating the ptag2Gab glycine

or alanine also would increase the size of the cavity tremendousbg patt of the catalytic triad it is not possible

to mutate the proximal H320 without creating a loss of function mif&hHowever, the single point mutations

of each position did not | evalukexceptfoathe320qwatidniinsibco).t decr e
Therefore, double and triple point mutations, whereas the tigjhe imutation showed a more significant decrease

i n t haluesmesddesignedBased on thi silico analysesthemost promising mutant would have been the

triple glycine mutant M29G/L145G/A147G (OxdRES). However, in the wet experiments this mutaas found

to beunstableand the expressed protein could only be obsexgédsoluble protei(Figure 14).
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Figure 14: SDSPAGE of OxdREWT (WT), OxdREL145F (L145F), OxdREM28/L145A/A147G(3M) and OxdRE

M29G/L145G/A1473G). C indicats crude extract while L indicasdysate. The SDBAGE show the over expression of
the Oxds in general by the means of lysate solution with the comparison to the crude extract.

As alternative the M2L145A/A147G (OxdRE3M) mutant Figure 13c) was generated-or thenext stepthe
focus was to generatmmplementary mutation stratedgp, createa variantwith a decreased size of the cavity
(case (ii)), thus making the active sitwore rigid. Accordingly, for the resulting biotransformation then an
increased enantioselectivity can be expected. In order to decrease the size of the cavity, the position L145 turned
out as the only option for a suitable mutation. In contrast, the aatids M29 and A147 are not suitable for
rationally decreasing the size of the cavity. The A147 mutations were all in the wrong orientation and not exposed
to the active site. M29 was already one of the longest amino acids, which could reach the caviyl#othe
most promisingn silico mutation was found to be L1EFFigure 13b). Other amino acids were also tesbed
silico, but they were either too small, too lamechanged the environment of the catalytic triad too much. The
goal of this study (decreased cavity) was to gain an aldoxime dehydratase, which can convert only one enantiomer
of four possible conformer&£g ER ZSandZR). Thein silico site directedmutation and the performed docking
predictedthat the L14% mutant would be a promising candidate for a more enantioselective conversion of PPOX
derivatives Figure 13b). With these two optimized mutants in hand (addressing case (i) and (ii)), a detailed
theoretical as well as experimental study was condy€tigdre 15). For a better comparison of the theoretical
data with the experimental ones from the biotransformation, thelues from the determined energy values
( eea)ye calculatedAs expected, the enantioselectivityBlue) is much higher for tHel45F mutant, while
for the 3M mutant the enantioselectivity is much smaller, which agrees théhproposedypothesis. For
example, for the two enantiomers of theeEFPOX substrate a much higher enantioselectivity was determined in
the docking experiment fahe OxdREL145F mutant compared to the wild type and the mutant OxG@RIE In
detail, the optimized mutant OxdRE.45 shows an Evalue of over 200 whereas OxdR¥T and OxdRE3M
show much lower selectivities with\E&lues of 28 and 2ZF{gure 15a). The docking data further predicts that in
general the enantioselectivity for the conversion ofZfigomer is lower than the conversion of teésomer.
Thus, fromthesen slico experiments the prediction shows that the mutadbFis about 10 times more selective

than the wild type, while the 3ihutant is about one third less selective.
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In order to evaluate ifthe predictions and hypothesis are correitt, vitro mutations of OxdRE and
bi ot r an s fvere perboimeddhe tesults from these vitro, which are shown in figure 5b, agree with the

theoretical data and also revealed interesting results.

Graph A: Calculated E-values (docking) PawT
200 200 200 - L145F
16a I 3V
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Ligand
Graph B: Experimental E-values (Biotransformation) A wr
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Figure 15. GraphA: Calculated & al ues from the &&eG values of the docking d:
enzyme. The graph was normalized to a maximuwalde of 200GraphB: The Evalues from the biotransformation of the
FPPOX dewatives to their corresponding nitrile with the use of Oxe\lRE, OxdREL145Fand OxdRE3M. The graph was

normalized to a maximum-#alue of 200.

Although the Evalues of the docking data are not exactly the same asvhki&s of the biotransformationoth
studies revealed the same tendencies and the calculation is consistent with the experimental data, showing highest
E-values for the_145F mutant and lowest&alues for the 3Mmutant.The best example for increased selectivity
is in case of the ZEPPOX substrate, whereas ttil5F mutant has an-alue of over 200 compared to the wild

type with 112. The best example for decreased selectivity can be observed for-tieGREwith the mutant 3M
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being about 10 times less selective, than the wild. type L145Fmutant is still able to convert both isomers and
not able to selectively convert &Z-mixture to the §-nitrile, but the selectivity is also for the mixture two times
higher than the wild typewhich will be discussed in Chaptér It is noteworthy that the selectivity could be
increased just with one single point mutation and Wittt gained knowledge the enzyme can be engineered
further.

3.5 Summary and outlook for rationalizing the stereochemistry of aldoxime

dehydratase

In conclusion, the stereochemically unique and to the best of our knowledge unprecedented stereochemical
phenomenon of aldoxime dehydratases, which can enantioselectivetiyatelaldoximes prepared from the same

aldehyde to both enantiomeric forms of a chiral nitrile, has been rationalized by means of a muledelag

Ligand Structure

Ligand Conformations

study utilizing MOE as a software.

:

Experimental Data
_

m'acopho re

Final score

Figure 16: General flow chartdr molecular modeling.

Thus, an optimal flow chart for modeling starting from protein and ligand structure, which were designed and
preparedn silico, was utilized. By combining mechanism knowledge and experimental data a perfectly fitting
model was accompdhed.This modeling gave a detailed explanation why with the same enzyme the use of racemic
E- andZ-aldoximes led to the opposite forms of the chiral nitrile. Furthermorepdlaelng study was supported

when designing mutants with an increased and dsetk cavity, which showed the expected and theoretically
predicted decrease and increase of the enantioselectivities also in the experimentally conducted
biotransformations. In addition, based on this validated model it was possible to rationally desigts mith a
decreased size of the cavity, which then gave superior enantioselectivities compared to the kndyype wild
enzyme with excellent&alues of up to E=200. Thus, this robust and validated model will also serve as a basis

for predicting aldoximelehydratase mutants with improved stereochemical propactiegies and even stability.
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4  Chiral nitrile synthesis and formal double dynamic kinetic resolution

4.1 Motivation

The kinetic resolution of aldoximes with Oxds require pure isomeric form either @sZ- aldoximeto obtain

enantiomeric pure form of the corresponding niftl8.Even though phenylpropanal oximgPOX)with a

benzylic and amethyl moiety can be purified into their isomethe procedure even using automated rwoiu

chromatography is very tedious and cinlgmall amounts possibl&! Furthermore, the isomers are in a long term

instable and can only be stored in solutior28t°C. From the chemical point of view, a kinetic resolution has the

major drawback of being limited to maximum yield of 50%. In the case of aldoxime transformation with pure

isomers, the maximum theoretical yield is even further limitgdfor simplification, assumingthat theE/Z

proportion is 50/50, the racemic mixture must first be purified iateE andrac-Z. Then, the substrate can be

converted into the alleged nitrile in a kinetic resolutionthe case ofac-E, an ideal kinetic resolutiomwould

yield the pureSnitrile andthe remainingR,E)-aldoximewith 25% each(Schemel0). In reality, neither the

enzyme is perfect, nor is the isomer ratio 50/50. For mestypro@nal oximes, the thermodynamic equilibrium

is about70/30(E/Z), whereas for fatty aldoximes, for example, it is 5QfBZ). Since, the enzyme accepts both

isomers of the PPOX as opposite enantiomers as substrate, using the sulisZatexares to increase the yield

will lead to a racemate (when starting from a 5@E&Dratio).

N

Rq
Rz/L””(/N “OH
H
50%
Ry OH
RZ/L”{N
H
50%

rac-E/Z-aldoxime
| —

rac-E/Z-mix

rac-E-mix
j1 Ry j1
“, N N
R™ " SOoH RS Y TOH R ey
H H 25%

) 25% 25% Oxd o
separation S-(E)-aldoxime R-(E)-aldoxime (S)-nitrile
E—— —> and/or

R, OH Ry OH -H,0
N N Ri
“y, Z
R 7 R; )
C\
H H N
25% 25% 25%
S-(Z)-aldoxime R-(Z)-aldoxime (R)-nitrile

rac-Z-mix

Schemel0: Schematidllustrationof a perfect kinetic resolution with pue or Z- isomer and an Oxd as catalyst

In addition, the substrate synthesis of the PPOX derivatives, is not only tedious in terms of downstream processing

but alsoinefficient due to the three subsequent steps with eachirstepgerage reachingnly 50%yield, leading

to an overall yield of only-25% Schemel1).[47]

CH3NO,
NH4OAc

[Pl

X=F, Br, Cl

HOAc,
A, 24 h

CHzMgBr
N02 -5

toluene, Et,0
0°C,3h X

BnBr, KOH, BuyNI

NO,

N..
— aely
THF, 3 h, rt
overall yield:
7% - 25%

Schemel 1: Multistep synthesis ofac-(E/Z)-PPOX derivatives starting from benzaldeh{fde.

29



With such low yieldsn the substrate synthesis as well as in the nitrile synthibsiseactions not suited for any

kind of application.Neverthelessa reaction toobtain chiral nitriles without the use of toxic substances such as
cyanides and at the same time the possibility to provide them in a broad application is a very important research
topic and at the same time the motivation of this wisrkarder to optimize the reactionpt only the biocatalytic

process $chemel0) had to be optimizedut also the substrate syntheSsl{femell). Thereforejnvestigations

were consulted tturn the kinetic resolution into a dynamic kinetic resoluti(iPKR). Howeverto improvethe

reaction to a DKR, eacemizatiormethod would have been needed, whereas the isomers #atdA@ir his option

did not seem to be=alizable moreover it would increase the theoretical yield from 25%ntp 50% Insteadthe

already known isomerizability of aldoximes with a suitablemnsizationshould be combined to develop a feasible
method Besides the development of a racemization/isomerization method also a suited biocatalyst for this purpose
was essentiallherefore, an aldoxime dehydratase with regard to its selectivittysepeation of theE/Z isomer

is no longer necessarlgad to be designedhis would not only increase the theoretical yield from 25%0@%

butwould also be the first formal double kinetic racemasolution(DDKR) (Schemel?).

R-(E)-aldoxime S-(E)-aldoxime
R racemization
Ne ——
R Y TOH
H
s g Oxd-catalyzed R,
g 3 dehydration )
aE_) E —_— R2 IICQ
2 5 'Hzo ~N
B > P
racemization S-nitrile
R OH R OH
1 ok 100%

Ry theoretical yield

Y
)
42»
=z
I—i\

H
R-(Z)-aldoxime S-(Z)-aldoxime

Schemel2: Schematidllustrationof adouble dynamic kinetic resolution (DDKR) wighnitrile as target product.

For thatpurpose,isomerizationand racemizationof chiral aldoxime with phenylpropanal oxinzesthe motif
structure were investigate®tarting with kinetics for the isomerization i&c-(E)-8 and rac-(2)-8 including a
temperature, concentration and solvent profile. The biocatalytic dehydratimt (&/2)-8 was used to obtain the
enantiomerically enricheR,B-8 subsequently(R,B-8 was used as a substrate for the racemizatiody. For
the racemizatioitself thiazoles were investigated as racemization agémt .substratesynthesisvas optimized
using an alternative routacluding hydroformylationaskey stepstarting from styrenderivatives To optimize
the enzymeandobtain a suitable catalyst for the reaction rational and-s&tonal methods were used, including
molecularmodelng, site directed mutagenesis and saturated mutagenesis. As starting pointlQ%iREas
chosen since the variant was already ratigmabdified with improved enantioselectivifif!] After achieving all
individual stepsthe development of a process window to comlemehstep were also targeted. For thigpose,
the combination of all stepgasinvestigated in a flow set up.
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4.2

Isomerization study with PPOX as standard substrate

Theisomerizaility of aldoxime is alreadyell known andS. Nsikabaka et &1°? were even able to develop a

detailedmechanisnin the aqueousiilieu using DFT calculations. Based on this, the isomerizatiasm quantified

under different parameters. The resulting kinetic data and conditions should then be used in the DDKR.
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Schemel3: Schematic illustration of the isomerization study wirgnd (ZyPPOX(8) into theE/Z mixture
(thermodynamic equilibrium)

The following isomerization studies were always carried out with both isomstaraegpoint To enable direct

measurementshe reactions were always carried out in deuterated solvEhés.enzymatic dehydration of

PPOX(8) was usually carried out with DMSO (10%) as cosolventand 10 mM substrate concentration,

therefore the standard conditBwerecharacterized showing the influence of DMSO figg(re 17). Whereas

isomerizatioroccursvery slowly or not at alat 40°C for all solventratios, therefore the reaction was repeated at

90°C. The results indicate, thatith increased DMS@oncentrationthe isomerization rate rapidly decreases.

Moreover, the thermodynamic equilibrium is read after 18 hours at 70/3Z-ratio. With pure DMSO as
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isomerization, the proportion of DMSO in the reaction solution was kept low at 10% farttier experiments
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Figure 17 :Effect of DMSO on the isomerization rate of PP@GX10 mM) at 40°C and 90°C.
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The overall isomerization rate is quite low at 10 mM substeeentration.The isomerization study at different
temperature Kigure 17) indicated,that with more kinetic energy and thus accumulation of collisitms,
isomerization rate increases. Therefore, increased substrate concentration shauttplfigthe isomerization

rate.

0,95 T T T T
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©
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Figure 18: Concentration dependent isomerization rate of PP&)4t(100°C in D:O/DMSO (9:1)

To verify whetler isomerization depends on substrate concentratomtentration dependent isomerization rate

was measured. For this purpose, dBl{8) was used, due to the low exces<B). As expected, the rate of
isomerization is dependent on the substrate concentration. The higher the substrate concentration, the faster the
thermodynamiequilibrium is reachedr{gure 18). In the case of 240 mM the equilibrium is reached after about

3 hourswhile with 10 mM substrate concentration it takes about 15 hours to reach the thermodynamic equilibrium.
Thus, a high substrate concentration coupled with a tégiperature provides a process window in which

isomerization can be coupled with enzymatic dehydration.
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Figure 19: Comparison of isomerization rate with ethanol and DMS@oaslventusing PPOX§, 10mM) at 100°C
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In the downstream process DMSO appeared to be tedious in terms of work up and substrate preparation, therefore
a switch from DMSO to ethanol asolventwasdesirable In order to perform the reaction with ethanol, the
influence of ethanol on the isometion rate at different D20/ethanol ratios and a comparison with DMSO were
performed(Figure 19). It appeared that ethanol does not inhibit the isomerization rateaeVvegher ratiosin

comparison with DMSO, ethanol dogligghtly improve the isomerization rate

For the processliscussed later(chapter4.4) the enzymes need to be immobilized in superabsorber using
cyclohexane as solvelit! The isomerization anchcemizatiorwill take place inatwo-phasesystem containing
water and cyclohexan€o verify whether isomerization can be combined with thetreaccyclohexane as solvent

was teste@s well Since the boiling point of cyclohexaneai81 °C, thereactiorwas carried out at 8T instead

of 100°C (Figure 20). It appears thaheisomerization in cyclohexarm@oceed as well, but slightly slower than

in water The reason for thjss probablybased on the mechanism of isomerization of aldoximes, since the addition
of water was postulated as an intermediatp.&t8 In comparison, the isomerization in water is about twice as
fast. With evidencethat isomerization also occurs in cyclohexane in a suitable time window and the possibility
that itismuch faster in a twiphase systertan in pure cyclohexantheisomerizatiorstudy was completed. The

next step was to develop a method for racemization.
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Figure 20: Isomerization rate dE-PPOX @) in cyclohexane at 80C in comparison with 260 mM isomerizatiam
D20/DMSOat 100°C.

4.3 Racemization of chiral aldoximes

For the racemization of aldoximes a method habdedeveloped which would release the hydrogen either as
proton or hydride irareversible reaction. Furthermore, the procedure must be selective for the substrate and not
the product since both are present in the reaction solution at the same time. In view of this fact, only the carbon
atom of the aldoxime/nitrile functionality renmai as possibility to differentiate substrate and product and at the
same time could potentially provide a racemization method. The ide® wssa nucleophilavith excess to the
aldoxime but not the nitrile $chemel4). The nucleophilewould bindto the positive polarized carbon atayh

the aldoxime functiorfl) forming the amide structur. The G proton could now tautomerize via 88H-shift

(I1') due to itsspatial proximityto the negative charged amid leading to the intermeBiale the next stepli )
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the rearrangement of the electrons would leadhtoleaving of the nucleophilewhile forming a vinylic
hydroxylamineC. In the last stepl{) the thermognamically favored aldoxime could be formed imimine-
enamindgautomerization type rearrangement. In the case of the nitrile eithératsfeplll will not proceed. In
stepl the addition of a nucleophile on a &Mnd is very unlikely and eventtiie imine structur¢g) is formed it
is again quite unlikely to form the ketenimine derivaif#g in steplll . All in all, if a suitable nucleophile is

discovered it should only proceed with the aldoxime not the nitrile.

ZNom s
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+Nuc” . +Nuc”

H o
NN
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A Nuc
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Nuc Nuc
B E
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H
N_
X-NoH Conpy
c F
V.
_N_
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OH AN
rac-(8) rac-(9)

Schemel4: Basic concept of theoretical racemizatiosing a nucleophile with aldoxime and nirlbeing present in the
reaction solution
In literature reactions with similar mechanism do not exist for aldoximes yet, but for aldehsuhedy Stetter
reactio®¥ and benzoin condensatiti. Those reaction types are generally usegkverse the polarity of the
carbonylgo subsequemy form aC-C coupling With consideration that aldehydes asct similar to aldoximes,
those reactions were investigatéist. The Stettereaction was iginally with the use of cyanide and thiazolium
saltsand later with N-heterocyclic carbengNHCs) also as asymmetric catalysIn this work the formulated
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mechanism with thiazolium saltsaNHC was particularly attractiv&® With thiazoles beingasilyaccessible
and NHCs usually being used for asymmetric couptimgzolesvere chosen to be investigated in this worke
mechanism behind the U mp o |oupolgréversal witlThiazoles as well as NHGs general is comparable to

the proposed mechanisr®¢hemelb).

Breslow mechanism Proposed mechanism for aldoximes
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Schemel5: Comparisorof the postulated thiazole catalyz@dmpolung mechanisnand formation of the Breslow
intermediat&%! with the proposed mechanism for racemization with thiazoles.
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The thiazolecatalyzedi Ump o | u rs guith deprotanation of the thiazole using a bdbe In stepll a
nucleophilic attack of the yletowards the carbonyl carbevith a follow up (Il ) protonation of thexygenleads

to the alcoholB. In the last step(lV) base catalyzed deprotonation leads to theo-called Breslow
intermediaté!®>1%l|n the proposednechanisiior aldoxime racemizatioran additional base is nptesent The
thiazole should form the carbeglide mesomeresalso in water to a small percentage, which could be accelerated
with thermal energyl). Stepll would proceed exactly as for the aldehyde, leading to the aiidéollow up
1,3-H-Shift (I11') could lead to the carbanidd as intermediateéSubsequentlylectron rearrangement fueled by
the proximity of the positive polarizetiy next to the carbanion would lead to the formation of the desired vinyl
hydroxylamine E with the thiazole as leaving grougV(. In the last stepas proposed beforethe
thermodynandally favored aldoxime could be formed spontanequslgn imine enamingautomerization type
rearrangement leading to the compo@ntt is alsopossible that in stepl the Breslowintermediate is formed
with the aldoximeby a 1,2-H-shift of thehhydroxylamineC, but in a reversible reaction with a much lower
probability of occurrencas well as thdollowed formation of theacemic substraté) a hydride ion had to be
abstractedwhich is again high unlikelyTo verify the hypothesis, the enantiomeric enriched aldoximes first had

to be obtained by doing preparative scale enzymatic dehydratian-(&)-(8) with OXdREWT (Schemel6).

OxdRE WT, (60 mg'mL 'gyw)

_N PPB (50 mM, pH 7), 4 h, 20°C : _N
“OH _ S “OH
EtOH (10%, v/v), V=3 mL O/\\N
(E)-8 H,0 9 R-(E)-8
E/Z=91/9 82% ee 88% ee
340 mM

—— R-(E)-PPOX | =210 nm

800
—— S-2-Phenylpropionitril | =210 nm

700 |
600 - ‘

500 ‘

U/ mv

400 ‘

300 ‘

200

100 ‘ |

Schemel6: Reaction scheme and HPLC chromatogram of the preparative scale reaction u@gracd OxdREWT to
obtain the enantiomerically enriched nitrile-&3and the aldoximeR,B)-8.
The nitrile was obtained with 82 eeand the aldoxime with 88 ee(in a second experiment also with 6&%.
With the presented HPLC method, it wesnvenientto determine these-values for both the nitrile and the
aldoxime.The aldoxime and nitrile was then used in a screening with eight different thiazalts and thiazoles
The screening waserformedwith 5 mM of aldoxime in water and 0.25 eqtbiazolederivativeat 80°C for 24 h
(Schemel?). From the eight tested thiazoésalylbenzothiazolium bromidel@3d), thiazole £3g), and thiamine
hydrochloride {3h) showed asignificant decrease of theevalue (Schemel7), revealingthe possibility of
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racemization of aldoximes with thiazol@$us further investigations such asm@ntration, time dependency and

compatibility with the reaction itself were carried out wtitle selected thiazole$3d, 13g 13h).

N Thiazole 13a-h (0.25 Eq)
Z " 0H > ZNeon
R_(E)_8 80 °C, Hzo, 24 h rac_s
68% ee
cr i %s /J
N; r ©/\N+ N ©)J\/N§/ @[N\; Br
N I\ cr
: S S OH S
ee = 68% ee = 60% ee = 60% ee =40%
Br J»/\’ N S ~ cr H—Cl
NN\ (/ j/Br [ N NN
| Y/ /) l > “\ OH
©/\ g OH S N )\N NH, S
13e 13f 139 13h
ee = 60% ee = 60% ee = 54% ee = 46%

Schemel7: Racemizatiorscreeningf (RE)-8 (68% eg with thiazole derivativesl@a13h).

For the investigation of time and concentration dependency of thiaaildgzedacemization(R,E}8 was used

with a concentration of 5 mM draneevalue of 88%The reaction was carried out at 80°C for 72 h, shgwhe
decrease of the enantiomeric exces@RE)-8 over the time and in dependency of the thiazole equivalents used
(Schemel8). Thiamine hydrochloridel@h) and Nallylbenzothiazolium bromidel3d) demonstrate the highest

racemization rate by reaching abou®d 2eafter 72 h with lequivalent

Thiazole (13h, 13g, 13d)

N.
ZN<on 0.25-1 eq. ZNon
R-(E)-8 H,0, 80°C, 72 h rac-(E)-8
5 mM
88% ee
[ Thiamine [ Thiamine o
i N [ N-Allylbenzothiazolium
B N-Allylbenzothiazolium I Thiazole

Il Thiazole
[ | control
¢
e
™ )
<6 § X
WP N

Schemel8: Investigation of the racemization rate(&f E)8 with thiazoles {3h, 13g, 13d) in dependency of timeith 1 eq.
of thiazole (left}and concentratioafter 72 hours (right)
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The control reactioralsoindicates thatthe racemization of the stereocenter occurs even without the addition of
thiazole derivatives. However, it is evident that with additadnthiazoles13d and 13h almost complete
racemization occurred. The addition of thiazdl&gj did not change theevalues compared to theontrol

reaction

In the next step the compatibility dhiazolium salts13d and 13h with the enzyme had to be investigated, to
exclude inhibitory effectivhen using thiazoles additives. For that biotragformation without and withthe
thiazoles 13d and13hfor 1 hour and 4 hours were performed, using OxdRE as biocatalysi@8ds substrate
(Scheme 19). The control reaction(without thiazole) reached 50% conversion afterone hour

N-allylbenzothiaolium bromide(13d) showed a much lower conversion reaching di@%o at 0.06 eq.further

increasing the reaction time did also not increase the conversion meaning the enzyme was completely inactivated

in a short time. Increasing tleencentration of the thiazol3d further, lower conversions were reached. In case
of thiamine hydrochloridel3h) 0.06 eq. had no effeand the reaction still reached same conversidheasontrol
reactionwithout the addition of thiaminaVhen adding 0.25 eq dr eq. of thiaminglower conversios were
reached aftet hour reaction timehowever the enzyme was not deactivated sivite longer reaction time of

4 hoursthe target conversion of 50% was still react@aicluding that thiaminel@h) has small inhibitory effect,
reducing the initial activitybut has no effecon the enzymetability, whereas Mallylbenzothiazolium bromide
(13d) strongly deactivates the enzynWith regard to the racemizatianechanismit can be stated that the
reaction rate presumably is only reduced by the interaction between thiazole and substratéhénaitigtwhich

occurs naturally ir. coli, has no influence on the enzysrsability.

OxdRE (10 mg'mL™")
PPB (pH 7, 50 mM),
DMSO (10%, v/v)
_N. 20 °C, 1 h, thiazole (13d, 13h)
OH . ~

rac-(E/Z)-PPOX rac-PPN
8 9

Schemel9: Influence ofN-allylbenzothiazolium bromide(13d) and thiamir hydrochloride(13h) on theOxdRE catalyzed
dehydratiorof rac-8
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To exclude the possibility that thiamine hydrochloriti8h) could racemize theitril 9 also the racemization of

S(9) was investigatedThe reactios wereperformed in PPB (50 mMpH 6-7) at 80°C. A racemization could

not be observed after 24 hou($able 51), thereforethe racemization after 48 hours witifferent amounts of
thiaminehydrochlorideat pH6 andpH 7 was inveigated The resulting data shamhat on the one hand the
racemization is pH dependent aticit on the other hangresumably the added thiamine even suppresses the
racemizationFrom the available data this can only be speculated as thiamine itself possibly has no influence at
all, but only the pH value and the duration of the thermal influence plays &xae. if the necessary control
reaction withoutthiamineas an additive is missing, the gradient clearly shdheat theracemizationis not

catalyzed by thiaminshowing higher racemization at lower thiamamncentration

Thiamine hydrochloride (13h),
1-4 eq.,
PPB (50 mM, pH6- pH 7)

“ -
N >
N A
©/\ H,0, 80°C, 48 h N

S-PPN rac-PPN
80%ee 9
5mM
I ph 7
I ph 6

Scheme20: Investigation of the racemizability pfoductS9

For a proof of concepit would be necessary to design the reaction in a time window of 24 hourshtugja
racemization of the nitrile does not occur, titudoes not pose a potential threat to the prodedditionally, the
thiamine indicated a stabilization of the nitrilghich is also beneficial for the procesdil the isomerization
and racemization of the aldoxime takes place sufficiedtllyin all, a suitable isomerization and racemization
method was developed and will be used in the next chapter to present ef marmcept with respect @formal

doubledynamickinetic resolution PDKR).

39



4.4 Flow set upfor the DDKR

The challenging development of a workiniguble dynamic kinetic resolutiorDDKR) was studied with
phenylpropanal oximéPPOX). PPOX was a convenient starting point with phenylpropanal being commercially
available In the previousc h a p methods 40 racemize and isomerize aldoximes weseribed since both
methodgsequirehightemperatureghe enzymatic reactiameedgo beseparatedOne possibility would have been
amulti-sequentiabnepot type reaction set up, with adding fresh enzyme to reactionthft¢hhermalchemical
treatmentwhich would be repeated several times until the reaction reaches quantitatigesicoiy-5107\With
animmobilization metho@” for aldoxime dehydratase ityclohexanebeing availableand many examples of
asymmetric synthesis in flow utilizing enzymesgs>21% amore elegant alternatiweasdesignedBy separating
the two reactions (enzymatic dehydration, racemization/isomerizatiotwo different charbers (flask) and
connecting those via pipasd usingaperistalticoump,the tworeactionscanbeperformedsimultaneously in ore
pot (Scheme21). Using a superabsorbeytlohexanemixtureasbiphasicsystemhas two major advantages. One
advantage is the high stability andnvenientpreparation of the immobilized cells, by simply using whole cell
solutions and adding superabsorber tintd solidified®” Second advantage tbat the thiamine hydrochlicie

9
®
Flask 2 8o°c rt Flask 1
N
R-(E)-aldoxime S-(E)-aldoxime
.
R4 racemization R4 dehydration )
N PN ——— RS Cs
R2 ~ TOH R "7 TOH -H,0 N
H H S-nitrile
§ g
[ N
g 2
8 g
R QH racemization R, QH
N PPAN
Y R p
H H
R-(Z)-aldoxime S-(Z)-aldoxime

Scheme21: Schematic illustration of DKR using two reaction flagkas separation for the enzymatic dehydration and the
chemical racemization/isomerization in a circular flow set up.

is basically insoluble in cyclohexane and remainisigh concentration and without any influence on the enzyme,
in the water phase of thhacemization chamber. This leatsclean and pure transfer of cyclohexane containing
substrate and product between the two reaction chambers, without any preci@@tigtingand the work up
werealso straightforward and comfortabBefore setting ugphe flow reaction, the kinetical data of the enzyme in

the superabsorber system was investigalad|é 7).
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Table 7: Summaryof reaction kinetics for each reaction st@ualitativecomparison to adjust the flow set dphe displayed
graphshowing incubationitne degndent residual activity of OxdRE (20 mgL-t) in superabsorber, at 2C with 10 mM

Residual acitivty / %

100 4

80

60 4

40

204

rac-(E/Z)-8

—m— Residual activity|

T T T T
10 15 20 25

incubation time / h

Reaction type Reaction speed  Temperature Concentration
/ umol/h /°C / mM
Isomerization 0.46 (ZY E) 100 10
0.26 (EY 2)

Racemization (1 eq. Thiamin) 0.12 100 5
BiotransformatiorafterOh 36 20 10
Biotransformatiorafter3h 2.2 20 10
Biotransformatioraftersh 1.4 20 10
Biotransformatiorafter24h 0.4 20 10

Biotransformatiormean0-24h 1.92.4 20 10

By incubation time dependent biotransformations, the degradation rate of the enzyme could be determined.
Showing that, after 5 hours OxdRET has still about 40% and after 24 hours only about 20% residual activity.
Therefore, the whole process is limiteda reaction timef about 24 hourdeside withlonger reactionime the

productwould as wellracemize By comparing the resulting kinetical data feschstep,it appears that the

enzymatic reaction is about 4 times faster tharigbmerization and 10 times than the racemizatitable 7).
Therefore, certain parameters were chosen for the flow g@talpte 8). The biotransformation itself was carried

out in Flask1 with a total volume of BnL while the racemization took place htask2 with a total volume of

25mL.

Table 8: Flow reaction results with 30 mL reaction volume and 17 hours reaction time.

# Substrate Enzyme Volume Thiamin Flow Bww/  Sub. Conv. ee
/mi / eq. (f1f2) mgmlt /mM /% %
/ ml-min-t

1 PPOX WT 30 0.5eq. 0.6/0.35 20 10 87 7
(rac)

2 PPOX WT 30 15eqg. 0.6/0.35 20 10 100 1
(rac)

3 4FPPOX WT 30 15eqg. 0.6/0.35 20 10 92 15
4 4FPPOX WT 30 1.0eq. 0.6/0.35 20 10 83 36

5 3FPPOX  L145F 30 1.0eq. 0.6/0.35 20 10 - -
6 4AFPPOX WT 30 1.0 eq. 1.5/10 20 10 43 33
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Therefore, the volume ratio between the two flasks was detael In addition the flow rate (f1, 0.6 mimin)
from Flask1l to Flask2 was twice asigh asthe flow rate fromFlask2 to Flask1l (f2, 0.35 mLmin), which
theoretically increased thtotal retention timeof the substratén Flask2 8-fold compared toFlaskl as
compensation for the higher transformation rate of the enziyarthermore, the volume in each flask was kept
constant by the height of the syringes.

Figure 21: Foto ofthe wsed flow set up showing the tweactiors in eachflask (Flask 1left for the
biotransformationFlask?2 right for the racemization and isomerizati@onnected to peristalticoump

Then the benchmark flow reaction waerformed as described with OxdRET (20mg-mL™) andrac-(E/Z)-8
(10 mM), showing in both casegble 8, entry 1 and 2) gantitative conversions yet with very low enantiomeric
excessThe reason for that is, that the racemizatidhésrate limiting stepnd OxdREWT does noseem tdhave
any significant preferencehen comparinghe isomes E-8 andZ-8. For an instance $fistitutedPPOXderivative
such asPPOX @) does show significant difference in term of tisedE- or Z- isomers. Thé&-isomer isconverted
much more selectivthanthe Z-isomer(Chapter 3.2 Table 5). By usingrac-(E/Z)-4c quantitativeconversion
could also beeached includingnoderateenantiomeric exceswith 15% and 36% from which it could be
concluded that the designedt upand reaction areperating as planneéven if the enantiomeric excess is still
intermediatethe obtained results implicate a successful DDKR

Fora moredetailed investigatigrthe flow reaction Table 8, entry 4) and for comparisonbetch reactiomith
same conditions were monitored over 17 hours. The resulting time course of the iegdliesthat the enzyme

is inactivated after 6 hoursesulting forthe flow reaction over 80% conversion and for the batch reaction only
50% (Figure 22).

Furthermore, the coparison also shows the effect of the isomerization and racemization. While the batch reaction
as kinetic resolution reaches only 50% conversion, the flow reaction as DDKR achieves 80%. The flow reaction
or DDKR provides the enzyme with new preferred saitsE-SandZ-R, while in the batch reaction non preferred
conformationE-R andZ-S accumulates and consequently limits the reacfitis can also be seen from the fact
thatanincreasd flow rateleads to aeducecdconversior(Table 8, entry 6) Because higher flow rates mean shorter
residence time in one flask. Thesidence time ifflask2is essential fothe racemization and isomerization of the
substrate.
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Figure 22: A: Time course of the DDKR with-EPPOX as substrate and OxdRHE as biocatalysfleft). B: Time course of
the kinetic resolution of #PPOX with OXxdREWT as catalyst. Starting point wiffi0:30, E:Z).

To further increase the selectivity thmational designednutant OxdREL145F (chapter3), which showed
significant increasedelectivity, where used as possible biocatalyst. The investigatilsus revealedhat the

mutant reached highestiasetivity with the substrate-BPPOX @b). Thus rac-(E/2)-4b and OxdREL145F were

usedin the same flow set up, but unfortunatéie reaction did not lead to any conversilbrwas reasonable to
assume that the relative instability of the mutant could be dits &xtremely poor expression, which is why
expression optimizatiowas carried out (chapter, 4.6). However, before performing expression optimization, it
was necessgrto determine whether the problem of substrate concentration could be overcome. As mentioned
before, the low substrate concentration leads to slow isomerization and probably also racemization. In order to
increase the substrate concentration, the volufrtbeoreaction was reduced, since the complex synthesis of
substrates made them very difficult to access. However, the reduction in volume led to very poor unreproducible
results By adjusting the flovapparatuso the small volume many problems occur®ath as precipitation in the

pipes, evaporation alyclohexaneand heat transfer frofilask2 to Flask1 inactivating the enzyme, which led to

very low conversion evetmoughhigh biocatalyst amountasused(Table 9).

Table 9: Flow reaction results with reduced volume using tubes instead of flask for the reaction separation.

Entry Substrate Enzyme Volume  Thiamin Flow Bww/  Sub. Conv. ee%
/ml (f1£2)  mg-mlt /mM 1%
/ml-min-?
1 PPOX RE-WT 7 leq. 0.7/0.2 115 25 14 6
(rac)
2 4FPPOX  REWT 8 2.5eq. 0.7/0.2 100 10 40 18
3 4FPPOX  REWT 8 2.5€q. 0.7/0.2 100 10 47 17

As conclusion, the prior used flow set up with flaks as reaction chambers were superior. To increase the substrate
concentration without teeducingthe volume, the substrate synthesis had to be optiniibedefore, a alternative
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synthesisroute starting from styrene derivatives over a selective hydroformylation towards the akloxone
potwere developed

4.5 Hydroformylation as alternative aldoxime synthesis

The synthesis dhephenylpropanabximederivatives (PPOX3howed to be veretious, following a threstep
pathway starting from the commercially available substituted benzaldehydes. The overall isolated yield did not
exceedl0% (this work)and hazardous and toxic chemicals as nitromethane or benzyl bromide have been applied
following the reported protocf:19%

CH3NO,

0 NH,OAG CH3MgBr BnBr, KOH, Bu,NI
H — > N0, NO, /NMOH
HOAc, ©/\/ toluene, Et,0 THF, 3 h, rt
F 1 A, 24 h F 2 0°C,3h F 3 F 4
Yield: Yield: Yield: overall:
2-F= 50% 2-F=41% 2-F=56% 2-F=11%
3-F=28% 3-F=51% 3-F=52% 3-F=7%
4-F= 70% 4-F= 52% 4-F= 38% 4-F=14%

Scheme22: Multistep synthesis ofac-(E/Z)-FPPOX derivatives4| starting from benzaldehyde

The reaction$cheme22) proceeds over three steps, with each step including awpgtikolation and purification

of the intermediate. Since in every step only 50% yield couldttained the overall yield for the target
aldoxime(4) was between-14%. For some other PPOX derivatives, also an overall yield of 25% were shown to
be possiblét” The presented flow procegshapter 4.4)must be carried out at volumes of at least 30 mL and
proceeds better withigh substrate loadinAlthough the aldoxime synthesis wislinot be suitable in any way

for an industrial application with a yield of ~14%, the synthesis is too inefficient even for the laboratory scale,
which is why an alternative route was finstestigated

In cooperation withC. Plassan alternative routeopened up by installing ahigh-pressurereactor with the
possibility of utilizing syngasThis enabled a versimple, effective and selective substrate synthesithout
isolation of the intermediate aldehydgcheme23). With styrene as starting material over a rhodium catalyzed

hydroformylation with subsequent condensation of hydroxylamine the target aldoxime can be obtained without
any isolation of the itermediate.

| T CO/H, | A A0 + H,NOH | A = NMOH
—_— —_—
& [RhP(Ph)s] & -H,0 S
R toluene, R R
40 bar, 40 °C,
4-24 h
R =Cl, Br, F, CH3 selectivity: 86-95% isol. yield: 79-98%
not isolated

Scheme23: General reaction overview of the synthesis of substituted phenylpropanal oximes.

Rhodiumcatalyzed hydroformylation of styrenes preferably leads to the bramebddcs.*! This effect is

argued in the |iter at ur-menzyiyspdciesef the alkeneaatalyst comiifékThia st ab i
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effect has been described for different ligand typésThe regioselectivity is depending on the solvent as well as
the reactn conditions*® Forthedesired oximes, hydroformylation and the oxime formationste combined

in a sequential onpot mode to prevent woilip of the oxidation sensitive aldehydés.the present wotka
homogeneous hydroformylation setup applying the relatively cheap catalyst system of [Rh(acad®REO)
under mild reaction conditits were usedThis method ledowards the target aldoximes witiigh selectivities
and high yieldsyithout any additiongburification stepsAll of the selectedtyrene derivativeserecommercially
available, presenting a convenient starting poiftie twestep onepot synthesis starts with hydroformylation of

the styrene towards the corresponding aldelydes side product the linear aldehyde is formed.

Step 1 Step 2
Rh(acac), (0.06 mol %) 0 . _N.,
@/\ PPhs (0.6 mol %) _ NH,OH"HCI (2.0 eq) _ OH
» CO / Hy, 40 bar, toluene (1.4 M) | NaxCOs(aq (2.0 €0). 1. 12
5 80°C,4h 6 full conv. 7
full conv. not isolated
a (R=0,Cl) 6a = 86% (n : iso) 7a=7:93 (E/Z)98% yield
b (R =m,Cl) 6b = 94% (n : iso) 7b = 66:34 (E/Z) 86% yield
(R p,Cl) 6¢ = 93% (n : iso) 7c = 68:32 (E/Z) 80% yield
d (R =0,Br) 6d = 86% (n : iso) 7d = 20:80 (E/Z) 98% vyield
5e (R =m,Br) 6e = 93% (n : iso) 7e = 65:35 (E/Z) 92% yield
5f (R =p,Br) 6f =94% (n : iso) 7f =66:34 (E/Z) 81% yield
59 (R =1,4-Cl) 69 = 95% (n : iso) 79 = 43:57 (E/Z) 82% yield
5h (R = 1,4-F) 6h = 95% (n : iso) 7h = 54:46 (E/Z) 90% yield
5i (R =0, Me) 6i =60% (n: iso) 7i =1:99 (E/Z) 87% yield
5j (R =m, Me) 6j =77% (n: iso) 7j =69:31 (E/Z) 41% yield
5k (R = p, Me) 6k = 64% (n : iso) 7k = 67:33 (E/Z) 27% yield
( =o,F) 6l =64% (n: iso) 4a=76:24 (E/Z) 79% yield
m(R = m,F) 6m= 86% (n : iso) 4b = 66:34 (E/Z) 81% yield
n(R=p,F) 6n =94% (n : iso) 4c = 68:32 (E/Z) 89% yield

Scheme24: Reaction scheme of aldioe synthesis in a twsteponepot synthesis

The selectivity of the reaction can be determined via NMi. aldoximedj and7k were synthesized under neat
conditionsresulting in a low selectivity for the hydroformylation step and low yield for the subsequent aldoxime
formation By dilution of the starting material using toluene the selectivity can be increased dramatically.-For non
optimized conditionselectivitiesfrom 60% up to 95%vere reachedlhe selectivity should increaggtherwith

lower substrate concentrations, buttloe purpose of this work further investigations were redeem&theme

24, all synthesized aldoximes are showaverall,the aldoximes were obtained in excellent yields and selectivities.
To give a clearer picturgbout the advantage the alternative route provided in a tatbenventionatomparison

with the multistep synthesiabout 1g of product could be obtained in a week while hiydroformylationroute
allowedthe synthesis of abo@0 g of product in a day.

4.6 Expression optimization

The previougultivation of Oxdswvere performed either by Al or by IPTG induced expression. In each case, only
a book part of the expressed protein was found in the soluble frakiti@mder to optimize expressio@xd
expression was compared whibme containing enzymes namely Bd50monooxygenase$450 superfamily

are widely used and well characterized in terms of expredsitnmned out that, for successful overexpression of
P450monooxygenaseshe use ob-aminolevulinic acid(5-ALA) and thiamine hydrochloride is essentif 116!

The optimization was based on the fact thattbimeproduction is theatelimiting factor. The heme production
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in E.coli has already been widely investigated in many stutlieg hiamine or vitamin B1 is also essential for the
heme productiorhy beingincorporatedn the PDH-complex,that isresponsible for synthesis of succiGbA,

which is the precursor ofALA .18 Eight 5ALA molecules forntheprotoporphyrin IXwhichform by insertion

of an iron ionheme*® Since 5ALA has been shown tmprove the expression of some P450 fofts,16-12%%t

has been tested whetheABA also improves the expression of OxdRith being a heme proteiike P45014

In addition to thiamine and-BLA, trace enzymes were also added in some reports, but the amount was not
precisely quantified!?012 BesidesHara et al [!1% reported that the trace elements had no significant influence

on the synthesis of heme

Crude extract Lysate

kba| M 1 2 3 M 1 2 3

180 == P
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—
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Figure 23: SDSPAGE showing the expression of OxdR¥T. M: Marker PageRuler Prestainethermo scientifi,
protein bad located at 40 kDa. Comparisonespression withik mM thiamineand5-ALA as well as 0.1 mM IPT@L),
standard expssion with 0.1 mM IPTG (2) and standard expression with 1.5 mM IPTG (3).

The expressiorof OXdAREWT was carried using the standard overnight expression & #0 LB-Media with
induction at 0.6 Oy Expressiorl wascarried out with thiaminbydrochloride and&LA (1 mM) as additives
and induced with IPT@.1 mM). Theexpressior2 and 3wvere carried out without any additior@mponents but
varyingthe used IPTG concentration for induction by 0.1 mM&a&dnM The SDSPagerevealecho signficant
differences between thevestigatedexpressiona of OXdRE. Furthermore, in all three caties largest portioof

the expressed proteins are insolubkegre 23). When changing thexpressiornsystem to auto induction to
compare the influence of the addition eABA and thiamine hydrochloride again no significant difference can be
observed(Figure 24). Concluding that, B\LA and thiamine hydrochloride did not increase the expression of
OxdREWT.
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Crude exctract Insoluble fraction Lysate

kDa| M Al-1 Al-2 M Al-1 Al-2 M Al-1 Al-2

180
140

100
75

60

45

35

Figure 24: SDSPAGE showing the expression of OXdWET. M: Marker(PageRuler Prestainedhermo scientifiy;
protein band located at 40 kDauto induction expression wiffihiamin and 5ALA (1) compared with standard
autoinduction expression of OXdRET (2).

The SDSPAGES revealed a crucial information about the expression of OXdREhamely that the expression
does not perform poorjyput rather far too wellThis peculiarity can be seen in tlaegeprotein bands of the lysate
sample, which raises the questof why there is so little of thexpressegbrotein in the soluble fractiofcrude
exctract) The following conclusions could be drawn: The enzymes are expressed too quickly. This is due to the
fact thatpET28a which contains a T7 promotisrused as gector.The T#Promotoris very effective in producing
the target protein. For most easily soluble proteins or simply foldable proteins vatpowsthetigroup,it is a
great advantageading to the target protein in high yielditdowever, the aldoximdehydratases possess a heme
group which assumably slows the folding proce&scomparatively slow folding process in the presence of a
rapid expression machinery finally means the accumulation of unfolded proteins. The huge protein aggregates then
stressthe cell and could, under certain circumstances, have a negative influence on the folded proteins and thus
affect the stabilityTherefore expressiorwithout any induction, with differentultivation time and incubation
methods were investigatéBigure 25).

Crude extract Lysate
M leaky IPTG leaky lac.OD lac.24h M leaky IPTG leaky lac.OD lac.24h
kDa 24h 24h  48h 48h 48 h 24h 24h 48h 48h  48h
180
100
70
55
40

35

25

Figure 25: SDSPAGE showing the expression of Oxdf¥ET. M: Marker PageRuler Prestainethermo scientifiy;
protein band located at 40 kDa. Comparison of different induction time and inductioruagenstandard expression
protocolwith leaky expressioat 20°C.
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Its known thatE.coli pET-vektor expression with T7 promotors do have a basal expréS8lavhich is usually
unfavored and many examples of host cells to resititie basal expressiaveredesignedt?124 However,for

the cultivation of Oxds, the expression strategy using the basal activity could be a solution for the low expression.
Theso-calledleaky expressidt® without any induction was compared with the standard expression using IPTG
and lactose as induction agenhe cultivation was carried out at 2G in LB-media for 24 hours and 48 hours
Besides the induction at an @pof 0.6 also one culture was prepared, whereas the induction was performed after
24 hours. Therudeextract and lysates of those cultures are shovigiare 25. By comparing the protein bands

for the 24-hour cultivation, the leaky expressias similar to thelPTG induced variant, which is alreaduite
stunning,but much more important is the difference of the protein ®amthe lysate. While in the case of leaky
expression, the gemmate proportion of target protein is found in the soluble fraction, in the H2$& of
expression, as suggedtabout 10 times the amounisual estimationis found in the lysatéhe48-h cultivation

in general yielded in momgrotein also the lactose inducti@@emso be lesdarsh then IPTQAn order to validate

these findings, an activity test was carried out with the differently expressed enzymes. As-theGBSuggests,

leaky expresion was the best variant and IPTG induction in the logarithmic gidseoli (ODso=0.6)wasthe

worst. The leaky expression reached 90 % conversion while the IPTG induction only rEaébedihe lactose
induction in the stationary phasefcoli also seemed to be an option. However, the approach was not pursued

further since the lysate also showed significantly larger protein bands on tHe/SES

Oxds (20 mg-ml™" whole cells)
PPB (50 mM pH 7), 10 mins
30°C, EtOH (10% v/v), 1 mL, 1000 rpm

\/\/WN\ \/\/\/\\
OH -H,0 =N
1" 100 12
10 mM

80

60

40

Conversion / %

20

Leaky 24h IPTG 24h  Leaky 48 Lac.OD 48h Lac.48h
Culture

Scheme25: Activity test of different expressed OxdRET.

By comparing the24 hoursleaky expression witlthe 48 hoursleaky expressianit seemed that for further
optimization longer cultivation time were needétherefore leaky expression for 72 hours with difet
cultivation temperature for OxdR®/T and OxdREL145F were investigate@Figure 26). TheSDSPAGEshows
well overexpressed target proteat 20°C cultivationtempeature It wasalso shown that the leaky expression is
not suited for cultivation at 15C or 37°C, indicated by the very low expressiofror a directomparison with
the usual A expressiorthe standard activity test with octanal oxindd)(were performedScheme26), which

revealed that leaky expressitnemendouslyincreased the activity. For OXdRET the activity was increased
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about 26fold, but the mutant L145F was 100 times macgvethan with the Al expression. Concluding that the
slow basal expression leads to soluble proteins in high yield compared to the induced expression were

accumulation otinfoldedproteirs lead to proteimaggregateseducing activity and stability of the biocatalyst.

WT WT WT L145F M kDa
15°C 20°C  37°C 20°C

Figure 26: SDSPAGE showing therude extracof OXdREWT and OxdREL_145F as leaky expression using different
cultivation temperatureM: Marker PageRuler Prestainedhermo scientifif; Protein band located at 40 kDa
In addition to the much better activity, the cultivation is particularly conmesiace only one preulture has to
be prepared and transferred to the main culture, which can then be harvested aft®itf7 2hie. now optimized
expression method, no further studies on expression were performed even thexghession of chaperones
would have offered a possible alternati?&.With the completion of expression optimization, only one problem
remained for the DDKR, and that was the selectivity of tzgrae.

Oxds (5 mg/ml whole cells)
PPB (50 mM pH 7), 20 mins
30°C, EtOH (10% v/v), 1 mL, 1000 rpm

oSS NS \/\/\/\\\
OH -H,0 N
1 70 - 12
10 mM
60
50+
=
£
S 404
£
:;30—
S
<
204
10
04

WT-Al  WT-L-20 WT-L25 WT-L-37 L145F-Al L145F-L-20
Expression

Scheme26: Comparison ofeaky expression at different temperature witheXpression of OxdREVT and OxdRE.145F
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4.7 Rational designed mutations

Based on the rationalizing woik chapterl the L145Fmutantwas identified ashe variantof OxdREwith the
highest selectivityTheinvestigation revealed that ihe active site only the position L145 has a significant impact
on the selectivity. However not excluding posisomhich could notbe modified in a rational way such as
backbone proteins. The mutant L145F led to higher selectivity due to smaller edndly,gives the unpreferred
conformations less spaethe active site of the proteibinfortunatelynon-otheramino acid were able to reduce
the space just bthe side chaisizeat this positionTo overcome the problem of low selectivity, three défer
approaches were pursuékhe first approaclii) was to determine whether polar amino acids could be used as
geminate mutations at position 145, as these were considered promisingnisitive studies, even though the
probability was very high that polar amino acids would deactivatetlzgme, dueat their poximity to the
catalytically active arginine and histidingnotherapproach(ii) was to replace the enzyme instead of changing
the mutation. This gave rise to the possibility that the mutation might have a much stronger effect on other aldoxime
dehydrataseThe last and most elaborate opt{or), but with the certainty of success, would be to screen saturated
mutationlibraries.

4.7.1 Investigation of mutation at position L145

As mentioned before position L145 is the most important site for modifying the selectivity, which is why this
position was saturated silico. It was shown that there are only very few possibilities to change this position with

respecto the protein integrity andelectivity.

129

129

Figure 27: Comparison of OxdRE 145 vaiants, showing suitability of the mutations. OxdRHE (a), OxdREL145F (b),
OxdREL145N and OxdRH.145R.Distance between R178 and H320 as well as H320 and the ligand are shown in

50



While small amino acids, such as alaranelglycine, decreasghe selectivitypy an enlargement ahe cavity size
larger aminacids can increase the selectivity by reducing the cavity sipama.thepossibldarger amino acids
only phenyl alanine and tyrosine remediravailableas tailored before in chapterldoreover, polar amino acids
could produce a similar effect by electrostatic repulgipmin examplellustration of the suitability of an amino
acid is shown irFFigure 27. Comparing WT (a) with L145F (gs rigid large amino acid and asparagine (c) as
well as arginine (d) as polar amino acids exampidsen comparing the wild typ&yith the L145F mutant the
catalyticresiduesn proximity (R178, H320) do not chantfeir position or distance to each other or to the ligand,
moreover the modeluggests closer distancef histidineto the ligand1.82A). This is different for the examples
L145N and L145R. In both cases the maiglgestincreased distances between #820 and R178 (2.14 and
2.28R) as well as with the ligand (1.98and 1.948). Besides the fact that arginine is also just too large for the
cavity (Figure 27) both mutantgdepending on the protonation s)ateuld act as proton acceptor and therefore
deactivate the enzym@&hus, to validate the silico studies a set of mutastwere designedh vitro via site
directed mutagenesis and cultivated via leaky expression. Subsequently, the mutants were tested for their activity
and selectivityusing the standard substrase-(E/2)-8 (Table 10).

Table 10: Intial selectivity screening of rational designed @satiants usingac-(E/2)-PPOX ) as standard substrate

Oxds (30 mg -mL"" whole cells)
PPB 50mM pH 7, V=1 mL

N :
Z " on | 30°C, 10% EtOH, 1mL, 1200rpm ©/\\\N or SN

40 mM - H0
# Expression  conversion / ee/ Enantiomer
Enzyme /°C % %
OxdREL145M 20 25 34.1 S
OxdREL145N 20 0 0.0 -
OxdREL145D 20 0 0.0 -
10 OxdREL145R 20 0 0.0 -
11 OxdREL145P 20 0 0.0 -
12 OxdREL145Del 20 0 0.0 -
13 OxdREL145S 20 21 37.8 S
14 OxdREL145Y 25 0 0 -
15 OxdRES219Y 20 0 0.0 -

The enzymes were well expressedshown in the SDBAGE (Figure 28). Only L145P and L145Dekere only
found in the insoluble fractio(6DSPAGE not shown)Thepolaramino acids, as predicted, showed no activity,
although the proteins were very well expresseoncludingthat these mutations deactivate the catalytic triad of
the enzyme, as predictednly L145M and L145S showed activity, but withowgignificant chagein selectivity.

The promising tyrosine mutant, which could have been an improved versi@pbenyl alanineariant (L145F)
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could not be stably express@ds either OxdRE or OxdB variant and showed no significant act®igcluding

that, for OXdRE only the L145F mutant remains as selective variant for rational designed approach

M Crude exctract M B-L128Y RE-L145Y
L145M L145R L145N Crude Lysate Crude

kDA
180

70 100

70
55

55
40

35
35
25

25

15
15

Figure 28: SDSPAGE showing thexpression of OxdRE145M, OxdREL145R and OxdREL145N as leaky
expressiorfleft). Expression of OxdBL28Y and OxdRE_145Y are shown as leaky express{daght). M:
Marker PageRuler Prestainedhermo scientifi Protein band located at 40 kDa

4.7.2 Investigation of the L145F mutation in OxdA and OxdB

The mutant OxdRE.145F was shown to be superior in terms of selectivity, therefore the same mutation in a
different host enzyme could provide similar or better performaBesides OxdRE! thereare also 7 further
known aldoxime dehydratd&e?1222527.126from which OxdA?l and OxdE*%l were chosen to investigate the

same mutation as OxdREL45F.

M A-WT A-L145F B-WT B-L128F
Crude Lysate Crude Lysate Crude Lysate Crude Lysate

kDA

180

100

70

55

40

35

Figure 29: SDSPAGE showing the expression of GxWWT, OxdA-L145F, OxdBWT and OxdBL128Fas
leaky expression using3-media (72 h, 28C). M: Marker PageRuler Prestainedhermo scientifi; Protein
band located at 40 kDa

52



The mutation L145F corresponds structurally to the exact same position in OxdA, in OxdB homopiataiien
appeared to be thel28F. These two mutations were introduced ifdxdB and OxdA via site directed
mutagenesisTheenzymeswvere cultivatedia leaky expression under optimizednditiong(72 h, 25°C, 160 rpm)
resulting in very good over expression of the target protégufe 29). The wild type andthe phenyl alanine
mutations were then screened with all available PRQX) substrates. This screening was intended to show
whether there is a possible combination of enzyme and substrate that can achieve high selectivity for the
correspondingpitrile without first separating the substrates into their isomEng screening resslare presented

in Figure 30, showing the Bralue of each reaction.

Oxds (0.4 U, whole cells)

N PPB (50mM pH 7), 1 h :

= o 0,

oy | 30°C. EtOH (10% viv), 1 mL, 1200 rpm @/\\\N o Sy
X X

40 mM -H,0

X=F; CI; Br; Me; 2,6-diF ; 2,6-diCl

T Bl OxdA-WT
T~ I OxdA-L145F

e -l OxdB-WT
I OxdB-L128F

\ B OxdRE-WT

\ I OxdRE-L145F

Figure 30: Screening results of OXd OxdB and OxdRE as wild typesd L145L128F mutants with 14 different PPOX
derivatives
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In general the phenyl alanine mutants are more selective than the wild type exzyoveeverthe wild type
enzyme show high selectivity fosubstrates which were not obtained as mixtuemore like pure isomershe
substrate®-Cl, ando-Me-PPOX are present as puteisomers ana-Br-PPOX, respectively, in a ratio 80:80
(E/2), which is why the mutants shosnly a verylow conversion under tisereaction conditions and the wild
type enzymes achieve particularly higivelues (REWT, E=23).OxdA-WT and OxdAL145F did not show any
possible combination of substrate and enzymetsgtachieved a sufficiently high-#&lue (minmum of 10).
OxdB-L128F,seemed to be very promising on the first glance, showing that highluEs could be achieved with
a small substrate scope. Howev@xdB-L128Freached only for one substrate promisingvessions for the other
substratethe conversion did not exceed 5%thich makes the determinedvalue unreliableWith m-Br-PPOX
as substratean eevalue of 80%and 13% conversiorcould be achievedcorresponding to an-#alue of 10.
OxdREL145F was padicularly interesting, since on the one hgnBr-PPOX (70/30, E/Zyvith an Evalue of 11
was converted tthe R-nitrile and on the other hamdBr-PPOXto the Snitrile with an E value of 9, although the
E/Z ratio was 20/80. These two combinations are particularly promising since a selective conversion was achieved
despite the fact thathe E/Z ratio was not favorablfor the formedenantiomersin detail,as described before if
the isomers are separated dinen used in a biocatalytic transformation Eassomers is converted preferable to
theSnitrile and theZ-isomer preferable tB-nitrile, concluding that the least favored conformationgR€) and
(S2) for the enzyme, which meathe selectivity of a kinetic resolutidor a mixture of all four conformations
shoulddepend on the affinity ¢5E) and(R,2). If (SE) and(R,2) are both equal in terms of affinity, the selectivity
would thenonly bedependent on th&/Z-ratio. In ca® of p-Br-PPOX theE/Z ratio is66/34, which means33% of
the substrate iavailable as§E) and 7% (R,Z2) andthe reaction still reaches an\Ealue of 11 for theR-nitrile

and vice versa for the examplemBr-PPOXwith anE/Z-ratio of20/8Q which isillustrated inScheme27.

= N : ~ N
“OH “OoH
B OxdRE-L145F(0.4 U, whole cells)
r

Br PPB (50mM pH 7), 1 h H
10% 10% 30°C, EtOH (10% v/v), 1 mL, 1200 rpm N
o ;O CEB\N
N B r
79% ee.
Br Br

40% 40%

Scheme27: Screening result for OxdRE145F witho-Br-PPOX as illustration for the increased affinity towards a low
accessible substrate

Thus, it can be concluded that this constellation of substrate and enzymes in the combination of the DDKR set up
can only improvehe selectivity since the favored substrate is already present in the deficieangluding that

in total three possible combinations were found to perform a DDKR: @idBF withm-Br-PPOX, OxdRE

L145F with p-Br-PPOX ando-Br-PPOX. The fact that the DDR could then only be presented as a proof of
concept witha limited substrate spectrunfurther investigation in terms ofinding a more suitable biocatalyst

were carried out
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4.8 Smart library screening to increase the selectivityof OXdRE-L145F

The rational approach of sithrected mutagenesis to increase the selectivity of aldoxime dehydratase proved to
be limited because thén silico designed variants may not necessarily represent the expressededa.?).
Furthermore, with thén silico approach only the active site of the enzyme can be investigated ssincteiral
changes induced by mutations with greatistance to the active site are difficult to predict additionally the
computational time is higher as wdih comparison with a randomized mutagenesis with a suitable screening
method, which could cover a significantly higher mutaspaceg10'%-10'*variants)!?" the in silico approach is
very limited. However, a nosspecific randomized mutagesis such as ePCOR® is not suitable to increase the
selectivityespecially foranalreadywell-tailoredenzymed'?? Unlike stability, solubility or activity, selectivitis

more likely tobe influenced by a few positions in the proté#l. The other protein properties can be improved
very well by randomized mutagenesis as part of directed evoltittbfihus, onlyrequiring a higkthroughput
screening methqadvhich is usually provided by various color ass&$% but the high effortis subsequentlyhe
bottleneck of directed evolutid®134 Alternatively, to the completely randomized directed evolutosatuated
mutagenesis can be performed for specific mutat{&hs). The positiols can be chosen via different rational
approachg8313¥lwith the benefits of being more widely applicable and in general reducing the screenitsy effo
These rationally designed positions, whick chosen for saturati@me called smart librarié€:**¢ These smart
libraries reduce the number of mutargguired for finding lead mutants and similar to directed evolutiesd
achieved leadrarians canthen be used in repetitive cycles to amplify the propertigiser by rescreening a new
library, or by combining the lead structures in combinatorial mutatidihe formeroneis a variation of the
classicaldirected evolutiontte latterfalls under the designatioiterative saturated mutagenegit$SM) (Figure

31).64
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Figure 31: lllustration and comparison of directed evolut{@hand ISM b).

Since, randomized mutagenesis mainly treats mutations distant from the aittéend the improvement of
enantioselectivity by mutation spatially close to the active pocket is more pronounced than mutation spatially
distant from the active pocket, a (semaional approach is clearly more useful to increase enantioseledtifity

The most promising and effective way to increase the enantioselectivity of an emdyi@eninimizing the effort

is to use smart libraries in an ISReetz et adescribed also specified version of ISM, which inckmigy amino

acids indirect spatial distance to active si@mely theCombinatorial Activesite Saturation Test (CASHf" The
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CAST method has proven to be a valid method for improving the enantioselectivity of enzymes for many

exampes® Thus, the following smart library was designed according t€#®Ting method.

4.8.1 Generation of a smart library

The mutant library was commercially acquired frémist Bioscienc® which had the advantage of dismissing
bias in thdibraries because every mutant in diterary is generated by a specific primer.sehe mutants were
generated on a semitional level for which MOE* was used as a tool. Positions were selected that were either
close to the active pocket, in interaction with the active site, or at positions such as loops that cauldrgave
influence on the positioning of the essential amino acids in the acti\Eigites 32, Figure 33, Figure 34). OXdRE

L145F, with already increased enantioselectivity, was used as starting point.

Figure 32: Library selectiorSetl of OxdREL145Fwith mutation sitespatial close to the active shighlighted in green.

In Setl Figure 32) all positionsgpatially close to the active site were chosen to be smtdirelowever, these
positions are not promisinglthough they represent the closest amino acids to active pockets, they are very far
from the selectivity determining cavity with the exception of Met29 and V#&0.2 Figure 33) is the most
promising set, since trghownpositions are ostructural elements close to thé45 which was shown to have

the highestimpact on selectivityMutations in this area can have a direct influence on the orientation and

positioning d the F145 or the entirstructural elemerdind thus also othe cavity. In Figure 34, Set 3is shown,
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consisting of positions far away from active pockets but localized at loops, which may also have an influence on

activity and selectivity.

Figure 34: Library selectiorSet 3of OxdREL145Fwith mutation sites on loops and tufias from the activénighlighted in
green.
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4.8.1.1 Screening developmenand validation

A high throughput method for the screening of the smatrt libraries were devélbeztandard analysis for PPOX
derivates with HPLC (30 min) was not suitable. Therefore, a new method was developed for the substrate
0-FPPOX(44d) with an analysis time of 5,min. 96-deepwell plates were selected to carry out the reaction and

the workup. The cultivation could also be carried @anvenientlyin the 96-deelvell plates due to the preceding
expression optimizatioWith the exception thatfter work up the sapleshad to be filled intalassvials, a high

throughput method was developed.

The benchmark of the screening was carried out @KREWT, whichwas transformed ik. coli-BL21-Star

strain using standard transformation protoEal: transformation L of the plasmid solution (200g-uL ™) was

usedon 50 uL competent cell solution resulting in over 100 clones. The chyeestransferred individually to a
deepwell-plate with LB-Medium (1.8mL) containing kanamycin(50 pg-mL?'). Two different cultivation
protocols were testedo examinethe most suitableFor the firstcultivation methodthe picked clones were
resuspendeth themedia and grown for 48 haythereby the temperature was reduced from@after 24 hours

to 20°C. For the second cultivatiomethod,LB-Medium was inoculated with single colonies and cultivated for

24 h at 37C. The suspensions were used as precudtnidewere used to inoculateO( ul) fresh media and then

grown another 24 hours at 20. The cells were then harvested via centrifuga(B500 rpm, 2 min) and resuspend

in PPB (450uL, 50 mM, pH7). Then an ethanolic substrate solutiomaaf2-FPPOX @a, 20 mM, 50uL) was

added. The reaction was carried out for one hour in a shaker at 20 °C and 200 rpm. As workup cyclohexane (1
mL) wasused to extract the reaction solution and then analyzed via HreGesults of thecreeningsalidation

are shown inScheme28. In terms of conversion both cultivatianethod shows high fluctuations but the
preculture expression being slightly more statite a standard deviation (SD) of 6.2 versus 9.9 the enantiomeric
excess as well as thevalue arequite stable in both cultivation method. However, the clone esfmasshows

again slightly better performance with a SD of 1.2 versus A8ordingly, clone expression was chosen for
screening, as it not only had a lower standard deviation, but was also very easy to handle, with only the transfer of
the clones into thdeepwell platesBased on the validation, thibraries were cultivated and screened with small
adjustmentsHigure 35). For transformation 1QL of the plasmid solutioiL0 ngpL ) wasusedinstead of ZiL.

on the competent cells (%) resulting in over 100 clone$he cultivation was carried out as claggression.
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OxdRE-WT (1.8 mL culture)

N, PPB (50mM pH 7), 1 h, 20°C :
oH | EtOH (2.5% viv), 0.5 mL, 220 rpm Of\\\N
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Scheme28: Screening validation with OxdR®/T and comparison of 9&ell-plate leaky expression with and without
preculture.

4.8.2 Screening results

The main culture volume as well as the substrate concentratidowea®dto reduce the@verallexecution time
and substii@ consumptionFurthermore, one clone was used for imoculationsto have one culture as backup
and one culture for the reaction. The backup was stored after harvesg0g@t

Transformation in BL21-Star
@ LB-Agar-Plate (Kan)
37°C over night

/ Clone Picking

|

96-Well-Plate expression
1.6 mL LB-Medium
24 h 200 rpm 37°C
24 h 200 rpm 20°C

|

Centrifugation 3500 rpm 2 min
Resuspend in 450 uL PPB
add 12.5 uL oFPPOX (5 mM)
200 rpm 20°C 1h

Extraction with 400 pL cyclohexan
| HPLC analytic

Figure 35: Schematigllustrationof the screening method
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The screening was carried out with 16 saturated positions mainly from Set 2 of the diisigriedleading to
over 900 reactions. The measured conversionseaaghtiomericexcess are shown in experimensalction
(9.6.6.3. The corresponding-Ealues are displayed Bcheme29.

OxdRE-mutant, 1.6 mLgww,
PPB (50 mM pH 7), 5 mM substrate, H

_ N"OH 200 rpm, V=0.5mL, 20 °C ©\/\\
> SN
F -H,O F

rac-(E/Z)-4a S-10a
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Scheme29: Plot of all Evalues from the screening of the 16 mutant libraf@sthe reaction ofac-(E/Z)-4ato the product
S-10a.Thebluedotted line (E = 10) marks the minimal requirement for the hit identification.

The screening resulted also irvElues over 200, but those values were only reatleeduse the conversion were
below 5% and therefore beyond the detection limit of the HPIt@s, these values were not included in the
illustration and the resultas theywereconsidered false positigeSet 2 proved to be extraordinarily successful,
as almost every position showed a variant with improve@lies. Over 16 hits were found tat have a higher
E-value than 10Positions W99 and M159 did not sheanversiorfor any reactions;oncluding that aystematic
error must haveoccurredwith a high probabilityin the production of the enzymes during the experiment.
Neverthelessa largenumber of variantsvith enhanced enantioselectivity were found. A small set of examples,
with a minimum conversion of 10% were used to identify the mutation and further investigaabies1(1). Six
mutants wereultivated in quantitative scaled antllized in biotransfamation. The chosen examples as well as
the results of the biotransformation are shownTiable 12. The biotransformations revealed an overall much
lower Evalues than in the screening process. The cause for the discrepaittpe that for the screening itself
not the validatedsubstrate concentration was used, but a much lower. The substrate concentration had to be
lowered because of the high consumptibthe substrate. The substrateessvas limited and therefore a lower
substrate loading was used. This lower substratiiiggrobably led to an inaccuracy in thev&lue However,

the hits still showed improved-#lues, but were not in the range to perfen@DDKR.
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Table 11. Promising hits of the screening that have been evaluated for their mutaslfioand L145F (blue) marking the
starting point.

# Clone Mutation E-Value
A WT - 2
B L145F - 4
1 4C-C8 Y146F 9
2 4D-C2 Al147M 8
3 4E-F4 F148E 10
4 4F-D4 Q149D 13
5 4G-D4 G150W 12
6 4G-H2 E150C 19
7 4H-B2 D151E 17
8 4H-H5 D151 12
9 6A-C3 D160C 26
10 6B-A3 G161R 9
11 6B-D1 G161D 10

Table 12: Results of OXdRHE_145F Library screening showing¥#alues and mutation site. For comparison, the wild type
and OxdREL145F alsoshown (blue)

OxdRE-mutant, (30mg'mL™" gyww),
PPB (50mM pH 7), 10 mM substrate,

_Naoh 1000 rpm, V=1 mL, 20°C ©\/\\\
- N
F

_n
I

N
o

# Clone Site E-Value
A WT - 2

B L145F - 4

1 6B-A3 G161R 7

2 6B-D1 G161D 8

3 6A-C3 D160C 9

4 4H-B2 D151E 10

5 4H-H5 D151 5

6 4G-D4 G150W

Considering the WT as the initial enzyme, the L145F mutant represents phase 1 and the quineeei2gof this
CASTing approachgcheme30). The next step (phase 3) would be to combinentiéations from phase

create triple mutants with even higher selectivity. These triple mutants can then be formed into quadruple mutants
in phase 4this can be repeated until the desired enantioselectivity is reached, as already described and illustrated
for a general ISM methodrigure 31).
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Scheme30: Enantioselectivity of OXdRE as function of the I§¥ase

The mutantdl (L145F, D151E)JIl (L145F, D160C) andV (L145F,G161D) wich showed signifcant higher
enantioselectivityare part of the designed smart libarfiesn Set2 The positions aren close structure elemets
to the active site and the cavitBy introducing mutations at this pdi the structural propéescan changelt was
also attempted to rationlize the introduced mutations, which led to higher selectivity by perfomdtibg a
simluation for OxdREL145F and a combination of the mutalitdll andlV . Through preliminary ratinalization
with OxdREL145F, the model was already optimized and a-8ifdulation showed no change time protein
structure. By introducing the new mutants and subsequent simulatidindorg an optimal conformation
(thermodyamical minimun), it was show that the mutations contributed to a change inotientationof the
phenylalaningFigure 36). However, no precise rational conclusion could be draminow these mutations led
to this change. Only the D160C mutatidid showa new hydrogen bond with L100leverthelessthe MD-
simulation showed that mutationslibrary Set2 can influencéhe canitiy indirectly, as expected. Last,can be
concluded that the semirational screening led to an enzyme with [sigleetivity, reaching an &alue of 10
With regard to the ISM, these variamtay only need to beombined as suggested in the simualttorpbtain a
highly selective variant
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Figure 36: Conformational change of OxdRIEL45F (green) towards OxdRIEL45F/D151E/D160C/G161D (grey) using
MD simulation forbot enzymes.

4.9 Summary and Outlook for the chiral nitrile synthesis in a double dynamic kinetic

resolution

This section focused on the development of an industrially relevant and academically first formulated double

dynamic kinetiaesolution, as tool to generdtimcatalyticallychiral nitriles. In this contexisomerization as well

as racemizatiomethod for aldoximes werextensively studied and developddhe isomerization of aldoxime

was achieved by thermal treatment and showed increased isomerization rates at higher substrate cqncentration

whereas the thimodynamic equilibriumE/Z, 70/30) could be reached under three hBcheme3l).

E/Z-Mix-(8)
OH

N.
N-on AT /N\OH _N

3h
(E)-8 (E)-8 (2)-8

70 : 30

Scheme31: Isomerization ofE)-PPOX 8, 89:11,E/Z) at 100°C at 240 mM substrate concentration reaching the
thermodynamic equilibrium in 3 hours.

A racemization method fathiral aldoxime withPPOX derivateas examplesould be develogd and a possible
mechanism was postulatdcheme 15). Racemization was made possible with thiazoles, with thiamine
hydrochloride as the best exampléne enantiomeric excess dR,E)-8 was successfully reduced from 88% to
35%within 24 hours ugg thiamine hydrochlorideSchemes?2).
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Scheme32: Racemization ofR,E}PPOX @) with thiaminehydrochloride

For the DDKR a flow set up was designed to performdlcemizatiorand isomerization simultaneously with the
enzymatic dehydratior he flow setup consisted of a twphase system (cyclohexane/water) with two reaction
chambers. Cyclohexameas used as the mobile phase. The enzymatic reaction was carried out at room temperature
while the racemization andsomerization were performed at 8€. The coupling of racemization and
isomerization with enzymatic dehydration was successfully demairefiow reaching 83% conversion and
36%ee which shovedthe proof of concept for the first demonstrated DD¢gRheme35).

Since the reaction performs betterhégher volume and substrate concentration, but the substrate access was
limited, the substrate synthesis with only 10% isolated yieldaptisnized usindiydroformylation of styreneas

key stepwith subsequent condensatiohhydroxylamine By usingthis alternativeroute, the substrates could be
obtainedconvenientlyand withhigh isolatedyieldsreachingup t098% (Scheme33).

N __com, NN | HNOH Ny SNy
Y&~ [RhP(Ph)s] V&% -H,0 &%
R toluene, R R
40 bar, 40 °C,
4-24 h
R =Cl, Br, F, CHj3 selectivity: 86-95% isol. yield: 79-98%
not isolated

Scheme33: General reaction overview of the synthesis of substituted phenylpropanal oximes.

The selectivityof OXdREWT was addressed vibreedifferent approaches. The biocatalyst production could also
be optimizediue to a new expression method (leaky expresdieending to a 10@old higher activity for OxdRE
L145F. The fully rational site directed mutagenesisd to the variant OxdRE145F with a twice higher
enantioselectivity (E = 4) than the WT (E = Jhe introduction of the L145F mutant into other aldoxime
dehydratasegOxdA and OxdB)was also successfully achieved, leading to increased selectivities for both
aldoximes dehydratases cpated to their wild typeAs part of the approach, to introduce the mutant L145F into
other aldoximes dehydratases, 16 different substrates were screened. The screening revealed a few combinations
of Oxd-Variants and substrates with improved selectiviteeshing Evalues of up to 11. As last approach high
throughput screening method as well as smart libraries were designed. THarbiglhput screening was
achieved utilizing expression and reactions ind®@6pwell plates with a subsequent fast analyisitHPLC-
chromatography. As screening reactian-(E/2)-2-FPPOX @éa) was usegdfor which a HPLC method of 5.5 mins
could bedesignedThe 52 smart libraries were desigiusing MOE as visualization tool to define promising areas
for mutation The screenigwas conducted with ov&00 clones from 16 smart libraries. Variants with 5 times
higher selectiviesthan OxdREWT were identifiedThe best variant OxdRE145F/D151E showed an-¥alue

of 10 for the transformation oéc-(E/2)-2-FPPOX @a).
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Scheme34: Demonstration of the reactiowith rac-(E/Z)-2-FPPOXandOxdREvariants

Furthermore, MBsimulations were performed to show the influence of the new variants. ThsirviDation

could illustrate structural changes in the active site induced by the identified mutations in the screening. As outlook
those identified hits could be combined as part of the ISM to obtain a much more selective variant. With a highly
selective variant the subsequ®DKR would need less optimization. Furthermore, the remaining unscreened
libraries could be investigated before conducting ISM type combination of mutdtdrnatively the screening

could also be conducted using citronellal oximeiasnellal is commercially available and presents an alternative

chiral substrate with already established-@€thodd*3%

f2
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80°C RT

s N
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:
R4 racemization R4 dehydration )
N ~ )'u, N ~ Ry I'C\\
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Scheme35: Summaryof the overall developed process in thwsrk. Substrate preparatiarsinghydroformylation (black),
biocatalyst preparation (green), chemical racemization and isomerization (red) and nitrile synthesis with an engineered
biocatalyst. Representation of DDKR as a flow process with enzymatic nitrileesysm at room temperature and chemical
racemization/isomerization at 8C.
Furthermore, if enzyme stability happen to be rate limiting for the developed process it is also thinkable option to
switch from superabsorber/cyclohexane system towards aldigatks in watdt3®! Hinzmann et alalready
demonstrated the compatibility of alginate beads with aldoximes dehydratase as encapsuling f&htigue.
method could provide higher stability for the enzyme while also the reaction temperature for the

racemization/isomerization could be increased to 100 °C with water astsolve
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5 Improving the biocatalytic transformation of non-solublefatty aldoximes

by targeting activity and stability of OxdB

5.1 Motivation

Overthe last years protein engineering gained significant interest in academia and ifRtitiswWith the latest
achievements, enzymes can be optimized very effectively for their use as biocatalysts addressing either selectivity,
activity or stability. The state of the art in protein engineering in tefrefficiency is the combination of directed
evolution®814% high throughput screeningiTS) method84Y and computational analy8#&43l Lately, machine

learning was also incorporated showing future perspectives in terms of automatization and effédfiigyonly

but crucial drawback of this methodology is its dependenceorean ableystentt®314% |f this cannot be realized

in silicomethods alone are also a viable tool to modify enzymes by direct identification of either mutafiéh sites

or hot spotgo generate smart librarié®,

Aldoxime dehydratases proven to be interestingdialgsts being capable of a cyanide free route for the synthesis
of nitril compounds starting from an aldoxime. Beside their broad substraté’$¢8pese hemb containing
enzymesacceptincredible substrate loading of 1.4 kg/L in case of octanal oxime and,EdBthout the need

of additional caéctos. Thus, theware clearly interesting for the butkemicalsector. However, they were shown

to be limited by the length of the substrate alkyl rest with respect to fatty alddsih¥és longerthe chain, the

less conversion was observed. To clarify the reason behind the limaatfenenzyméor fatty aldoxime different

aspects of the problem were targeteidre 37).

Concept to improve
Fatty nitrile synthesis
with molecular
modelling as key step

Increasing the solubility of Improved thermo/solvent
fatty aldoximes Stability of the enzyme

Increasing the acceptance
of the enzyme

Modifying the active Higher temperatures or co- Surface modification
site/entrance solvent ratios.

Biotransformation with high co-

solvent ratio using an Oxd with
improved activity and stability

Figure 37: Concepto improve fatty nitrile synthesiwith addressing three different problems to find a suited solution for the
conversion of fatty nitriles

The acceptance of the fatty aldoximes and their solubility as well as the stability of the enzymes were investigated.

Depending on what is identified as the bottleneck of the reaction, several approaches can be viable. The
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identification can be done by dirinvestigating the solubility of the substrates under certain reaction conditions
and comparing these with kinetic data of the enzyme towards the substrate class. If for an instance the solubility
would be the issue, increased reaction temperaturessolventratios could drastically increase the solubility.
Temperature ando-solventcan only be increased if the enzyme is stableughwhich iswhy the enzymeitself

or the biocatalystformulation would need modification to withstand harsher conditiBesides the protein
engineering aspecanother option could be the incorporation of the enzyme in particles and use themin a two
phase system, where the fatty aldoxime are solved in the organic'ghtgd-However, if the substrates are too

large for the active site, these attempts would not be succ&isite, it is also possible, that the enzyme does not
convert bulky substrates, because éheymesubstratecomplexcannot beformed due to stericallpinderance

which can be investigated via molecutaodelng. Therefore, moleculamodelng studies including site directed
mutagenesis were conducted to investigate the enzyme substrate complex of OxdB and long chain fatty aldoximes.
The acceptance and adty were rationally modified using docking studies and homolaogydelng. The

solubility of aldoximes were investigated using AGDAb and were targeted by increasingsodvent ratios or

the reaction temperature. To withstand increased reactions téunpenad cesolvent ratios OxdB was modified

in terms of stability.In the process, a new method forsilco based enhancement of enzyme stability was
developed.

5.2 Solubility and enzyme substrate complex of fatty aldoximes

To determine if the solubilitiesf the substrates were a problem, they were first calculated, which allowed a
guantitative comparison. The calculation revealed the overall low solubility of the fatty aldoximes. As expected,

the solubility drops dramatically with the growth of the chaimgith or in general the solubility mearlyhalved

per added alkyl rest. While heptanal oxime &iiitla r el at i vel y g oml'dodecahalidximéis t y o f
practically i nmlbTaldld)e with 6.20 eg

Table 13: Calculated solubilities of aldoximes in water at°Z5by using théThe ACD/FLab programi!#8] The realibility of
the calculatiorpresented in colorgreen = good, yellow = low).

Aldoxime Solubility LogSw Reliability: Conc.
/ug-mlt /UM
Cc7 59 -3.3 0.65 460
C8 39 -3.6 0.55 270
C9 24 -3.8 0.55 150
C10 18 -4.0 0.67 110
Cc11 11 -4.2 0.69 60
C12 6.2 -4.5 0.68 30
C13 2.9 -4.9 0.63 14
C14 0.37 -5.8 0.56 1.6
C15 0.17 -6.2 0.53 0.70
C16 0.10 -6.5 0.27

C17 0.02 -7.02 0.0007

C18 0.01 -7.29 0.0004

The Ky-values for OxdBaldoxime dehydratase froBuacillus sp) and fatty aldoxime are in the range of 4 rifl.
Comparing the Ig-value with the solubility of the substrates, the ai#diconversioneeported by Hinzmann et

al. are in agreement with the calculated data. The solubility of the substrates could also explain why such a high
substrate loading is possible. While the aldoximes from hexanal oxime to decanal oxime arelséliesaugh

to be converted excellently, the solubility is at the same time probably low enough to cause no inhibition for the
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enzyme. The higher fatty aldoximes, on the other hand, are even less soluble in water. The program did not allow
to calculate solhbilities at different temperatures or solvent ratios. In fact, the biotransformation proceeds in 10%
ethanol, in which octanal oxime is soluble up to 100 mM and dodecanal oxiappraximatelys mM (visual
estimation)While substrates such as octanahess with a solubility higher than the,Kalue of OxdB can easily

be transformed to the nitrile, substrates with solubilities far below {feskues are converted poorly or not at all.

To increase the overall conversion either the\Kalue has to be lowed or the solubility of the substrates has to

be increased. The former can be achieved by modifying the active pocket, the latter can be achieved by increasing
the cosolventcontent or the temperature. Since OXdB is not stable enough to withstand higheaction

temperature or solvent ratios, the enzyme has to be engineered for both matters first.

Figure 38: Molecular docking using MOE as software. Fraamghows dodecanal oxime inside the active site. Ftame
showing hexadecanal oxime in the active site showing same pose as dodecanal oxime with only the alkyl rest merging further
out.
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5.3 Increasing protein stability and in silico method development

Protein sability predictionhas beera challengdor decadesThese approacheme either based on empirical
forcefield, statistical potentials, sequer@and/or structural informatioWith the POPMuSIiC program being one

of the earliest*® a lot of powerful predictors with different approaches (FoldX, PoOPMuSiC -Mutant2.0, +
Mutant3.0, HotSpotWizard 2.0) were develofp€dl.Even houghthese methods represerry powerful tools,

the overall accuracy isnly moderaté*>l Besides intramolecular interams and structural integrity protein
stability depends on more than just the folded constwben @nsidering protein biosynthesis in a host,dell

which translation and foldindnave a major impact upon protein stability? it is to be expectedhat these
prediction tools provide only moderate accuracy From the mentionedprotein design applications
HotSpotWizard2.0 has the advantage of using primer sequamtstructuraldataas well asevolutionary
information from three different databases to provide a combined predi¢tiétowever, the tool does not predict
specific mutations with a quantitative analysist instead ipredicts hot spots for screening purg3derefore,

the idea was to comie the advantages of both predictor types, using the information of database analysis and
empirical forcefield calculation. For this purpose 3B® and MOE* were used3DM creates large libraries,

which are divided in subfamilied specified enzyme class. Those libraries are generatdgblsgructural identity

of proteinsusing its own numbering scheme and automated access to protein structures and models. MOE
(Molecular Operating Environment) &multipurpose softwarand provideghe stability calculationThe useof

both toolscombinesstructural and evolutionary infioration via 3DM and empirical force field calculatiofith

MOE, which should lead to an increased accuracy of the prediction.

5.3.1 Design of a stable aldoxime dehydratase using OxdB as template

The aim of this projectwas to increase the stability of Oxd®hich is the most stable aldoxime dehydratase
known[328.98IThe structure oDxdB was only available as mogleading to a decreasetire preliction accuracy
However, due to aigh structural homologwith OxdA (3w08) it remained the best starting point. Using MOE,

in silico saturated site directed mutagenesis can be performed to screen for mutants with increased stability,
whereas the stality is calculated as Gibbsreee ner gy (@S FGuerjEn an empirical forcefield

based calculationAs starting pointthree different aldoxime dehydratases with known thermostabilitere
compareto find structuraldifferences This comparisortould provide information for possible mutation sites.
TherebyOxdB representhe most stable, Oxd® second and OxdRE! the most instablprotein By comparing

thein silico generated properties of thelected Oxdan interesting correlatiom &ble 14) were encountered

Table 14: Comparison of calculated structure related properties of thermostable enzymes with three different aldoxime
deydratases using MOE.

Enzyme (PDEfile) K-D Dipole Mobility Dipole-/ Vdw Vdw
Hydrophobicity moment /en?-V.s1  Hydrophobicity  Volume Surface
moment/ D /D moment A3 area /R

CalA (2VEO) 1131 314 -4.9 0.28 42482 14389
Bc.stADH (1RJW) 791 615 -27 0.78 33628 14749
Lk-ADH (1zK4) 329 364 7.3 1.1 24332 11353
Chol. Ox. (3JS8) 1136 442 15 0.39 53849 18600
P456BM3 (4ZFA) 1575 990 -12 0.62 48282 19325
Cyp117 (1107) 1602 329 2.9 0.20 39241 16339
OxdRE (3al7) 398 776 -75 1.95 35959 14432
OxdA (3w08) 497 607 -54 1.22 36401 14804
OxdB-WT 788 340 -17 0.43 30567 15613
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The valueof the hydrophobicity momefi4, the dipole moment anthe mobility!*>® of the enzymeshowed a
certaintendencyin dependency to the enzyme stabilifhe most instable aldoxime dehgtase OxdRE among
those three variants has the lowest hydrophobicity moment of 398 D and the highest dipole moment of 776 D,
while the most stable aldoxime dehydrat@s&B has the highest hydrophobicity moment of 788 D and the lowest
dipole moment of 33 D. A tendency can also be seen tloe mobility (molecular shape and charge distribytion
of the protein.Showing higher mobility for a more stable variant. 8fssure that these findings were not just a
coincidence, other thermostaldad solventolerart proteins were considered in the comparisbnerefore,
(thermostability stated in °C)CalA (90°C)[*%® Bc-stADH (~70°C)[**1 CholOx (85°C) 258
CYP119(91 °C)** and P456BM3 (58 °C)1*6% were chosen fothe comparisonThose thermosble enzymes,
including heme containing enzyswuch as CYP119 and P4BM3 also showed high hydrophobicity momgnt
with smallerdipole momerdg. To complete the picture, a nstable enzyme, namely LKDH1 were included,
which showsa low hydrophobicity moment. In order to valid#te hypothesisabout the utilizability of protein
descriptors tenhance the thermostability of an enzymmeitatiors with respect to the mentioned properties by
choosing mutation sites on the sugaandomlywere screened

OxdB-X (purified 1 mg-mI™),
PPB (pH 7, 50 mM),

10 mM Sub., 30°C, 30 min

WN’OH /\/\/\///

11a -H,0 12a

I BSol1
I BSol2

Rel. activity / %

40 50
Temperature / °C

Scheme36: Thermo and solverstability investigation with OxdESol derivatives an@xdB-WT. The thermostability
investigation was carried out with 1 rgl! purified enzymesThe olventtolerance study was carried out with 13@-mL!
whole cell catalyst.

Initially, the mutants were divided depending on their positiosecondary structure elements to investigate if
these values can be improved randomly ot. rirrom these mutants OxeRoll (M19L/P20R/P36R with
mutations on the loops showed enhanced properties in terms of stability and solvent té&raece36). The

in silico determined hydrophobicity moment with these three mutations increased by 173 D and the dipole moment
decreased by 189 D 4ble 15). The thermostability was about twice as high atG&ompard to the wild type.

The solvent tolerance could be stated as slightly improved with about 10% higher relative activity at 40% ethanol
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