Optimization of dicarboxylic acid production with Methylorubrum extorquens
AM1 and further developments for future use as a methylotrophic cell factory

Dissertation
zur Erlangung des Doktorgrades

der Naturwissenschaften

vorgelegt beim Fachbereich 15 - Biowissenschaften
der Johann Wolfgang Goethe-Universitat

in Frankfurt am Main

von
Laura Marie Poschel

aus Aschaffenburg

Frankfurt am Main (2023)
(D30)



Vom Fachbereich 15 der

Johann Wolfgang Goethe-Universitat als Dissertation angenommen.

Dekan:
Prof. Dr. Sven Klimpel

Goethe-Universitat Frankfurt, Institut fir Okologie, Evolution und Diversitat

Gutachter:
Prof. Dr. Jens Schrader
(ehemals) DECHEMA-Forschungsinstitut

Prof. Dr. Eckhard Boles
Goethe-Universitat Frankfurt, Institut fir Molekulare Biowissenschaften

Datum der Disputation:



“There is nothing like looking, if you want to find something (or

so Thorin said to the young dwarves). You certainly usually find
something, if you look, but it is not always quite the something you were

after.”

The Hobbit, John Ronald Reuel Tolkien, 1937









This thesis is based on the following publications and manuscripts:

Pdschel L, Gehr E, Buchhaupt M (2022a)

Improvement of dicarboxylic acid production with Methylorubrum extorquens by
reduction of product reuptake.

Appl Microbiol Biotechnol 106:6713-6731. DOI: 10.1007/s00253-022-12161-0

-> incorporated as Chapter 6.1

Péschel L, Guevara-Martinez M, Hornstrom D, van Maris AJA, Buchhaupt M
Engineering of thioesterase YciA from Haemophilus influenzae for production of
carboxylic acids.

Appl Microbiol Biotechnol (accepted)

-> incorporated as Chapter 6.2

Pdschel L, Gehr E, Buchhaupt M (2022b)

A pBBR1-based vector with IncP group plasmid compatibility for
Methylorubrum extorquens.

MicrobiologyOpen 11:€1325. DOI: 10.1002/mbo3.1325

-> incorporated as Chapter 6.3

Poéschel L, Gehr E, Jordan P, Sonntag F, Buchhaupt M

Expression of toxic genes in Methylorubrum extorquens with a tightly repressed,
cumate-inducible promoter.

submitted

-> incorporated as Chapter 6.4

The manuscripts and publications included in this work are presented in the format
specified by the respective publisher. The copyright of the published articles is held by

the authors.









Zusammenfassung

Zusammenfassung

In Anbetracht des steigenden Konsums einer wachsenden Weltbevolkerung sowie der
drohenden Endlichkeit fossiler Brennstoffe ist die Entwicklung von
ressourcenschonenden Produktionsprozessen ein integraler Bestandteil der
Transformation hin zu einer nachhaltigen Industrie. Als Rohstoff fur Bricken- und
Zukunftstechnologien empfiehlt sich insbesondere Methanol, welches sowohl
petrochemisch als auch aus erneuerbaren Ressourcen hergestellt und auch in
biotechnologischen Verfahren als Substrat eingesetzt werden kann. Die
Methanolproduktion konkurriert weder mit der Nahrungs- und Futtermittelproduktion,
noch bendtigt sie grol’e Agrarflachen, wie es fir die meisten klassischen,
zuckerbasierten Substrate der Fall ist. Obwohl Methanol bisher hauptsachlich aus
fossilen Rohstoffen hergestellt wird, nimmt der Marktanteil an nachhaltig produziertem
Methanol (Bio-Methanol und e-Methanol) stetig zu. Als Substrat in biotechnologischen
Prozessen senkt die Verwendung von Methanol das Kontaminationsrisiko. Darlber
hinaus kann es in definierten synthetischen Medien eingesetzt werden, was die
Aufarbeitung potenzieller Zielprodukte stark vereinfacht.

Ein vielversprechender Plattformorganismus fur die Etablierung methanolbasierter
biotechnologischer Prozesse ist Methylorubrum extorquens AM1 (ehemals
Methylobacterium extorquens AM1). Dieses Alphaproteobakterium dient seit Gber 60
Jahren als Modellorganismus fiur die Erforschung der Methylotrophie, der Fahigkeit,
Ci-Molekile wie Methanol als alleinige Energie- und Kohlenstoffquelle unter
Anwesenheit von Sauerstoff zu nutzen. Obwohl durch die jahrzehntelange
Erforschung umfangreiches Wissen uber das Genom, das Transkriptom und die
Stoffwechselwege erworben, sowie bereits verschiedene homologe und heterologe
Produktionswege fur eine Vielzahl von Produkten fur M. extorquens im Labormalistab
beschrieben wurden, konnte bisher kein Prozess im industriellen Malstab realisiert
werden. Dafur kdnnen drei maf3gebliche Grinde identifiziert werden: (1) Eine relativ
limitierte Auswahl von Werkzeugen zur gentechnischen Modifizierung des Bakteriums,
(2) fehlendes Verstandnis fur Kohlenstoffflisse und auftretende Nebenreaktionen in
modifizierten Stammen, wie beispielsweise Produktreimporte, und (3) das Fehlen von
mafgeschneiderten Produktionsstammen fir finanziell ertragreiche Zielprodukte
sowie eine flr diese speziell optimierte Bioprozessfihrung. Das Ziel der vorliegenden
Arbeit war es, Entwicklungen fur die drei genannten Bereiche zu tatigen, um zur

Weiterentwicklung von M. extorquens hin zu einer methylotrophen Zellfabrik
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beizutragen, die potenziell im industriellen Mal3stab eingesetzt werden kann. Die

Entwicklungen, die in dieser Arbeit erzielt wurden, sind in Abbildung 1
zusammengefasst.
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Abbildung 1 Ubersicht des Promotionsprojektes - In dieser Arbeit erzielte Entwicklungen zur
Verbesserung der Anwendbarkeit von M. extorquens AM1 als kinftige methylotrophe
Zellfabrik fur die Produktion von chiralen Dicarbonsauren und weiteren Spezialchemikalien
aus Methanol. A Die Freisetzung von chiralen Verbindungen aus dem Ethylmalonyl-CoA-
Stoffwechselweg (EMCP) wurde durch das Einbringen heterologer Enzyme (blaue Pfeile)
erreicht. Zur Vereinfachung wurden in der Abbildung die Dicarbonsaduren mit den Namen der
jeweiligen Anionen bezeichnet. Die gezeigten absoluten Konfigurationen der Produkte wurden
entweder durch entsprechende Analysen belegt oder aus der Stereoselektivitdt der
verwendeten Enzyme abgeleitet. B-C Zwei neuartige Werkzeuge wurden fir die Herstellung
von M. extorquens Stammen entwickelt, ein mit Cuminsaure induzierbarer Promotor, der auf
die Expression von Genen mit toxischen Produkten zugeschnitten ist (B), sowie ein
Plasmidsystem, welches zusammen mit Plasmiden der IncP-Gruppe verwendet werden kann
(C).
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MaBgeschneiderte Produktionsstaimme und -prozesse fiir wertvolle
Zielprodukte, sowie Steigerung der Ausbeute durch Verminderung der
Produktwiederaufnahme

Um das Potenzial von M. extorquens als methylotrophe Zellfabrik zu verdeutlichen,
sollten fur das Forschungsprojekt Zielprodukte gewahlt werden, die auch industrielle
und gesellschaftliche Interessen widerspiegeln. Kandidaten flr solche Zielprodukte
sind beispielsweise enantiomerenreine, chirale Substanzen, da diese von groller
Bedeutung als Bausteine fur pharmazeutische Wirkstoffe sind. In der Regel ist eine
vollchemische stereoselektive Synthese oder Aufarbeitung chiraler Molekule mit
hohen Kosten und einem gesteigerten Arbeitsaufwand verbunden. Daher kann die
Herstellung von chiralen Bausteinen auf biotechnologischem Weg eine
kosteneffiziente Alternative bieten.

Im Ethylmalonyl-CoA-Stoffwechselweg (EMCP), der Teil des Primarstoffwechsels von
M. extorquens ist, finden sich spezielle, teils chirale CoA-Ester-Intermediate. Derivate
dieser CoA-Ester kdnnen durch das Einbringen von heterologen Enzymen freigesetzt
werden. Die Dicarbonsauren Mesaconsaure und 2-Methylsuccinylsaure (zur
Vereinfachung werden im Folgenden die Bezeichnungen Mesaconat und
2-Methylsuccinat verwendet) wurden in einer friheren Studie durch Einbringen der
heterologen Thioesterase YciA aus Escherichia coliin M. extorquens produziert!). Da
die chirale Integritat bei der Hydrolyse von (S)-2-Methylsuccinyl-CoA erhalten bleibt
(Abbildung 1A), konnte trotz fehlender chiraler Analytik davon ausgegangen werden,
dass 2-Methylsuccinat als S-Enantiomer vorliegt. Die verwendeten Stamme
produzierten in der besagten Studie eine Mischung von Mesaconat und
2-Methylsuccinat mit einem maximalen kombinierten Produkttiter von 0,65 g/L in
Schuttelkolbenexperimenten. Diese Experimente dienen als Grundlage fur die
Entwicklungen der vorliegenden Arbeit.

Die zuvor beschriebenen Stamme sollten weiterentwickelt werden, um hdhere
Ausbeuten zu erreichen und um neue, biotechnologisch bisher nicht zugangliche
Dicarbonsauren herzustellen. Zur Erhéhung der Produktausbeute sollte zunachst die
zuvor beschriebene Produktwiederaufnahme von Mesaconat und 2-Methylsuccinat
adressiert werden. In vorherigen Studien’ wurde ein deutlicher Abfall der
Produktkonzentration beobachtet, sobald die produzierenden Bakterienkulturen in die
stationare Wachstumsphase Ubergingen. Zum Zeitpunkt der Studien war unklar, ob

die Aufnahme der Produkte erst zu diesem Zeitpunkt einsetzt oder ob sie uUber die

1) Sonntag F, Miller JEN, Kiefer P, Vorholt JA, Schrader J, Buchhaupt M (2015) High-level production of ethylmalonyl-CoA I
pathway-derived dicarboxylic acids by Methylobacterium extorquens under cobalt-deficient conditions and by polyhydroxybutyrate
negative strains. Appl Microbiol Biotechnol 99:3407-3419. https://doi.org/10.1007/s00253-015-6418-3
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ganze Kultivierungsphase hinweg ablauft und durch die hohere Freisetzung maskiert
wird. In der hier vorliegenden Arbeit wurden verschiedene Ansatze genutzt, um
modgliche Faktoren fir die Produktwiederaufnahme zu identifizieren. Eine
Transkriptomanalyse von Zellen in verschiedenen Wachstumsstadien lieferte keine
eindeutigen Ergebnisse hinsichtlich mdglicher Importfaktoren. Auch konnte kein
direkter Mutagenese/Screening Ansatz genutzt werden, da es nicht mdglich war,
M. extorquens auf Medien zu Kkultivieren, die ausschlieBlich Mesaconat oder
2-Methylsuccinat als Kohlenstoffquelle enthielten. Stattdessen wurde das halogenierte
Analogon  2,2-Difluorosuccinat als  Selektionsmittel  eingesetzt, = welches
wachstumshemmend auf Methanol-metabolisierende M. extorquens-Zellen wirkt. Mit
diesem Ansatz konnte schliellich das Gen dctA2 als Ziel fur die Verringerung der
Aufnahme von Dicarbonsauren identifiziert werden. Durch die Deletion des dctA2
Gens, welches mit hoher Wahrscheinlichkeit fur einen Sauretransporter codiert, konnte
die Produktwiederaufnahme von Mesaconat und 2-Methylsuccinat deutlich reduziert
werden. Weiterhin wurde die Wiederaufnahme von Mesaconat durch die Umwandlung
zu einem von M. extorquens nicht-metabolisierbaren Produkt durch das Einbringen
eines weiteren heterologen Enzyms unterbunden. Das achirale Produkt Mesaconat
wurde dabei mithilfe einer Mesaconase/Fumarat Hydratase aus
Paraburkholderia xenovorans zu (S)-Citramalat umgesetzt und somit ein weiteres
chirales Produkt zuganglich gemacht (Abbildung 1A).

Zur Freisetzung der genannten Dicarbonsaureprodukte wurde YciA, eine Thioesterase
mit breitem Substratspektrum, gewahlt, die eine Vielzahl von CoA-Estern
unterschiedlicher Kettenlange akzeptiert. Somit sollte das Enzym in der Theorie alle
im EMCP vorkommenden CoA-Ester von Interesse (Crotonyl-CoA, (S)-2-Ethylmalonyl-
CoA, (R)-2-Ethylmalonyl-CoA, (S)-2-Methylsuccinyl-CoA, Mesaconyl-CoA, (2R,3S)-3-
Methylmalyl-CoA, (S)-2-Methylmalonyl-CoA  und (R)-2-Methylmalonyl-CoA)
hydrolysieren kénnen. In den Kulturiberstanden von M. extorquens-Stammen, die das
entsprechende Thioesterase-Gen Uberexprimierten, konnten allerdings nur
Mesaconat und 2-Methylsuccinat nachgewiesen werden. Um das Substratspektrum
der YciA Thioesterase zu erweitern, wurde semi-rationales Enzym-Engineering
eingesetzt. Da die potenziellen Substrate eine hohe strukturelle Ahnlichkeit aufwiesen
und nicht klar war, welche Faktoren die Selektivitat des Enzyms beeinflussen, war ein
rein rationales Vorgehen wenig zielfuhrend. Mithilfe eines Strukturmodells und der

publizierten Literatur zu YciA und verwandten Thioesterasen wurde eine Reihe von

Y
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Aminosaurepositionen identifiziert, die bei der Enzym-Substrat-Bindung potenziell eine
Rolle spielen. Basierend auf diesen Analysen wurde eine kleine Bibliothek von
Expressionsplasmiden flr YciA-Varianten erstellt, die an den identifizierten Stellen in
der Aminosauresequenz von der Wildtyp-Enzymvariante abwichen. Im Screening der
entsprechenden Stamme konnte fur keine der Varianten ein neuartiges
Dicarbonsaureprodukt identifiziert werden. Allerdings wirkten sich Veranderungen der
F35 Position stark auf die Produktion von Mesaconat und 2-Methylsuccinat aus. Der
Einsatz von YciA F35N und YciA F35L steigerte die maximal erreichten Produkttiter im
Vergleich zur unmodifizierten YciA-Variante deutlich. Der Einfluss der F35 Position
konnte ebenfalls in einem Escherichia coli-Stamm nachgewiesen werden, der fir die
Produktion von 3-Hydroxybutyrat konstruiert wurde. Hierbei fuhrte der Einsatz der
F35L YciA-Variante zu dreifach hoheren Produkttitern als der Einsatz des
unmodifizierten Enzyms. Der Versuch, die F35L-Variante weiter zu charakterisieren,
scheiterte daran, dass Zellextrakte, sowie das aufgereinigte Enzym der F35L-Variante
keine oder nur sehr geringe Aktivitdten gegenlber den getesteten Substraten in vitro
zeigten. Dies liel3 darauf schlief3en, dass die Enzymvariante nur in vivo stabil ist. F35
befindet sich am N-Terminus einer a-Helix, die den Substratbindekanal definiert. Ein
Vergleich mit anderen nahe verwandten Thioesterasen (Thioesterase Familien 4, 6, 7,
8, 11 und 31) zeigte, dass diese Position hochkonserviert ist. Dies spricht dafiir, dass
mit der besagten Position ein Target identifiziert wurde, welches potenziell auch zur
Modifikation verwandter Thioesterasen verwendet werden kann. In der vorliegenden
Arbeit wurden zwar mit YciA F35N und YciA F35L wesentlich produktivere
Enzymvarianten fir die Herstellung von Mesaconat und 2-Methylsuccinat generiert,
zuvor unzugangliche Dicarbonsaureprodukte wurden durch den Einsatz der
Enzymvarianten jedoch nicht freigesetzt. Die angestrebte Erweiterung des
Dicarbonsaure-Produktspektrums von M. extorquens um ein weiteres chirales Molekdl
wurde schlieBlich durch die Verwendung einer alternativen Thioesterase aus
Corynebacterium glutamicum erreicht. Der Einsatz dieser alternativen Thioesterase
fuhrte zur Freisetzung von 2-Hydroxy-3-methylsuccinat (siehe Abbildung 1A).

FUr die beiden neuartigen Dicarbonsaureprodukte Citramalat und 2-Hydroxy-3-
methylsuccinat liegen keine Analysen zur Enantiomerenreinheit vor, allerdings kann
aufgrund der Substratcharakteristika sowie der Stereoselektivitat der verwendeten
Enzyme von der Produktion der Enantiomere (S)-Citramalat und (2S,3R)-2-Hydroxy-

3-methylsuccinat in hoher Reinheit ausgegangen werden. Fur 2-Methylsuccinat
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wurden in Kooperation mit der Firma Chiracon GmbH (Luckenwalde, Deutschland)
erste Analysen durchgefiihrt und ein Enantiomereniberschuss des S-Enantiomers
von 95 - 97,8 % berichtet.

Far die Skalierung der Dicarbonsaureproduktion mit M. extorquens AM1 wurden
abschlieBend speziell zugeschnittene Fermentationsstrategien entwickelt. Eine
besondere Herausforderung stellte dabei die prazise Steuerung der Methanolzufuhr
dar. Konzentrationen von uber 1 % (v/v) Methanol wirken sich negativ auf das
Wachstum von M. extorquens AM1 Kulturen aus, wahrend zu niedrige
Methanolkonzentrationen die Wiederaufnahme von Dicarbonsaureprodukten fordern.
Fir die kontrollierte Methanolzufltterung wurde daher ein skriptgesteuertes Fed-
Batch-Verfahren entwickelt, das ausschliellich auf Messungen des geldsten
Sauerstoffes  basiet und so eine aufwandige Online-Messung  der
Methanolkonzentration Uberflissig macht. Fur die Zielverbindungen Mesaconat,
2-Methylsuccinat, Citramalat und 2-Hydroxy-3-Methylsuccinat wurden Titer von 3,8 g/L
bis 5,8 g/L erzielt, was die bisher hochsten Titer flr die mikrobielle Produktion dieser

Produkte auf Methanolbasis darstellt.

Entwicklung von neuen Werkzeugen fir die Konstruktion von M. extorquens
AM1-Produktionsstammen

Eine breite Auswahl von Methoden fir die Modifizierung von Produktionsstammen ist
eine Voraussetzung fur die Anwendbarkeit von M. extorquens als methylotrophe
Zellfabrik. Darunter fallen verschiedene molekulargenetische Werkzeuge fur
Genexpression, Gen-Transfer, Gen-Deletion, Gen-Integration, sowie fir die
Mutagenese. Allerdings sind viele gut etablierte Plasmid- und Promotorsysteme nicht
geeignet fur die Verwendung in M. extorquens.

Bislang werden hauptsachlich Plasmide fur M. extorquens eingesetzt, die auf einem
einzigen Plasmidsystem (pCM) basieren. Um die Expression von heterologen Genen
in M. extorquens zu erleichtern und insbesondere um die Testung von
Genkombinationen zu vereinfachen, sollte in der vorliegenden Arbeit die Anwendung
eines neuartigen, zu pCM-Plasmiden kompatiblen, Vektors getestet werden. Bei
diesem Vektor handelt es sich um eine Variante des pBBR1-basierten Plasmids pMis1
(Abbildung 1C). Aus pMis1-Transformanten wurde die Plasmidvariante pMis1_1b
isoliert, die eine Insertion im Bereich des rep-Gens enthielt. Auch wenn die Co-

Transformation von M. extorquens mit pMis1_1b und pCM zu Wachstumsdefekten

VI
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fuhrte, konnte eine hohe Kopienzahl des neuen Plasmids sowie eine starke Plasmid-
basierte Genexpression nachgewiesen werden.

Als zweites Werkzeug wird in der vorliegenden Arbeit ein synthetischer Promotor
vorgestellt und charakterisiert. Das von der ETH Zurich beschriebene induzierbare
Promotorsystem Pa214s zeigte, anders als in der entsprechenden Publikation
beschrieben, eine hohe Hintergrundexpression bei der Verwendung in M. extorquens
AM1. Bei der Testung von Terpen-Produktionsstammen wurde eine Variante des
Promotors mit einer deutlich reduzierten Hintergrundexpression identifiziert. Diese
Promotorvariante (Pss), die eine Deletion weniger Basenpaare enthielt, wurde mithilfe
eines Reportergen-Assays naher charakterisiert (Abbildung 1B). Pss zeigte im
Vergleich zu Pa214s zwar eine geringere maximale Expressionsstarke, zugleich aber
eine sehr starke Repression der Transkription in Abwesenheit des Induktors. Zudem
lieR® sich die Expressionsstarke von Pss Uber die Menge der Induktorzugabe einstellen.
Der hier vorgestellte neue Promotor ist aufgrund seiner Eigenschaften besonders
geeignet fur die kontrollierte Expression von Genen mit potenziell toxischen Produkten

in M. extorquens.

Insgesamt belegt die vorliegende Arbeit die Eignung von M. extorquens als
methylotrophe Zellfabrik. In den vorgestellten Anwendungen wird dabei die
biotechnologische Produktion von wirtschaftlich und industriell vielversprechenden,
chiralen Molekulen mit der Verwendung eines zukunftsfahigen, alternativen Substrats
verbunden. Zudem werden neue Entwicklungen und Ansatzpunkte vorgestellt, die die

Herstellung und Optimierung zukunftiger Produktionsstamme vereinfachen.

VI
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Abstract

In view of a growing world population and the finite nature of fossil resources, the
development of eco-friendly production processes is essential for the transition
towards a sustainable industry. Methanol, which can be produced both petrochemically
and from renewable resources, offers itself as bridging technology and attractive
alternative raw material for biotechnological processes. This work describes
developments for the progress of the well-studied methylotrophic a-proteobacterium
Methylorubrum extorquens AM1 (formerly Methylobacterium extorquens AM1)
towards an efficient methylotrophic cell factory. Although many homologous and
heterologous production routes have already been described and realized for
M. extorquens in a laboratory scale, no industrial process has yet been realized. Three
major reasons can be identified for this: (1) A relatively limited choice of tools for
genetic modifications, (2) a lack of understanding of carbon fluxes and side reactions
occurring in modified strains, such as product reimports, and (3) the lack of tailored
production strains for profitable target products and the respective optimized
bioprocessing protocols. The aim of the present work was to achieve developments for
the three mentioned areas. As a model application, the high-level production of chiral
dicarboxylic acids from the substrate methanol was chosen. Enantiomerically pure
chiral compounds are of great interest, e.g., as building blocks for chiral drugs. The
ethylmalonyl-CoA metabolic pathway (EMCP) which is part of the primary metabolism
of M. extorquens, harbors unique chiral CoA-ester intermediates. Their acid derivatives
can be released by cleavage of the CoA-moiety using heterologous enzymes. The
dicarboxylic acids 2-methylsuccinic acid and mesaconic acid were produced in a
previous study by introducing the heterologous thioesterase YciA into M. extorquens).
In the said study, a combined 2-methylsuccinic acid and mesaconic acid titer of
0.65 g/L was obtained in shake flask experiments. These results serve as the basis for
the developments in the present work.

First, the previously described reuptake of mesaconic acid and 2-methylsuccinic acid
was thoroughly investigated and dctA2, a gene probably encoding for an acid
transporter, was identified as target for reducing the product reuptake. In addition,
reuptake of mesaconic acid was prevented by converting it to (S)-citramalic acid, a
product not metabolizable by M. extorquens, by the introduction of a heterologous
mesaconase. Together with 2-methylsuccinic acid, for which a high enantiomeric

excess of (S)-2-methylsuccinic acid was determined, a second chiral molecule was

VIIl 1) Sonntag F, Muller JEN, Kiefer P, Vorholt JA, Schrader J, Buchhaupt M (2015) High-level production of ethylmalonyl-CoA
pathway-derived dicarboxylic acids by Methylobacterium extorquens under cobalt-deficient conditions and by polyhydroxybutyrate
negative strains. Appl Microbiol Biotechnol 99:3407-3419. https://doi.org/10.1007/s00253-015-6418-3
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thus added to the product spectrum. For the release of dicarboxylic acid products,
YciA, a broad-range thioesterase that accepts a variety of CoA-esters with different
chain lengths as substrates, was chosen. The enzyme should theoretically be able to
hydrolyze all CoA-esters of interest present in the EMCP. However, in culture
supernatants of M. extorquens strains that were overexpressing the corresponding
yCiA gene, only mesaconic acid and 2-methylsuccinic acid could be detected. To
expand the substrate spectrum of YciA thioesterase with respect to other EMCP
intermediates, semi-rational enzyme engineering was attempted. Screening of the
corresponding strains carrying the respective YciA variants did not result in strains
capable of producing new dicarboxylic acid products. However, the experiments
revealed an amino acid position that strongly affected the production of mesaconic acid
and 2-methylsuccinic acid in vivo. By substituting the according amino acid in YCiA, the
maximum titers of mesaconic acid and 2-methylsuccinic acid could be increased
substantially. Application of an improved thioesterase variant in a second E. coli-based
process confirmed the enhanced activity of the enzyme. The desired extension of the
product spectrum by another chiral molecule (2-hydroxy-3-methylsuccinic acid,
presumably the (2S5,3R)-form) was finally achieved by using an alternative
thioesterase. Tailored fermentation strategies were developed for the high-level
production of the above-mentioned products. A particular challenge was the precise
control of the methanol feeding, since high concentrations of methanol have a negative
impact on the growth of M. extorquens AM1 cultures, while very low concentrations
promote reimport of dicarboxylic acid products. With the developed process, titers of
several g/L were achieved for all target compounds.

As second part of the work, two novel genetic tools for M. extorquens were developed
and characterized. The pBBR1-derived plasmid pMis1_1B was shown to be stably
maintained in M. extorquens cells. In addition, its suitability for co-transformations with
other plasmids was demonstrated. The second tool, the cumate-inducible promoter
Pss, is tailored for expression of pathways with toxic products, as the transcription of
genes controlled by Pss is strongly repressed in the absence of an inducer.

Overall, the present work demonstrates the enormous potential of using M. extorquens
as a methylotrophic cell factory. In the applications shown, the biotechnological
production of high-priced chiral molecules is combined with the use of an attractive
alternative substrate. In addition, new achievements and approaches are presented to

facilitate the development of future M. extorquens production strains.
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Introduction

1. Introduction
1.1 Methanol production and methanol-based processes

Methanol is a basic chemical that has been used all over the world for thousands of
years. A historical name for methanol is wood spirit or wood alcohol. This old name
refers to an early methanol generation process using thermal destructive distillation of
wood. This process was rather inefficient, yielding only 10-20 L of methanol per metric
ton of wood (Olah et al. 2018). The first industrial process for methanol synthesis from
coal derived syngas (a mixture of carbon monoxide and hydrogen) was developed and
implemented by BASF scientists M. Pier and A. Mittasch in the 1920s (Offermanns
2014). The synthesis of methanol from syngas with a catalyst comprises two
exothermic methanol generation reactions (Eq. 1 and Eq. 2) and an endothermic

reverse water gas shift reaction (Eq. 3, Goeppert et al. 2014).

CO + 2H2 s CHsOH AHagsk = - 21.7 kCal/mol Eq. 1
CO2 + 3H2 5 CH3OH + H2O  AHagsk = -11.9 kCal/mol Eq. 2
CO2 + H2 5 CO + H20 AH29sk = 9.8 kCal/mol Eq. 3

The original BASF process used a ZnO-Cr203 catalyst and harsh conditions of 250-
300 atm and 300 to 400 °C (BASF, German Patent nos. 415686, 441433 and 462837,
1923). The development of new, copper-based catalysts (e.g. Cu-ZnO/Al203) and
advances in syngas purification enabled mid- and low-pressure processes (da Silva
2016). The syngas used today is predominantly produced from either coal (especially
in China and South-Africa) or from natural gas (Olah et al. 2018). Natural gas
predominantly consists of methane, which is reformed to CO2, CO and hydrogen
(Goeppert et al. 2018). The global methanol production has exceeded 98 million metric
tons per year in 2021 and is growing rapidly (IRENA and Methanol Institute 2021).
Methanol is an important building block for the chemical industry and serves as starting
material for various other basic chemicals such as formaldehyde, dimethyl ether, acetic
acid, polymers and specialty chemicals used in paints, adhesives and pharmaceuticals
(Sonthalia et al. 2021).
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1.1.1 Methanol as a universal sustainable feedstock of the future

Along with hydrogen, methanol is being envisioned as a future replacement for fossil
fuels. Its high octane number makes methanol a good fuel itself and an excellent blend
for gasoline, while emitting almost no harmful byproducts like NOx (Wang et al. 2019).
As a liquid raw material, methanol offers advantages over the highly volatile, gaseous
Hz2 in handling, transport and storage (Olah 2005). Although hydrogen has some
excellent properties as potential fuel and its combustion produces only water as a
byproduct, its universal and exclusive usage would require the installation of a whole
new hydrogen infrastructure (Sonthalia et al. 2021). For methanol, such infrastructure
is already in place as it has been used as a prevailing basic chemical for decades.
Furthermore, the infrastructure for fossil fuels can be easily adapted for methanol. Due
to this sophisticated infrastructure, methanol can also be readily used for energy
storage. Converting methane to methanol for shipping and storage is a promising
alternative to liquefied natural gas (LNG) (Olah et al. 2018). Moreover, the two largest
sources of renewable energy, wind and solar, are intermittent and their availability
fluctuates throughout the day and year. Long-term storage of energy in form of
chemical bonds may be a feasible solution for this problem.

As already mentioned, methanol is still produced mainly from cheap fossil resources
(syngas from natural gas or coal). Nevertheless, both syngas and methanol can be
obtained from renewable sources, e.g. by modern gasification processes for wood and
the production of biogas followed by reforming to syngas. In the last three decades,
the methanol production from municipal waste and biomass has become more relevant
with leading methanol production companies like OCI/BioMCN (Amsterdam,
Netherlands), Chemrec (Stockholm, Sweden) and Enerkem (Montreal, Canada)
opening large commercial production plants for so called bio-methanol.

In recent years, more and more attention has been drawn to “green” hydrogen
production by electrolysis of water using energy from renewable sources. This is
opening the possibility of producing regenerative methanol directly from CO2 emissions
and hydrogen with a homogenous or heterogenous catalyst (Eq. 2, Kar et al. 2018; Din
et al. 2019). Considering the high energy demand for hydrogen generation in a water
splitting reaction (Eq. 4), it is particularly crucial that the energy required is obtained
from renewable sources (e.g. solar, wind or thermal energy) so that the subsequent

methanol production is sustainable overall (Goeppert et al. 2018).

2H20 5 2H2 + O2 AHogsk = 285.83 kCal/mol Eq. 4
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In the last decade, fourteen new industrial projects have been launched worldwide
aimed at recycling of CO2 to so called e-methanol (IRENA and Methanol Institute
2021). The CO:z2 is captured from the emissions of various production facilities such as
power, steel or cement plants. These emissions contain over 10 % of CO2, which can
be captured by various techniques (Wang et al. 2017). The first demonstration plant
for direct conversion of CO2 emissions was established in Iceland by Carbon Recycling
International in 2011. The hydrogen needed is produced with readily available cheap
geothermal energy (Alvarez et al. 2017). Based on the technology used at the CRI site
in lceland, the first commercial ETL (emissions-to-liquid) plant with a production
capacity of 110 000 tons of methanol per year was commissioned in 2022

(https://www.carbonrecycling.is/projects-shunli, accessed 21/05/2023). The direct air

capture (DAC) of atmospheric CO:2 is not feasible yet, but the developments in this
research area are progressing rapidly (Sanz-Pérez et al. 2016; Keith et al. 2018; Shi
et al. 2020). With an efficient DAC, the COz2 which is ultimately released by combustion
of biomethanol, e-methanol or fossil-derived methanol can be captured and recycled
again to methanol, resulting in a complete “methanol economy” (Olah et al. 2018).

A widely discussed alternative to conventional fuels are so-called biofuels. First-
generation biofuels were processed from food crops such as corn, sugar cane or palm
oil. A solution to the ethical “food vs. fuel” controversy was delivered by next-generation
biofuels derived from non-food materials and byproducts such as algae, lignocellulose
or rice straw (Zinoviev et al. 2010). The intensive research going on in this field will
make these biofuels a competitive alternative to conventional fuels in the near future.
However, the raw materials needed may not necessarily be ubiquitously available due
to soil, climate or space constraints. Considering this, a parallel development of both
e-methanol-based fuels and biomass-based biofuels (which also include bio-methanol)
should be pursued for the diversification of sustainable fuel production.

Summed up, methanol has the potential to serve not only as a basic chemical, but also
for energy storage and as fuel of the future. Due to the variety of methanol generation
options, methanol-based processes can serve as bridging technologies. In
combination with “green” hydrogen, methanol has the potential to be produced
sustainably and to lower the dependency on fossil resources. The success of the
introduction of a "methanol economy" will depend on the development of more efficient
catalysts and carbon capture processes, but also on political will and environmental-

ethical decisions.
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1.1.2 Methanol-based biotechnology using methylotrophic bacteria

Besides methanol being one of the dominant basic chemicals for the chemical industry,
using methanol as carbon feedstock for biotechnological applications has drawn huge
interest in the recent years. As described in chapter 1.1.1, methanol has the potential
to be entirely generated in a renewable or even regenerative manner. Its generation
can be diversified and does not compete with food production, as is the case with many
conventional carbon sources for biotechnological processes. Most industrial
biotechnological processes are based on sugars, molasses, oils or protein
hydrolysates (Chmiel et al. 2018). In addition to the benefits already mentioned,
methanol also has process-related advantages over these traditional substrates.
Methanol is more reduced than most sugars, making it an excellent substrate for
achieving high product yields (Whitaker et al. 2015). Since methanol is cytotoxic for
most organisms, its use reduces the risk of contaminations. Furthermore, methanol as
highly pure, non-complex substrate can be used in well-defined synthetic media, which
facilitates the downstream processing of products (Ochsner et al. 2015).

Organisms that use methanol as sole source of carbon and energy are called
methylotrophs. Methylotrophy can be divided in three modular parts: (1) oxidation of
the C+-compound to formaldehyde followed by (2) the oxidation of formaldehyde and
(3) the assimilation into biomass (Chistoserdova 2011). For the latter, two pathways
are known in bacteria. Methylobacillus glycogenes, Bacillus methanolicus and
Methylophilus methylotrophus are examples for organisms using the ribulose
monophosphate (RuMP) cycle, in which C1 assimilation takes place at the level of
formaldehyde. Other methylotrophic bacteria, such as Methyloligella halotolerans and
the widely studied Methylorubrum extorquens, utilize the serine cycle for
C1 assimilation, in which formaldehyde enters the assimilation route through
methylene-H4F (a detailed description of serine cycle methylotrophy is given in chapter
1.2.2). In either of the modes of methylotrophy described above, the strongly reduced
character of methanol leads to a high oxygen demand in fermentations and a
substantial heat generation (Schrader et al. 2009). To cope with the resulting increased
heat output in competitive industrial processes, either thermophilic organisms may be
used or the costs of cooling the bioreactor must be compensated by efficient production
strains and high-value products. In the following, the enormous potential of methanol-
based biotechnology and the possible applications of the respective products are

demonstrated by various examples (summarized in Figure 2). The bacterium
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M. extorquens is particularly interesting as a platform organism for the production of
value-added compounds from its three interlocked metabolic pathways (EMCP, serine
cycle and PHB cycle), but other bacterial methylotrophic production hosts are also
presented in the following chapters. An exciting new area of research is the
development of synthetic methylotrophs, which would allow streamlined applications
of well-studied organisms such as Escherichia coli or Corynebacterium glutamicum for
methanol-based biotechnology. Since the RUMP cycle is more efficient than the serine
cycle in terms of generating NADH, ATP and biomass, most approaches in this field
focus on implementing a synthetic RuUMP cycle (Klein et al. 2022). The challenges here
are manifold, ranging from DNA-protein crosslinking caused by formaldehyde and poor
kinetics of heterologous methylotrophic enzymes to improper gene regulation (Gregory
et al. 2022). Autonomous methylotrophy has only been reported for one E. coli strain
with a doubling time of 8.5 hours and a final optical density of 2 (Chen et al. 2020).
Although this is a very promising starting point for synthetic methylotrophy, further
research is required to make it practical for biotechnological applications. Anaerobic
acetogens or eukaryotic platforms, such as methylotrophic yeasts, are beyond the

scope of this work and will not be discussed.

Serine cycle methylotrophs RuMP cycle methylotrophs
Methanol Methanol

v v

Violacein - rereremennanans

coneees Amino acids

PHA and <@g * Alanine

PHA derivatives

................ » Amino acids
Terpenoids 4 * Glutamic acid + GABA

and mevalonate * Threonine
& : * Lysine + cadaverine

o
----

:
» v

Mono- and dicarboxylic acids  Dicarboxylic acids
*» 2-Hydroxyisobutyric acid * |taconic acid

* 3-Hydroxypropionic acid
» 2-Methylsuccinic acid
* Mesaconic acid

Figure 2 Schematic representation of natural and heterologous bacterial production routes of
value-added chemicals from methanol as reported in the past. The target products are either
generated by serine cycle methylotrophs or RUMP cycle methylotrophs and are derived from
their respective metabolic pathways. Dotted arrows represent multi-step reactions.
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1.1.2.1 Amino acids and amino acid derivatives

The first methanol-based industrial-scale bioprocesses with methylotrophic bacteria
were established in the 1970s and 1980s for the production of single cell protein (SCP)
(Litchfield 1983; Westlake 1986). With a production capacity of 50 000 tons of SCP per
year, these processes demonstrated that methylotrophic bacteria are excellent
platforms for biomass production from alternative substrates (Schrader et al. 2009). In
the following years, processes for the production of single amino acids were
developed. Titers of up to 69 g/L of L-glutamate, 65 g/L of L-lysine, 12 g/L of L-alanine
and 16 g/L of L-threonine were achieved with different engineered methanol-grown
strains of Methylobacillus glycogenes or Bacillus methanolicus (Motoyama et al. 1993;
Motoyama et al. 1994; Brautaset et al. 2003; Brautaset et al. 2010). Stoichiometrically,
the yields of L-lysine generation from methanol (B. methanolicus) and from glucose
(C. glutamicum) are similar, proving that B. methanolicus is a valid alternative to
conventional L-lysine production hosts (Brautaset et al. 2007). Overexpression of
heterologous L-lysine decarboxylase gene cadA from E. coliin B. methanolicus led to
the production of 6.5 g/L cadaverine, a molecule which is used as platform chemical
for polyamides (Naerdal et al. 2015; Naerdal et al. 2019). Accordingly, (y)-aminobutyric
acid (GABA), a non-proteinogenic amino acid which can be used as precursor for
biodegradable plastics and as food additive, was produced with B. methanolicus by
heterologous expression of glutamate decarboxylase gene gad from
Sulfobacillus thermosulfidooxidans or E. coli (Irla et al. 2017). Utilizing freeze-thawed
cells of serine cycle methylotrophs Methylorubrum extorquens  or
Methylobacterium sp. and glycine as co-substrate, 54 g/L or 65 g/L of L-serine were
produced, respectively (Sirirote et al. 1986; Hagishita et al. 1996). Recently, an
M. extorquens strain for the production of violacein, a bioactive pigment derived from
tryptophan, was developed by strain engineering and directed evolution (Quynh Le et
al. 2022). In the mentioned study, a titer of 118 mg/L of violacein was achieved from

the co-substrates methanol and acetate.

1.1.2.2 Polyhydroxyalkanoates

Polyhydroxyalkanoates (PHAs) are accumulated naturally by various microorganisms
as energy and carbon storage molecule under growth limiting conditions (Khosravi-
Darani et al. 2013). PHAs are not only promoted as future replacement for conventional

non-degradable plastics, but, due to their biocompatibility, also as advanced material

6
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e.g. for wound dressing, tissue engineering, implants and drug delivery (Kumar et al.
2020). However, the main issue with the production of PHAs from microorganisms is
the comparatively high cost associated with bioprocessing and especially downstream
processing, resulting in a price that is 5-10 times higher than that of conventionally
produced plastic such as polyethylene (Raza et al. 2018). The higher costs may be
mitigated by the benefit of using methanol as an alternative renewable carbon source
in synthetic growth media. PHB synthesis in M. extorquens occurs through successive
reactions of native 3-ketothiolase, NADPH-linked acetoacetyl-CoA reductase and PHB
synthase starting from 3-hydroxybutyryl-CoA (Korotkova and Lidstrom 2001; Anthony
2011). Various studies have described the production of PHB and PHB derivatives with
M. extorquens from methanol (Suzuki et al. 1986; Bourque et al. 1992; Bourque et al.
1995; Mokhtari-Hosseini et al. 2009; Orita et al. 2014). The reported production
outcomes are in the same range as for non-methanol-based processes using classical
platforms as Cupriavidus necator (Ochsner et al. 2015). The applicability of pure PHB
is constrained because it is highly crystalline and has poor elastic properties (Khosravi-
Darani et al. 2013). Therefore, the production of higher molecular weight PHB with
improved mechanical characteristics is desirable. Such PHB species could be obtained
with M. extorquens by limiting methanol and ammonium availability during the
cultivation process (Bourque et al. 1995; Ezhov et al. 2017). Higher toughness and
lower brittleness were also achieved by producing functionalized PHB or co- and
terpolymers by addition of auxiliary carbon sources or strain engineering (Bourque et
al. 1992; Yezza et al. 2006; Hofer et al. 2010; Orita et al. 2014).

1.1.2.3 Organic acids

Mono- and dicarboxylic acids serve as synthons for the food, cosmetic, pharmaceutical
and chemical industry (Panda et al. 2019). Bulk organic acids have been produced
biotechnologically at industrial scale from conventional carbon sources with various
platforms as Aspergillus niger (citric acid), Basfia succiniciproducens (succinic acid),
Lactobacillus sp. (lactic acid), Aspergillus terreus (itaconic acid) and Rhisopus sp.
(fumaric acid) (Di Lorenzo et al. 2022). These biotechnological processes are not
always competitive with petrochemical-based synthesis, as shown by the example of
succinic acid, for which the market share of the biotechnological product is very low
(Pleissner et al. 2017). Developing new processes based on alternative and cheap

carbon sources as methanol might overcome this obstacle in the future. In the last
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decade, some novel methanol-derived production routes for Cs-Cs organic acids

(Figure 3) with M. extorquens AM1 have been developed.

O O O
HO ~
HO OH OH HO OH
2-hydroxyisobutyric acid itaconic acid 3-hydroxypropionic acid
OH O O
OH
R-3-hydroxybutyric acid mesaconic acid 2- methylsuccinic acid

Figure 3 Cs-Cs organic acids that have been produced biotechnologically from methanol.
2-hydrocyisobutyric acid, itaconic acid, 3-hydroxypropionic acid, mesaconic acid and
2-methylsuccinic acid were produced with genetically engineered M. extorquens AM1 strains,
R-3-hydroxybutyric acid was produced with a genetically engineered M. rhodesanium strain.

Itaconic acid is a high-value building block for various biopolymers with applications in
food packaging, hydrogels, drug carriers and supersorbents and can be derived from
TCA-cycle intermediate cis-aconitate (Teleky and Vodnar 2021). It was generated from
methanol with an M. extorquens AM1 strain heterologously expressing a gene
encoding cis-aconitic acid decarboxylase from A. terreus (Lim et al. 2019). Although
the production titers in the study with 31.6 £ 5.5 mg/L were rather low compared to
published titers for the native producer of up to 150 g/L (Krull et al. 2017), it was the
first demonstration of methanol-derived biotechnological production of itaconic acid.
As described in 1.1.2.2, members of the Methylorubrum genus produce high amounts
of PHB for energy and carbon storage at growth limiting conditions. Under growth-
promoting conditions, the stored polymer is degraded by PHB depolymerases to
R-3-hydroxybutyric acid monomers (Korotkova and Lidstrom 2001). By deletion of the
native R-3-hydroxybutyrate dehydrogenase gene hbd and lipoic acid synthase gene
lipA, 2.8 g/L of R-3-hydroxybutyric acid could be produced in a fed-batch process with
methanol-grown Methylorubrum rhodesianum (Holscher et al. 2010).

The other products shown in Figure 3 are derived directly from intermediates of the
ethylmalonyl-CoA pathway (EMCP), which provides a high carbon flux during

methanol-dependent growth (Peyraud et al. 2009). One of these products is
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3-hydroxybutyryl-CoA-derived 2-hydroxyisobutyric acid (2-HIBA), which can serve as
precursor for acrylic glass and coatings (Rohwerder and Mdller 2010). Titers of up to
2.1 g/L 2-HIBA were achieved by introduction of a B12-dependent 2-hydroxyisobutyryl
CoA mutase from Bacillus massiliosenegalensis JC6 into M. extorquens AM1 (Rohde
et al. 2017). 2-Hydroxyisobutyryl CoA is thereby directly generated from EMCP
intermediate 3-hydroxybutyryl-CoA and successively cleaved by a native thioesterase.
Another closely related product, 3-hydroxypropionic acid, can also be produced from
methanol with M. extorquens AM1. It serves as precursor for widely used chemicals
such as 1,3-propanediol, acrylic acid and acrylamide (Matsakas et al. 2018). For
production of 3-hydroxypropionic acid in M. extorquens AM1, a heterologous malonyl-
CoA pathway was introduced by the overexpression of the mcr gene from
Chloroflexus aurantiacus DSM 635 (Yang et al. 2017). The highest titer from the
named study of 69.8 mg/L was later enhanced to 857 mg/L by using an M. extorquens
AM1 strain with an artificial synergistic RuMP cycle for improved methanol assimilation
and acetyl-CoA supply (Yuan et al. 2021).

In 2011, Birgit Alber evaluated the potential of the uncommon intermediates in the
central part of the EMCP for the production of biotechnologically relevant products
(Alber 2011). She suggested to cleave these partially chiral C4 and Cs CoA-ester
intermediates to obtain valuable (chiral) dicarboxylic acids. Following this idea,
mesaconic acid and 2-methylsuccinic acid were successfully produced by
heterologous overexpression of thioesterase gene yciA originating from E. coli in
M. extorquens AM1 (Sonntag et al. 2014). The combined product titer of mesaconic
acid and 2-methylsuccinic acid could be increased to 650 mg/L under cobalt-limited
growth conditions (Sonntag et al. 2015b). This enhancement is based on the
accumulation of EMCP intermediates due to the lower activity of two cobalamin-
dependent mutases (Kiefer et al. 2009). Although the authors stated the generation of
enantiomerically pure (S)-2-methylsuccinic acid based on the premise of a pure
(S)-2-methylsuccinyl-CoA precursor, the enantiopurity of the acid product was not
tested. For more information on the enantiomeric purity of the products, refer to
chapter 3.2.1.
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1.1.2.4 Terpenoids

Terpenoids represent a large, structurally diverse class of natural products with a wide
application as flavors, fragrances and drugs. Terpenoids are synthesized in nature
either via the methylerythritol 4-phosphate pathway (which is the predominant pathway
in bacteria) or via the mevalonate (MVA) pathway (Kuzuyama and Seto 2012).
M. extorquens is a promising platform organism for terpenoid synthesis from methanol
via a heterologous MVA route, since it harbors acetoacetyl-CoA, the starting molecule
for this pathway, within the EMCP (Sonntag et al. 2015a). M. extorquens strains
producing high amounts of mevalonate, which is a universal precursor for isoprenoid
synthesis, have a tremendous potential for broadening the methanol derived product
spectrum.

In the past, different approaches have been developed for the implementation of a
heterologous MVA pathway in M. extorquens. Expression of the hmgcs1 gene from
Blattella germanica and the tchmgr gene from Trypanosoma cruziin combination with
phaA from Ralstonia eutropha yielded a mevalonate production of 180 mg/L (Zhu et
al. 2016). With additional optimization of phaA expression by modification of the
ribosome binding site (RBS), a strain was obtained that produced 2.22 g/L of
mevalonate from methanol in a fed-batch process (Zhu et al. 2016). The same artificial
MVA pathway was later used in a study for biosensor-assisted regulator engineering
(Liang et al. 2017). In the mentioned study, a mevalonate biosensor was used for a
high-throughput screening of a QscR (transcriptional regulator of the serine cycle)
mutant library and isolation of a strain with increased acetyl-CoA supply and
subsequent mevalonate synthesis. In a fed-batch process, a titer of 2.67 g/L
mevalonate could be achieved (Liang et al. 2017). Re-distribution of the metabolic flux
and increasement of acetyl-CoA supply might be the first step towards a competitive
biotechnological production of terpenoids from methanol with M. extorquens.
Simultaneously to mevalonate production, another research group has demonstrated
the production of a monocyclic sesquiterpenoid with M. extorquens from methanol
(Sonntag et al. 2015a). a-Humulene and its isomers have raised attention as anti-
tumor, anti-inflammatory and anti-microbial compounds (Fernandes et al. 2007;
Mendes de Lacerda Leite et al. 2021). In the study of Sonntag and coworkers, the
production was enabled by the introduction of farnesyl pyrophosphate (FPP) synthase
from Saccharomyces cerevisiae in combination with a-humulene synthase from

Zingiber zerumbet (Sonntag et al. 2015a). The combination of using a carotenoid
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synthesis deficient strain, optimization of the RBS and heterologous expression of
mevalonate pathway genes from Myxococcus xanthus for improved isopentenyl
pyrophosphate (IPP) and dimethylallyl pyrophosphate (DMAPP) supply, further
improved the production to a final titer of 1.65 g/L of a-humulene in a methanol-limited

fed-batch process (Sonntag et al. 2015a).

1.1.2.5 Other products

In addition to the low molecular weight products described above, M. extorquens has
also been used for the production of several proteins. For the widely used model
protein GFP, a product titer of 4 g/L (16 % of total cell protein) was achieved in a high
cell density fermentation using the strong native Pmxar promoter (Bélanger et al. 2004).
This suggests that M. extorquens may be a suitable alternative platform for
recombinant production of industrial enzymes and proteins, keeping in mind the
comparatively low cost of downstream processing of products from a defined synthetic
growth medium. Consequently, the production of other recombinant proteins has been
demonstrated. For example, bioactive enterocin P (EntP), which has antimicrobial
properties, was produced in titers of up to 155 ng/L, exceeding the titers of an E. coli
production strain by 25-fold (Gutiérrez et al. 2005). Further examples for recombinant
protein production with M. extorquens are insecticidal protein Cry1Aa (4.5 % of total
cell protein, Choi et al. 2008) and haloalkane dehalogenase DhIA (10 % of total cell
protein, Fitzgerald and Lidstrom 2003).

Promising heterologous production pathways for 1-butanol and butadiene have been
demonstrated for M. extorquens, but they are either limited by a poorly efficient
enzymatic production cascade or can currently only use carbon sources other than
methanol as a substrate (Hu and Lidstrom 2014; Yang et al. 2018). Further research
might close these gaps in the near future.

Another interesting biotechnological application of methylotrophic bacteria is the
production of a high viscosity polysaccharide called methylan, which can be used as
an alternative polysaccharide to stabilize foods, medicines, and industrial products. A
maximum titer of 20.7 g/L was produced in a high shear bioreactor with

Methylobacterium organophilum (Oh et al. 1997).
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1.2 Methylorubrum extorquens

As demonstrated in chapter 1.1.2, M. extorquens has enormous potential as platform
for the production of various bulk and value-added fine chemicals from methanol. The
following chapters provide an overview of the taxonomy and methylotrophic

metabolism of M. extorquens, as well as available strains and genetic tools.

1.2.1 Taxonomy of M. extorquens

The genus Methylorubrum was reclassified from the widespread genus of
Methylobacterium based on 16S rRNA analysis (Green and Ardley 2018). Recently, a
phylogenomic study suggested that the genus Methylorubrum should be abandoned
and reincorporated into Methylobacterium (Leducq et al. 2022). Since the scientific
discussion is still ongoing, this work follows the taxonomy currently used by NCBI
(accessed 06/05/2023). The genus of Methylorubrum currently comprises ten species
of pink pigmented facultative methylotrophs (NCBI taxonomy ID 2282523,
accessed 06/05/2023), including the intensively studied Methylorubrum extorquens. In
addition to its characteristic ability to grow on methanol and methylamine as sole
source of carbon and energy, M. extorquens is also capable of metabolizing multi-
carbon compounds such as succinate, ethanol, acetate, and oxalate. Up to date, the
complete genomes of eight M. extorquens strains have been reported, including three
recently submitted genome sequences, so far without referring primary literature
(Table 1). In addition to the previously mentioned substrates, strain CM4 is able to
metabolize chloromethane and strain DM4 is able to metabolize dichloromethane.
Interestingly, both strains were isolated from contaminated soils (Galli and Leisinger
1985; Doronina 1996) and are closely related to strain AM1 (Lee et al. 2022). The strain
M. extorquens AM1 (formerly Pseudomonas AM1) was originally isolated as airborne
contaminant in a methylamine-containing growth medium (Peel and Quayle 1961).
This strain was the first M. extorquens strain isolated and has been the subject of
numerous studies (Anthony 2011). Over the long history of this strain, which has been
passed through various laboratories, it has undergone significant changes from the
original isolate first described in 1961 (Peel and Quayle 1961; Carroll et al. 2014). The
genome of the nowadays used AM1 lineage harbors 32 partial and 142 intact highly
diverse insertion sequence (IS) elements that confers to genome plasticity (Vuilleumier
et al. 2009). In addition to the high GC content of M. extorquens genomes, this further

impedes classical cloning and strain engineering procedures.
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Table 1 List of M. extorquens genome sequences currently available at NCBI. There is no
primary literature available for the genomes of strains PSBB040, NBC 00404, and

NBC_00036 to date (06/05/2023).

Strain Isolation Genome size GC References
and replicons content
AM1 Airborne contaminant 6.9 Mbp, 68 % Peel and Quayle
(methylamine) 1 chromosome 1961; Vuilleumier et
1 megaplasmid al. 2009
3 plasmids
Cwv4 Contaminated soil of a 6.2 Mbp, 68.2 % Doronina 1996; Marx
petrochemical factory 1 chromosome et al. 2012
2 plasmids
DM4 Contaminated soil from a 6.1 Mbp, 67.5% Kohler-Staub et al.
treatment plant for halogenated 1 chromosome 1986; Vuilleumier et
hydrocarbon waste 2 plasmids al. 2009
TK 0001 Soil 5.7 Mbp, 68.2% Urakami and
1 chromosome Komagata 1984;
Belkhelfa et al. 2018
ATCC 55366 Oil-contaminated soil 6 Mbp, 68 % Bourque et al. 1992;
1 chromosome Lee et al. 2022
1 plasmid
PA1 Arabidopsis thaliana 5.5 Mbp, 68.2 % Knief et al. 2010;
phyllosphere 1 chromosome Marx et al. 2012
PSBB040 Freshwater Pond 5.7 Mbp, 68 % NCBI Assembly
1 chromosome ASM197166v1"
NBC 00404 n.d. 5.9 Mbp, 68 % NCBI Assembly
1 chromosome ASM2612259v12)
NBC 00036 n.d. 5.7 Mbp, 68 % NCBI Assembly
1 chromosome ASM2612261v12)

1) submitted to NCBI by Barney, B.M. (2017)
2) submitted to NCBI by Faurdal,D., Joergsen,T.S., Arevalo,M.A., Mourched,A.-S., Vuksanovic,O.,
Sterndorff,E.B. and Weber,T. (2022)

1.2.2 Methylotrophy in M. extorquens

“Methylotrophy” describes the ability to utilize compounds which do not contain carbon-
carbon bonds (Chistoserdova and Kalyuzhnaya 2018). Methylotrophic bacteria are
found to use three types of assimilation pathways, namely the Calvin-Benson-
Bassham (CBB) cycle, the ribulose monophosphate (RuMP) cycle or the serine cycle.
While in autotrophic methylotrophs the substrates are oxidized to CO2 and assimilated
via the CBB cycle (Anthony 1982), organisms lacking the CBB cycle are assimilating
carbon in a more reduced state (formaldehyde) via the RUMP or serine cycle. The latter

is used by M. extorquens, which has been a model organism for studying
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methylotrophy for the past sixty years (Anthony 2011). As a facultative methylotroph,
M. extorquens offers the possibility of constructing mutants with non-lethal deletions of
methylotrophy genes and thus study the metabolic network. This rather classical
approach for metabolic pathway elucidation has been complemented by state-of-the-
art omics technologies in the last decades (for a summary of these studies, see
Ochsner et al. (2015)).

The methylotrophic metabolism of M. extorquens for the generation of cell carbon and
energy can be divided in three parts (Figure 4), namely the oxidation of methanol or
other C1 substrates to formaldehyde, further oxidation of formaldehyde to CO2 and

assimilation in the serine cycle (Chistoserdova 2011).
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Figure 4 From Ochsner et al. (2015): Methanol metabolism of M. extorquens AM1. Genes
encoding for the corresponding enzymes are shown in italics: mxaFl/ = methanol
dehydrogenase; fae = formaldehyde activating enzyme; mtdB = methylene-HsMPT
dehydrogenase, mch = methenyl-HsMPT cyclohydrolase, fhcABCD = formyltransferase/
hydrolase, fdhABCD = formate dehydrogenase, mtdA = methylene-HsMPT/methylene-HsF
dehydrogenase, fch = methenyl-HsF cyclohydrolase, ftfL = formyl-HsF ligase, sga = serine
glyoxylate aminotransferase; hpr = hydroxypyruvate reductase; glyA = serine
hydroxymethyltransferase; gck = glycerate kinase; eno = enolase; ppc = phosphoenol pyruvate
carboxylase; mdh = malate dehydrogenase; mtkAB= malate thiokinase complex, mc/ = malyl-
CoA lyase; phaA = B-ketothiolase; phaB = acetoacetyl-CoA reductase; croR = R-specific enoyl-
CoA hydratase; ccr = -crotonyl-CoA carboxylase/reductase; epi = ethylmalonyl-
CoA/methylmalonyl-CoA epimerase; ecm = ethylmalonyl-CoA mutase; msd = methylsuccinyl-
CoA dehydrogenase; mcd = mesaconyl-CoA hydratase; pccAB = propionyl-CoA carboxylase;
mcm = methylmalonyl-CoA mutase; sucCD = succinyl-CoA synthetase, sdhABCD = succinate
dehydrogenase; fumC = fumarase.
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The primary oxidation of methanol in the periplasm is catalyzed by methanol
dehydrogenases (MDH) using pyrroloquinoline quinone (PQQ) as electron acceptor.
The intensively studied MxaF heterotetramer (two a-subunits and two B-subunits,
encoded by mxaF and mxal, respectively), requires a cytochrome c as terminal
electron acceptor (encoded by mxaG) (Anthony 1982; Lidstrom et al. 1994). While the
MxaF-type proteins additionally incorporate Ca?* in the active site of the a-subunits,
the more recently discovered XoxF-type MDH enzymes require lanthanides (Ln3*) as
cofactors (Chistoserdova and Kalyuzhnaya 2018). Ln3* inversely regulates the
expression of mxa and xoxF genes (Skovran et al. 2019). The coexistence of the two
redundant systems and their evolutionary background is not yet fully understood and
is subject to current research.

After the primary oxidation step, the resulting formaldehyde is condensed with
tetrahydromethanopterin (H4MPT). The resulting methylene derivative is further
oxidized to COz2 (Figure 4). The dissimilation of formaldehyde in the pterin pathway is
needed for both energy generation and detoxification of the formaldehyde after
entering the cytoplasm (Marx et al. 2003a). The assimilation of C1 substrates takes
place in the serine cycle, where methylene-tetrahydrofolate (methylene-HsF) is
condensing with glycine to serine (Figure 4). Methylene-Ha4F is either derived from the
H4MPT-dependent pathway (see above) or generated by spontaneous condensation
of formaldehyde with H4F (Marx et al. 2003b). The serine obtained is further converted
in the serine pathway (interlocked with the TCA and gluconeogenesis) to glyoxylate
and acetyl-CoA. The serine cycle was elucidated in M. extorquens over 60 years ago,
but at that time, the fate of acetyl-CoA could not be explained (Large et al. 1961; Large
et al. 1962). Assimilation of carbon by the serine cycle requires continuous
regeneration of glyoxylate (Kornberg and Krebs 1957). It was clear that unlike other
bacteria that use the glyoxylate cycle to regenerate glyoxylate from acetyl-CoA,
glyoxylate regeneration in isocitrate lyase-negative M. extorquens must proceed
differently (Anthony 2011). In contrast to the serine cycle, for which most genes are
clustered together in the genome and thus could easily be identified (Chistoserdova et
al. 2003), the mode of glyoxylate regeneration in M. extorquens and other icl
methylotrophs was an unresolved mystery for a long time. A pathway harboring
unusual intermediates was proposed based on studies with Rhodobacter (Meister et
al. 2005; Alber et al. 2006; Erb et al. 2007) and was finally demonstrated in
M. extorquens by using '>C metabolomics (Peyraud et al. 2009). This pathway was
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named ethylmalonyl-CoA pathway (EMCP) after the product of the key enzyme
crotonyl-CoA carboxylase/reductase (Erb et al. 2007). In the first step of the pathway,
two molecules of acetyl-CoA are condensed to acetoacetyl-CoA and further reduced
to 3-hydroxybutyryl-CoA. At this point, the EMCP is interlocked with the PHB cycle,
which is used for carbon storage under harsh conditions (Korotkova and Lidstrom
2001; Anthony 2011). Within the EMCP, 3-hydroxybutyryl-CoA is further converted to
succinyl-CoA via a series of uncommon CoA esters, generating one molecule of

glyoxylate (Figure 4).

1.2.3 The ethylmalonyl-CoA pathway in M. extorquens as source of value-added
dicarboxylic acids

The EMCP as glyoxylate regeneration pathway is essential for the methylotrophic
growth of M. extorquens as well as for the growth on C2 compounds (Schneider et al.
2012). The EMCP is also interesting from a biotechnological point of view as it harbors
uncommon saturated and unsaturated Cs- and Cs-acyl-CoA-esters (Figure 4). These
CoA-esters rarely seen in nature include (2S)-ethylmalonyl-CoA, (2R)-ethylmalonyl-
CoA, (2S)-methylsuccinyl-CoA and (2R,3S)-methylmalyl-CoA (Alber 2011). These
chiral intermediates offer the possibility of producing valuable stereochemically defined
dicarboxylic acids directly from a primary metabolic pathway, promising high yields. As
described in chapter 1.1.2.3, a combined product titer of 0.65 g/L of mesaconic acid
and 2-methylsuccinic acid could be achieved in shake flask cultivations by the
introduction of the thioesterase YciA from E. coli (Sonntag et al. 2014; Sonntag et al.
2015b). Although YciA is a broad-range thioesterase (Zhuang et al. 2008), of all
possible EMCP-derived mono- and dicarboxylic acid products, only mesaconic acid
and 2-methylsuccinic acid were released into the culture medium by the modified
M. extorquens AM1 strain (Sonntag et al. 2015b). The authors pointed out a possible
limitation due to substrate selectivity or unfavorable CoA-ester pool sizes. Since its
essential glyoxylate regeneration function for growth on C1 and C2 substrates, the
EMCP cannot easily be interrupted to accumulate specific intermediates. In the run-up
of the present work, a strain with an interrupted EMCP at the stage of crotonyl-CoA
(Accr strain) was rescued for growth in acetate medium by the introduction of a
heterologous glyoxylate shunt, and by additionally expressing yciA heterologously, it
produced low amounts of crotonic acid (Schada von Borzyskowski et al. 2018). Since

the MDH and FDH activities were strongly decreased in the newly designed strain, the
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methylotrophic growth could not be restored (Schada von Borzyskowski et al. 2018).
Although these experiments were consequently performed with acetate as the sole
carbon source, it was a proof of concept for the specific production of a previously
inaccessible EMCP-derived acid, awaiting the development of a more effective EMCP
bypass to also restore methylotrophic growth.

In the work of Sonntag and colleagues, the titers of the produced dicarboxylic acids
were rapidly decreasing after the cultures reached the stationary growth phase
(Sonntag et al. 2014; Sonntag et al. 2015b). Similar observations were also made for
strains designed for 3-hydroxypropionic acid production (Yang et al. 2017), indicating
a reimport of the products and metabolization over the EMCP route. Further efforts in
decreasing the product reimport will be needed to ensure efficient production of EMCP

derivatives.

1.2.4 Genetic tools for M. extorquens

A broad palette of tools for strain modifications, including gene expression, gene
knockout, gene integration and mutagenesis, is a prerequisite for applicability of a
bacterial platform as cell factory. Although M. extorquens AM1 has been used as a
workhorse for studying methylotrophy for decades, for a long time only a basic set of
genetic tools was available. Many well-established genetic tools such as commonly
used plasmids or promoters like APL or Pisc are not suitable for use in M. extorquens
(Marx and Lidstrom 2001; Choi et al. 2006). A relatively high GC content of the strain’s
genome of 68.5 % (Vuilleumier et al. 2009) further complicates DNA cloning
procedures and strain engineering. The genetic toolbox tailored to M. extorquens has
only recently begun to expand. To date, only one broad-host-range plasmid system
has been shown to be applicable without causing severe growth defects (Marx and
Lidstrom 2001). A set of mini chromosomes that are stably inherited at single copy
number were demonstrated as an alternative (Carrillo et al. 2019). Constitutive
promotors with different strengths have been described for homo- and heterologous
gene expression (Marx and Lidstrom 2001; Schada von Borzyskowski et al. 2015). In
addition, several research groups have developed synthetic inducible promoters that
allow for a range of expression levels (Choi et al. 2006; Chubiz et al. 2013;
Kaczmarczyk et al. 2013; Carrillo et al. 2019; Sathesh-Prabu et al. 2021). A list of
available genetic tools is given in Table 2.
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Table 2 Available genetic tools for M. extorquens AM1.

Tool Description Reference
Promoters
Prmxar Constitutive strong expression Marx and Lidstrom 2001

PfumC, PcoxB, Ptuf

Constitutive expression, Methylobricks

Schada von
Borzyskowski et al.
2015

Prmxar (inducible)

Cumate inducible expression, hybrid system
based on Pmxar and cym/cmt from P. putida F1

Choi et al. 2006

Pricmio and Prieto

Cumate or anhydrotetracycline inducible
expression, hybrid system based on Pg
promoter from rhizobial phage 16-3

Chubiz et al. 2013

Pa214s

Cumate inducible expression, hybrid system
based on Psyn2 and cym/cmt from P. putida F1

Kaczmarczyk et al. 2013

Pat/04/03, PLo4, PLiosios,
Puoaia1, Patiosios,
Pa1con/osios, Pat/o4,
Patio4s, Pat/o4s, P1ss/at

IPTG inducible expression, set of lacO-
controlled promoters

Carrillo et al. 2019

PhpdH

Levulinic acid inducible expression, hybrid
system based on Pnpen and hpdR

Sathesh-Prabu et al.
2021

Expression vectors

pCM80, pCM160

Expression vector (IncP) with TcR or KanR
resistance cassette, respectively

Marx and Lidstrom 2001

pABC variants

Mini chromosomes that can be shuttled between
M. extorquens and E. coli

Carrillo et al. 2019

Plasmids for chromosomal deletion / insertion

pCM184/pCM157 Allelic exchange vector with loxP-flanked KanR Marx and Lidstrom 2002
resistance cassette and Cre recombinase
expression plasmid
pCM433 Allelic exchange vector based on sacB Marx 2008
pCM168/pCM172 Insertional cloning and expression vectors Marx and Lidstrom 2004

Plasmids for transposon mutagenesis

pAlmar3 Plasmid carrying himar-1 mariner transposon Lampe et al. 1999;
Metzger et al. 2013
pCM639 Plasmid carrying ISphoA/hah transposon D’Argenio et al. 2001;

Marx et al. 2003c
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1.2.5 Developments for the improved applicability of M. extorquens as a platform
for methanol-derived production of value-added products

In addition to the genetic tools presented in the previous chapter, this chapter
summarizes further achievements that will facilitate the future development of efficient
M. extorquens production strains for various products. One development is the
removal of the cellulose synthase genes celA, celB and celC to prevent biofilm
formation (Delaney et al. 2013). Engineered M. extorquens strains developed today
almost exclusively carry celABC deletions, as this facilitates cultivation in both
microtiter plates and bioreactors and yields more efficient and homogenous processes.
In the same study of Delaney and coworkers, an optimized medium for the cultivation
of M. extorquens was presented, the use of which leads to more consistent growth
compared to previously used media (Delaney et al. 2013). The composition of trace
elements in the culture medium has been shown to strongly influence the output of
M. extorquens production strains. For example, cobalt limitation in the culture medium
reduces the metabolic flux through the EMCP due to the cobalt dependency of two
mutases (Erb et al. 2008; Peyraud et al. 2009; Kiefer et al. 2009). This metabolic flux
redistribution and the accumulation of EMCP intermediates was used for enhanced
production of EMCP and PHB cycle-derived products (Orita et al. 2014; Sonntag et al.
2015b). Liang and colleagues described a strategy for targeted metabolic flux re-
distribution (Liang et al. 2017). The authors succeeded in increasing the metabolic flux
in M. extorquens cells towards acetyl-CoA by applying biosensor-assisted
transcriptional regulator engineering. This achievement is particularly noteworthy given
the difficulty of altering metabolic fluxes in interconnected cyclic pathways. This
development might vastly improve the production of other acetyl-CoA-derived products
with M. extorquens and the presented method might also be used for other flux
adjustments.

Lately, efforts have been made to evolve M. extorquens to be more tolerant towards
higher methanol concentrations. While the wild type strains can tolerate a methanol
concentration of up to 1 % (v/v) without growth impairment, a lab evolution study
succeeded in constructing a strain that tolerates up to 10 % (v/v) of methanol (Belkhelfa
et al. 2019). All investigated “high-tolerance” strains showed metY as common target
of mutation, a gene encoding O-acetyl-L-homoserine sulfhydrylase. This enzyme
contributes to methanol toxicity as it uses methanol as substrate at higher

concentrations, producing methoxine (O-methyl-L-homoserine), a toxic methionine
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analog, leading to dysfunctional polypeptides (Lelimeier and Wendisch 2015). This
finding might help to construct even more efficient methylotrophic platforms.

The cultivation of methylotrophic cell factories generally poses the challenge of
avoiding methanol concentrations at toxic levels. Especially in fed-batch and
continuous fermentation systems, a reliable control strategy is required. Several
protocols have been developed in the past for the bioprocessing of methylotrophic
organisms that can be adapted for the production of novel value-added compounds
using M. extorquens strains (Suzuki et al. 1986; Sirirote et al. 1986; Bourque et al.
1995; Wagner et al. 1997; Bélanger et al. 2004; Mokhtari-Hosseini et al. 2009; Sonntag
et al. 2015a; Rohde et al. 2016; Ezhov et al. 2017; Lim et al. 2019; Arenas et al. 2023).

1.3 Chiral compounds

Chirality is defined as the potential of a molecule to occur in two different, non-
superimposable mirror-image forms while having the same atomic composition and
bond order (Brooks et al. 2011). A prerequisite for chirality is the presence of four
different substituents attached to a central atom (often carbon). The stereocisomers of
chiral molecules are referred to as enantiomers or optical isomers, as they interact
differently with plane polarized light (Nguyen et al. 2006). The basic concept of chirality
and the convention for naming enantiomers according to the Cahn-Ingold-Prelog (CIP)
convention are presented in Figure 5. A composition of both enantiomers is referred to
as racemic mixture. While enantiomers are identical in most physical properties such
as melting point, boiling point, pKa and solubility, the behavior in chiral environments
and thus bioactivity can differ significantly. Enantiomers and chirality per se are
currently a focus of drug discovery for multiple reasons. Drug-receptor mechanisms
are often based on stereo-discriminatory interactions and enantiomeric counterparts of
active pharmaceutical ingredients may have no or even a detrimental effect (Brooks et
al. 2011). In addition, enantiomers may have different pharmacokinetic properties such
as absorption, distribution, bioavailability, etc. (Alkadi and Jbeily 2018). Many
pharmaceutical companies are switching formerly racemic drugs to enantiomerically
pure compounds in order to meet regulatory requirements or to extend their patents
(Calcaterra and D’Acquarica 2018).

Enantiomerically pure molecules can be prepared either by isolation of a single
enantiomer from a racemic mixture or by asymmetric synthesis. The latter can be

achieved by using stereoselective catalysts and/or chiral precursor molecules. Since

20



Introduction

both can be found in microorganisms, the biotechnological production of
enantiomerically pure building blocks is very promising. It has to be mentioned that
some chiral molecules undergo spontaneous or enzyme-catalyzed racemization or
chiral inversion in vivo. In these cases, the synthesis of enantiomerically pure drugs is

pointless.

Cl

(R)-bromochlorofluoromethane

(S)-bromochlorofluoromethane

Br Br

*

Cl F F—Cl

S sterecisomer according to CIP convention R stereoisomer according to CIP convention

Figure 5 Representation of the basic concept of chirality. A The S and R enantiomers of
bromochlorofluoromethane consist of the same atoms and bonds but cannot be superimposed
or converted into each other by rotation. They relate to each other like image and mirror image.
The atoms in the 3D representation are colored as follows: carbon = grey, bromine = red,
chlorine = green, fluorine = yellow, hydrogen = white. B The S and R notations are assigned
according to the CIP convention. Atoms attached to the stereocenter (central carbon marked
with a star) are assigned a prioritization according to their atomic number (Z). The molecule is
then rotated so the atom with the lowest atomic number faces away from the viewer, as done
for hydrogen (Z = 1). In the next step, the rotation of the remaining groups attached to the
stereocenter is determined in the order from the highest to the lowest atom number. Clockwise
rotation assigns the R form and counterclockwise rotation assigns the S form. For
bromochlorofluoromethane the prioritization is bromine (Z = 35) > chlorine (Z = 17) > fluorine
(Z =9), assigning the S-form to the left and the R-form to the right structure.
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1.4 Aim of thesis

In view of the global climate crisis, it has become absolutely vital to develop more
sustainable ways to produce bulk and fine chemicals. The sustainability of
biotechnological production is largely determined by the substrates used. Methanol,
an important building block in the chemical industry, has emerged not only as a
promising candidate for a sustainably produced basic chemical, but also as an
excellent alternative substrate for biotechnological processes. The methylotrophic
organism M. extorquens is a well-studied organism, but an application as
methylotrophic cell factory (MeCF) for large scale industrial processes has not been
realized yet, either because of technical issues in strain development or for being
economically infeasible. Due to their high commercial value, chiral building blocks
represent ideal target products for viable methanol-based biotechnological processes.
M. extorquens provides unique conditions for the production of value-added chiral
products from methanol. One of the central pathways, the EMCP, harbors some chiral
molecules that are rarely seen in nature. Moreover, as part of the primary energy and
carbon network, a high metabolic flux is occurring in the EMCP, promising high yields
for derived products.

In the present work, further developments were to be made for enhancing the
applicability of M. extorquens as a future MeCF. For demonstrating the applicability of
M. extorquens AM1 as efficient MeCF for value-added products, the previously
published process for production of two dicarboxylic acids, mesaconic acid and (S)-2-
methylsuccinic acid with a heterologous thioesterase (Sonntag et al. 2014; Sonntag et
al. 2015b), was to be improved. To this end, it was aimed to reduce the resumption of
the described products. Therefore, genomic factors involved in product import should
be identified using novel screening methods and eventually be eliminated. As an
alternative approach, an additional conversion step should be introduced to prevent
metabolization of the products. The thioesterase used to release the CoA-bound
intermediates was to be modified by semi-rational variant design, but also new
thioesterase candidates should be tested for expansion of the M. extorquens AM1
product spectrum. Finally, using the previously constructed M. extorquens strains, a
fermentation strategy was to be developed for the production of dicarboxylic acids in a
g/L scale.

22



Introduction

For the quantification of product levels, it was aimed to develop a new analytical
method that enables fast screening of mutant libraries for the production of dicarboxylic
acids. Also, the enantiopurity of the products was to be determined.

The second part of the work aimed at developing new genetic tools to expand the
toolbox for M. extorquens AM1 for facilitating future strain developments. Therefore,
plasmids were to be screened for their compatibility with the predominantly used pCM
plasmid system and a novel Pa214s promoter variant was to be characterized.

The overall aim of the thesis was to demonstrate that the methylotrophic organism
M. extorquens is perfectly suited to be engineered and used for the synthesis of high-
value specialty chemicals from the (potentially sustainably produced) carbon source
methanol. The construction of production strains for a selection of chiral or achiral (but
isomerically pure) dicarboxylic acids derived from the EMCP will serve as an example
of application. Together with the novel genetic tools, these applications will support the

progression of M. extorquens towards an efficient future MeCF.
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2. Overview of manuscripts, publications and additional result section

This chapter briefly summarizes the key findings of the additional results section

(chapter 5) and the manuscripts and publications listed in chapter 6.

2.1 Summary of “Development of fermentation strategies for EMCP-derived
dicarboxylic acid production with M. extorquens AM1” (chapter 5)

This chapter demonstrates the development of a fermentation strategy tailored to
dicarboxylic acid production with M. extorquens. The particular challenge here was the
precise control of methanol feeding. Concentrations above 1 % (v/v) methanol have
negative impacts on M. extorquens AM1 growth, while low concentrations may
enhance the re-uptake of dicarboxylic acid products. Therefore, a tailored setup for
dicarboxylic acid production, using a script-controlled fed-batch procedure that
depends solely on DO-measurements, was tested for different dicarboxylic acid
products. Titers reaching from 3.8 g/L to 5.8 g/L were obtained for the target
compounds mesaconic acid, 2-methylsuccinic acid, citramalic acid and 2-hydroxy-3-
methylsuccinic acid and represent the highest titers for methanol-based microbial

production of these products.

2.2 Summary of “Improvement of dicarboxylic acid production with
Methylorubrum extorquens by reduction of product reuptake” (chapter 6.1)

This publication focuses on the improvement of the previously described process for
production of 2-methylsuccinic acid and mesaconic acid with M. extorquens AM1 by
heterologous overexpression of thioesterase gene yciA from E. coli (Sonntag et al.
2014; Sonntag et al. 2015b). The two mentioned publications describe a decreased
yield due to product reuptake. In the current study, dctA2 was identified as a target for
the reduction of dicarboxylic acid reuptake and confirmed experimentally with deletion
strains. Additionally, a second way of preventing product reuptake was demonstrated
by converting mesaconic acid to (S)-citramalic acid by the introduction of an in vivo

mesaconase/fumarate hydratase reaction step.

2.3 Summary of “Engineering of thioesterase YciA from Haemophilus influenzae
for production of carboxylic acids” (chapter 6.2)

This manuscript describes the modification of thioesterase YciA from H. influenzae
(YciAHI) for the improved production of dicarboxylic acids with M. extorquens AM1.
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Screening of a semi-rational mutant library of YciAHI revealed that position F35 has a
major impact on the amount of dicarboxylic acid products released. Application of
F35N and F35L YciAHI variants in M. extorquens AM1 resulted in a substantially
increased release of 2-methylsuccinic acid and mesaconic acid, while the ratios of the
two products slightly changed. An alternative in vivo application in an E. coli strain
designed for 3-hydroxybutyric acid production finally confirmed the impact of the F35
position. In the discussion section of the publication, a hypothesis regarding the
influence of the F35 position is presented based on comparisons with closely related

thioesterases.

2.4 Summary of “A pBBR1-based vector with IncP group plasmid compatibility
for Methylorubrum extorquens” (chapter 6.3)

This publication characterizes a novel plasmid for M. extorquens AM1. Currently,
almost all M. extorquens expression vectors are based on the pCM plasmid system.
Also, a compatible plasmid co-transformations with pCM was missing in the genetic
toolbox for M. extorquens. In the present work, M. extorquens AM1 was transformed
with a pBBR1-based plasmid, resulting in a strong growth defect. The plasmid variant
pMis1_1B with a single point mutation in the rep gene region was isolated from a
suppressor mutant. The plasmid was subsequently characterized for transformation
rates, reporter gene expression and relative plasmid copy number, both alone and in
co-transformation with pCM80. Despite the slight metabolic burden caused by

pMis1_1B, this new plasmid can be readily used in M. extorquens.

2.5 Summary of “Expression of toxic genes in Methylorubrum extorquens with
a tightly repressed, cumate-inducible promoter” (chapter 6.4)

This manuscript describes the expansion of the genetic toolbox of M. extorquens with
a tightly repressed, cumate-inducible promoter. The promoter variant was identified
during testing of terpene production strains harboring a recombinant mevalonate
pathway. Controlling the expression of the heterologous terpene synthesis gene
cluster with promotor Pa214s led to strong growth defects even before induction. This
led to the conclusion that Pa214s repression was not strong enough for this use case. A
screening of suppressor mutants resulted in the identification of Pss, a Pa214s variant.
This Pss promoter was further characterized with reporter gene experiments. The new
promoter is a powerful tool for controlled expression of pathways with toxic

intermediates or products with M. extorquens.
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3. Discussion

This chapter discusses additional aspects of the manuscripts, publications and
additional results section (chapters 5 and 6) in an expanded context that goes beyond
the discussions in the individual chapters. It also includes an outlook for further

improvements and a general conclusion for this thesis.

3.1 Potential and limitations of thioesterase YciA for dicarboxylic acid
production in M. extorquens AM1

In chapter 5, the production of a novel product, namely 2-hydroxy-3-methylsuccinic
acid, was achieved by overexpressing a citE like thioesterase gene from
Corynebacterium glutamicum. Since no other EMCP-derived product could be
detected in the respective culture medium, a high specificity of the citE enzyme can be
assumed. While this is very beneficial for the production of 2-hydroxy-3-methylsuccinic
acid and eventual down-stream processing, the thioesterase seems not be suitable for
the release of other products. Therefore, for the majority of the experiments presented
in this thesis, broad-range thioesterase YciA originating from either E. coli (YCIAEC) or
Haemophilus influenzae (YciAHI) was chosen for the production of different
dicarboxylic acids. YciA thioesterases are promising candidates for catalyzing the
hydrolysis of all EMCP CoA-esters of interest. The previously described process for
the production of mesaconic acid and 2-methylsuccinic acid with YciAEc (Sonntag et
al. 2014; Sonntag et al. 2015b) was used as the basis for the developments in this
work. In the study of Sonntag et al. (2015b), the heterologous overexpression of the
yCiAEc gene in M. extorquens AM1 yielded a simultaneous release of both products

with a combined titer of up to 0.65 g/L in shake flask experiments.

3.1.1 Modification of YciA thioesterase

The present work aimed at expanding the dicarboxylic acid product spectrum of
M. extorquens. Rational enzyme engineering of YciA for changing the substrate
specificity would have been very challenging as potential substrates found in the EMCP
show high structural similarity. A second challenge arose from the fact that rapid in
vitro assays are not suitable for screening YciA variants. The sizes of the in-cell EMCP-
CoA-ester pools are a critical factor and cannot be replicated in vitro. Another rationale

against extended in vitro screenings is that the required enantiomerically pure CoA-
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esters are either very expensive or not commercially available at all. For the mentioned
reasons, a semi-rational design of an enzyme variant library and a subsequent in vivo
screening approach was chosen and performed directly in M. extorquens cells.

To be able to perform semi-rational engineering, the key enzyme YciAEc from E. col,
that was used in the previous studies, was switched to the YciAHI enzyme from
H. influenzae. For the latter, a crystal structure (PDB entry 1YLI) and studies examining
its function have been published (Willis et al. 2008; Zhuang et al. 2008). As in the case
of the E. coli enzyme, YciAHI introduction into M. extorquens AM1 resulted in the
release of only two dicarboxylic acids into the growth medium, namely mesaconic acid
and 2-methylsuccinic acid (see chapter 6.1). This suggests that in M. extorquens cells,
mesaconyl-CoA and methylsuccinyl-CoA are the main substrates for heterologous
YciA thioesterases in vivo, although steady state kinetic measurements show high
activities of the isolated enzyme also with other potential EMCP CoA-substrates
(Zhuang et al. 2008). The hydrolysis products of the other EMCP-CoA-esters could not
be detected in the supernatant of yciAHI expressing cells, despite the LC-MS/MS
based analytical method being designed to detect and quantify a plethora of
dicarboxylic acids including crotonic acid, 2-hydroxy-3-methylsuccinic acid,
ethylmalonic acid and methylmalonic acid (see chapter 6.1). In chapter 6.2, the
objective was to identify potential targets for broadening the substrate spectrum of
YciAHI. Although the two thioesterases YciAEc and YciAHI have a moderate overall
amino acid sequence identity of 69 % (Willis et al. 2008), the region surrounding the
catalytic amino acid D44 is highly conserved (Figure 6). This high similarity could
explain the apparent equivalent substrate selectivity. Therefore, this region was
targeted for modifications aiming at increasing the substrate spectrum of YciAHI.

*
YciAHI  MSANFTDKNGRQSKGVLLLRTLAMPSDTNANGDIFGGWIMSQMDMGGAILAKEIAHGRVV 60

YciAEc  ----- MSTTQNAPQGVFFLRTLAMPADTNANGDIFGGWLMSQMDIGGAILAKEIAHGRWV 55

K o 3% 3k ok ok ok oK KoK oK KKK e Kok <3k 3k ok 3K K

YciAHI  TVAVESMNFIKPISVGDVVCCYGQCLKVGRSSIKIKVEVWVKKVASEPIGERYCVTDAVF 120
YciAEc TVRVEGMTFLRPVAVGDVVCCYARCVQKGTTSVSINIEVWVKKVASEPIGQRYKATEALF 115

g Mo wKe ok Kkk . : } * } ko4 * %

Figure 6 Alignment of the central part of YciAHI (WP_005655643.1, Willis et al. 2008) and
YciAEc (WP_032198773.1, Willis et al. 2008) amino acid sequences. Colors are assigned to
physicochemical properties: red marks small and hydrophobic amino acids, blue marks acidic
amino acids, pink marks basic amino acids and green marks the rest. Catalytic D44 is
additionally marked with a blue star. The alignment and illustration was made with the Clustal
Omega (v1.2.4) multiple sequence alignment tool (McWilliam et al. 2013).
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The original experimental plan was to randomly exchange selected hydrophobic amino
acids likely to be involved in substrate binding and subsequently perform a
comprehensive screening. Unfortunately, none of the companies specializing in DNA
synthesis was able to construct a high-quality plasmid library for the expression of the
corresponding gene variants due to the high GC content and uncommon codon usage
of the M. extorquens genome. Therefore, a more streamlined approach was attempted
by creating a semi-rational library with targeted replacements of hydrophobic amino
acids of interest (see chapter 6.2). In the following in vivo screening, none of the strains
showed a diversified product spectrum, but the modification of the F35 position of YciA
had a considerable effect on mesaconic acid and 2-methylsuccinic acid production.
Especially the F35L variant yielded a substantially higher production than the
unmodified enzyme. Although the variant enzymes were too unstable for in vitro
analysis, tests in an independent in vivo environment confirmed the results. This shows
that the decision to screen the enzyme variants in vivo was strategically sound, as the
variant would not have been detected in in vitro assays due to the apparent low activity.
In the following experiment, the F35 position was substituted with sixteen other amino
acids. Unexpectedly, it was not the physicochemical side-chain properties of the
substituting amino acids that seemed to be the decisive factor for difference in
productivity, but the side-chain length (Figure 7). This led to the conclusion that the
F35 position, which is located at the N-terminus of an a-helix, may sterically modulate
the size of the binding channel or the architecture of other regions involved in substrate
binding. Surprisingly, a comparison with other related hot dog fold thioesterases
revealed that this position at the start of the a-helix is conserved by the presence of
either a phenylalanine or a histidine. Amino acids with aromatic rings are known to
stabilize the structure of proteins through aromatic-aromatic interactions, and
phenylalanine in particular is known to play an important role in the scaffold stability of
helical bundle proteins (Makwana and Mahalakshmi 2015). Further studies are needed
to gain more understanding of the effect of F35 on the architecture and substrate
binding properties of YciA and related thioesterases. Similar observations for the
change in substrate binding and turnover number due to the replacement of an a-helix
embedded aromatic amino acid have been made in the past for thioesterase |/protease
I/lysophospholipase L1 from E. coli (Lee et al. 2009). However, a thorough search of

the relevant literature did not reveal any similar observations for hot dog fold
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thioesterases, suggesting that a new target for beneficial modification of these

enzymes has been identified here.

hydrophobic ==~

aromatic
positive

(O Positive impact None or slightly negative impact

(D Strong negative impact  {_} Not tested

Figure 7 Influence of amino acid substitution at position F35 of YciAHI on the in vivo production
of 2-methylsuccinic acid and mesaconic acid with M. extorquens AM1. Venn diagram grouping
amino acids according to their properties was adapted from Taylor (1986).

3.1.2 Substrate selectivity and CoA inhibition may restrict the applicability of
YciA in M. extorquens MeCFs

Although the productivity of strains with YciAHI modified at position F35 could be
improved for mesaconic acid and 2-methylsuccinic acid, none of the approaches
succeeded in creating enzyme variants with a diversified substrate or product
spectrum. This restricts the applicability of YciA as a universal thioesterase for yielding
different EMCP-derived products. Changing the size of CoA-ester pools could provide
a direct solution without need of further enzyme engineering. Targeted modulation of
the activity of specific EMCP enzymes could increase CoA-ester pools sizes, as shown
for the reduction of B12-dependent mutase activities by cobalt limitation (Kiefer et al.
2009; Sonntag et al. 2015b). Since the EMCP is essential for growth on methanol and
other C1 substrates, the activity would need to be tuned very carefully. Implementation

of an alternative glyoxylate regeneration mechanism may provide the needed flexibility

29



Discussion

by making the EMCP a facultative pathway. Thus, it would also be possible to interrupt
the EMCP at any point (e.g. by gene deletion) and drain the desired intermediates with
YciA or an alternative enzyme. Although attempts have been made in this regard, the
recovery of methylotrophic growth of strains with interrupted EMCP has not yet been
successful (Schada von Borzyskowski et al. 2018).

In addition to the challenge of changing the product spectrum, there is another major
limitation in using YciAHI as a key catalyst for CoA cleavage in highly efficient
production strains. To better understand this limitation, a more detailed look at the
structure of YciAHI and related thioesterases is necessary. The catalytic site of YciAHI
is embedded in a hot dog fold (see chapter 6.2). A variety of hot dog fold thioesterases
with different structural compositions are described in literature. A high similarity in
tertiary protein structure or substrate specificity is thereby not necessarily synonymous
to sequence homology or the same architecture of the catalytic machinery as shown
by the 4-hydroxybenzoyl-CoA thioesterases from Arthrobacter sp. and Pseudomonas
sp. (Song et al. 2012). A more systematic way to group thioesterases was presented

with the ThYme database (https://thyme.engr.unr.edu/v2.0/). This database classifies

thioesterases based on a combination of the similarity of the primary and tertiary
structures and the position and identity of catalytic residues. The database was
originally published with 23 families and recently updated to 35 families (Cantu et al.
2010; Caswell et al. 2022). YciAHI belongs to the TE6 family acyl-CoA thioesterases
(ACOTs) that are acting on short- to long-chain acyl-CoA-esters (C4 - C1s acid groups).
A dozen of crystal structures for TE6 thioesterases have been elucidated so far (see
Caswell et al. 2022). While showing a high topologic similarity, prokaryotic and
eukaryotic TE6 family members differ in domain organization. The functional units of
prokaryotic TE6 thioesterases are assembled from two identical monomers, whereas
the functional units of eukaryotic TE6 thioesterases contain a fused domain of double
hot dogs (Swarbrick et al. 2020, chapter 6.2). For eukaryotic TE6 thioesterases such
as ACOT7 and ACOT12, activity was shown for only one of the two potential active
sites, indicating a half-of-sites activity (Forwood et al. 2007; Swarbrick et al. 2014). For
procaryotic TE6 members, a half-of-sites activity has also been reported despite their
symmetrical architecture. A CoA-binding induced conformation change of the second
binding site was described in detail for the Alkalihalobacillus halodurans TEG6
thioesterase by a comparison of the apoenzyme and a destabilized CoA-bound

structure (Marfori et al. 2011). A similar observation was made for CoA-bound YciAHI
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and an inactive mutant variant (Willis et al. 2008). Many purified TE6G thioesterases
were found to be co-crystallized with a bound CoA molecule at one of the two potential
active sites (Willis et al. 2008; Swarbrick et al. 2014). These observations, in
combination with the steady-state inhibition data with desulfoCoA, led to the
assumption that CoA is a strong feedback inhibitor of YciAHI (Zhuang et al. 2008). As
a cytoplasmic enzyme, this feedback inhibition may have evolved from the need to
prevent YciA from uncontrolled cleavage of acyl-CoAs. In a biotechnological
application, this strong feedback inhibition might hinder the achievement of even higher
product yields. This problem should be addressed in the future either through further
enzyme engineering or by testing alternative thioesterases for their inhibition constants
with CoA.

3.2 Characterization of dicarboxylic acid products

In the present work, M. extorquens AM1 production strains for four dicarboxylic acid
products were constructed, namely citramalic acid, mesaconic acid, 2-methylsuccinic
acid and 2-hydroxy-3-methylsuccinic acid. In the following, an evaluation is given with

regard to the purity and possible applications of the products.

3.2.1 (Enantio-)purity of dicarboxylic acid products

A high product purity is a prerequisite for the potential application of the developed
dicarboxylic acid production processes. Therefore, the purity of the dicarboxylic acid
products was evaluated in scientific cooperation with Chiracon GmbH (Luckenwalde,
Germany), a company specialized in the production, development and distribution of
chiral molecules and APls. The values presented in the following were reported by
Chiracon GmbH (Zuhse et al. 2021), the scientific evaluation was done by the doctoral
candidate.

All target chiral molecules, namely citramalic acid, 2-methylsuccinic acid and
2-hydroxy-3-methylsuccinic acid, could be extracted at a scale of 2-3 g with high purity
from 0.6-0.9 L of respective culture broths from chapter 5 by Chiracon GmbH (Zuhse
et al. 2021). The enantiomeric purity of the extracts was analyzed by Chiracon GmbH
by chiral GC/FID analysis. For 2-methylsuccinic acid purified from the culture broth, an
enantiomeric excess of 95 - 97.8 % of the S-enantiomer was reported (Zuhse et al.
2021). The remaining R-portion of the product is possibly due to a small amount of

(2R)-methylsuccinyl-CoA present in the cell that could be formed during the reaction
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of ethylmalonyl-CoA mutase in the EMCP. Although the mutase is stereoselective for
its substrate (2R)-ethylmalonyl-CoA (Erb et al. 2008; Good et al. 2015), the possibility
of epimerization during the reaction was reported for the closely related methylmalonyl-
CoA mutase (Hull et al. 1988). A small amount of (2R)-methylsuccinyl-CoA could be
therefore produced by erroneous reactions of ethylmalonyl-CoA mutase itself or by the
methylmalonyl-CoA mutase, that may accept ethylmalonyl-CoA as a substrate
analogue (Rétey et al. 1978, personal communication Tobias J. Erb). Since the
hydrolysis reaction catalyzed by YciA is not stereoselective, (2R)-methylsuccinic acid
would be released as a consequence by the engineered M. extorquens strain.

It was not possible for Chiracon GmbH to develop GC/FID methods for the chiral
analysis of citramalic acid and 2-hydroxy-3-methylsuccinic acid since the molecules
appear to decompose in the inlet of the GC before entering the gas phase (Zuhse et
al. 2021). A possible alternative would be the derivatization of the carboxylic acids to
corresponding esters, for which a higher stability in GC could be expected.

The presence of diastereomers in the workup was excluded by Chiracon GmbH using
"H-NMR-spectroscopy (Zuhse et al. 2021). The identity of the enantiomers (or the pair
of enantiomers) could not be determined. However, the stereoselective mechanisms
of the enzymes used (see chapters 5 and 6.1) suggest that the obtained products are
(S)-citramalic acid and (25,3 R)-2-hydroxy-3-methylsuccinic acid of high purity.

As shown in chapter 6.1, the production of 2-methylsuccinic acid by yciA-expressing
M. extorquens AM1 strains is coupled with the release of achiral mesaconic acid.
Although mesaconic acid itself could be an interesting building block and is isomerically
pure, it is desirable to remove it from the mixture if 2-methylsuccinic acid is the target
product. Semi-rational engineering of the thioesterase could only marginally influence
the ratio of the two products (see chapter 6.2). In the work-up, the mesaconic acid
content was successfully reduced to a ratio of 1:0.13 for 2-methylsuccinic
acid:mesaconic acid by a crystallization process carried out by Chiracon GmbH (Zuhse
et al. 2021).

3.2.2 Possible applications and economic potential of dicarboxylic acids
produced with M. extorquens AM1

The chiral products targeted in this work, namely (S)-2-methylsuccinic acid,
(S)-citramalic acid and (2S,3R)-2-hydroxy-3-methylsuccinic acid, were analyzed by

Chiracon GmbH for their possible application. The company conducted extensive
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market, literature and patent research, which led to the conclusion that these chiral
building blocks may be used to produce highly effective cancer therapeutics (prostate,
bicalutamide), statins (cholesterol-lowering agents), antihypertensive agents
(treprostinil) or pheromones (Zuhse et al. 2021). A potential application for
(S)-2-methylsuccinic acid was also practically demonstrated by conversion to its
anhydride and the subsequent reaction with benzylamine to N-benzyl-
methylsuccinimide as a potential intermediate step in the drug synthesis of novel
antibiotics (Zuhse et al. 2021). Starting from (S)-citramalic acid, an intermediate for the
preparation of bicalutamide was obtained, a drug used to treat prostate cancer (Zuhse
et al. 2021). These derivatization reactions show the potential of using the produced
chiral dicarboxylic acids as building blocks for APIs. The current market prizes for the
fully chemically synthesized dicarboxylic acid products and the (S)-2-methylsuccinic
anhydride are shown in Table 3. Since their synthesis is challenging, high prices can
be achieved. For the achiral (but isomerically pure) mesaconic acid, an isomerization
to itaconic acid, which is a valuable platform chemical for various applications (Teleky

and Vodnar 2021), would be a conceivable scenario.

Table 3 Market prices for commercially available chemically synthesized dicarboxylic acids
and derivatives targeted in this work. Data was retrieved from CAS SciFinder" (CAS,
Columbus, USA) for products synthesized in a 1 g scale. Accessed on 06/05/2023.

Molecule IUPAC name CAS Price per g of product

(S)-2-Methylsuccinic acid  (2S)-2-Methylbutanedioic 2174-58-5 Starting from 25 USD
acid

(S)-2-Methylsuccinic (3S)-3-Methyloxolane-2,5- 6973-20-2 Starting from 675 USD

anhydride dione

(S)-Citramalic acid (25)-2-Hydroxy-2- 6236-09-5 Starting from 2900 USD
methylbutanedioic acid

(25,3R)-2-Hydroxy-3- (2S,3R)-2-Hydroxy-3- 85026-06-8 Starting from 1600 USD

methylsuccinic acid methylbutanedioic acid

3.3 Further steps and aspects for the development of M. extorquens towards an
efficient MeCF

The enormous potential of M. extorquens to serve as production platform for methanol-
based production has been demonstrated in various applications (see chapter 1.1.2).

Many heterologous metabolic pathways and genes have been successfully
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implemented in M. extorquens to produce a variety of value-added products.
Nonetheless, none of these products have been manufactured in an industrial process
to date. In the 1970s and 1980s, methanol-based production of single-cell protein for
animal feed with Methylophilus methylotrophus was employed by Imperial Chemical
Industries (ICl) at a scale of 1500 m? and with a production capacity of 50 000 tons per
year (Windass et al. 1980; Westlake 1986). Despite this enormously high production
capacity and a high process robustness, the process was discontinued after a few
years because the rising methanol prices and low prices for soy protein made it no
longer profitable (Bungard 1992). This example demonstrates that the feasibility of a
biotechnological process also depends on manifold extrinsic factors. The process itself
must be efficient and profitable enough to compensate for uncertainties, especially if
the implementation means a conversion of conventional and already established
processes, which entails enormous investment costs. Especially for bulk chemical
products, which are usually sold at low prices, a highly efficient production strain and
manufacturing process is absolutely crucial. Therefore, the strategy of producing fine
chemicals with high market value, whose chemical synthesis is very challenging and
costly, may be more advantageous for early biotechnological processes in a just
emerging methanol economy. This chapter discusses further ways to improve future
M. extorquens production strains and, in particular, strains for the production of chiral

dicarboxylic acids.

3.3.1 General considerations for development of M. extorquens strains for

biotechnological production

Chapter 1.2.5 summarizes the developments made in the past to improve the
applicability of M. extorquens as a production platform. The genome structure of
M. extorquens AM1 is far from ideal for genetic engineering approaches. In addition to
the high GC content, strain AM1 exhibits high genomic plasticity due to transposable
elements and has a complex genome structure with five replicons (Vuilleumier et al.
2009; Green and Ardley 2018). It was shown that M. extorquens AM1 laboratory strains
have diverged over the long period of domestication from the archival strain, which has
undergone only a small number of growth cycles since its isolation (Carroll et al. 2014).
Also during the work on this thesis, differences were found between the genome
sequence of the strains used and sequences found in the databases. Table S2 of

chapter 6.1 lists mutations in the analyzed strains revealed by genome sequencing.
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This unwanted strain divergence over time may be limited by the use of strain PA1,
which was isolated almost fifty years after strain AM1 (Knief et al. 2010; Marx et al.
2012). PA1 contains a streamlined genome with a single replicon and a low number of
IS elements (Nayak and Marx 2014). It also shows faster growth on C1 and multicarbon
substrates in synthetic media compared to strain AM1 (Nayak and Marx 2014). These
aspects make strain PA1 an even more promising candidate for a further development
towards an MeCF (Lee et al. 2022). Since the genomes of AM1 and PA1 strains show
high similarity, especially with respect to central metabolism pathway genes, many
production processes already developed for AM1 should be readily transferable to
strain PA1.

3.3.2 Prospects for further developments to improve the production of chiral
dicarboxylic acids

In cooperation with Insilico Biotechnology AG (Stuttgart, Germany), a metabolic
network model for M. extorquens AM1 was developed, which includes the thioesterase
reaction of heterologous YciA (Schmid et al. 2021). This model was based on the
model of Peyraud and colleagues (Peyraud et al. 2011), but reactions have been
added or removed according to the current state of knowledge. The model predicted
theoretical product/substrate yields (Yrss) of roughly 0.5-0.75 gp/gmethanol for the target
products 2-methylsuccinic acid, mesaconic acid and 2-hydroxy-3-methylsuccinic acid
(Schmid et al. 2021). In chapter 5, the maximum Yps achieved were 0.08 for
2-hydroxy-3-methylsuccinic acid, 0.1 for mesaconic acid, 0.09 for 2-methylsuccinic
acid and 0.1 for citramalic acid. For the latter, the metabolic model does not provide
any theoretical maximum yield, as the mesaconase reaction is not represented in the
network model. The gaps between the achieved yields and the predicted maximum
theoretical yields leave room for further improvements of dicarboxylic acid production.
A combination of metabolic network model predictions and analysis of transcriptome
data from chapter 6.1 for differential gene expression revealed the following options to

increase product formation (see Schmid et al. 2021):

(1) avoiding the formation of by-products (e.g. by reducing the PHB formation)
(2) reducing the degradation or consumption of the product(s)
(3) the adjustment of feeding to ensure an adequate respiratory chain and to prevent

down-regulation due to growth or stress
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(4) separating biomass production and product synthesis. Induction and/or
overexpression of the genes mqo (TCA + energy metabolism) metK (methionine,
activated C+1 building blocks), fopA (iron transport) and cysH (sulfate reduction,
assimilation) represent potential switches to switch from biomass formation to product

synthesis

In addition to the mainly respiratory chain and TCA related gene targets, a functional
analysis of the metabolic network model further revealed two potential target reactions
for applying a higher metabolic flux towards the products, namely methanol oxidation
(mxaFI1) and malyl-CoA synthetase (mtkAB2) reaction (Schmid et al. 2021).

Some of the strategies mentioned above, as reduction of consumption of the products
or reduction of PHB formation, were already tested (chapter 6.1, Sonntag et al. 2015b).
Both showed positive effects on production, although knockout of the
polyhydroxyalkanoate synthase phaC was antagonized by suppressor mutations
(Sonntag et al. 2015b). A more recent study tested the effect of deletion of gene phaR,
a regulator for PHB synthesis (Korotkova and Lidstrom 2001; Van Dien et al. 2003), in
a dicarboxylic acid production strain (Lim et al. 2019). Surprisingly, application of the
phaR mutant strain even resulted in less product formation despite only minimal PHB
accumulation. A subsequent transcriptome analysis revealed a rewiring of gene
transcription (Lim et al. 2019). A more fundamental understanding of the network of
PHB synthesis genes and interconnected reactions with other metabolic pathways in
M. extorquens is needed to construct more efficient strains for EMCP-derived
production. The other potential targets for strain improvement that emerge from the

metabolic network model analysis remain to be confirmed experimentally.

3.4 Novel genetic tools for M. extorquens

The new genetic tools described in 6.3 and 6.4 are valuable additions to the toolset for
M. extorquens (see 1.2.4). The novel plasmid pMis1_1B can be used in co-
transformations together with plasmids of the IncP group. The Inc group classification
is based on origins of replication and partitioning systems (Novick 1987; del Solar et
al. 1998). Plasmids of the same Inc group are not recognized as different genetic units
by the microbial cell and therefore cannot be reliably replicated. The IncP group
compatibility of pMis1_1B is particularly important as this group includes the pCM

plasmids that are predominantly employed for M. extorquens (Marx and Lidstrom
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2001). The possibility of introducing two stably contained plasmids at once facilitates
screening and engineering approaches and provides experimental flexibility.

The pMis1_1B plasmid developed in 6.3 imposes a fitness cost on the cell, which is
manifested by slower growth, especially when it is present in combination with pCM
plasmids. The reasons for plasmid burdens are not yet fully understood. A part of the
plasmid-imposed fitness costs are implied through the necessity to apply cellular
resources as nucleotides and the machinery for replication, gene transcription and
translation (San Millan and Craig MacLean 2017). In addition to these “basic costs” of
plasmid carriage, fitness costs can also derive from plasmid specific genes (e.g. genes
conferring resistance to antibiotics) or from genes interfering with the hosts metabolism
(Carroll and Wong 2018; Hall et al. 2021). When M. extorquens was co-transformed
with pMis1_1B and pCM80, a substantially higher plasmid copy number and plasmid-
borne gene expression was observed for pMis1_1B compared to the single
transformants. The reason for this might be some kind of positive epistasis as reported
before for plasmid co-transformations (San Millan et al. 2014). The increased copy
number could in turn imply a higher plasmid burden for the cell, e.g., due to high
expression of the kanamycin resistance gene. Similar effects have been reported for
the pBR332 plasmid and an enhanced expression of the tetracycline resistance gene
in E. coli (Valenzuela et al. 1996). Further laboratory evolution of pMis1_1B might help
optimize plasmid-host interaction with M. extorquens. An indication that this approach
may be promising is found in the nature of the genesis of pMis1_1B, which was derived
from pMis1 by a single point mutation.

The development of a second new genetic tool for M. extorquens is described in 6.4.
Deletion of 28 nucleotides in the promoter region of Pa214s (Kaczmarczyk et al. 2013)
resulted in the Pss promoter that exhibited an extremely low background expression
level and allowed expression of the toxic cis-abienol synthesis operon. The application
of this novel promoter will likely be limited for cases where a very strong repression is
required, as the maximal expression strength is considerably lower than for other
artificial inducible promoters used in M. extorquens (Choi et al. 2006; Chubiz et al.
2013; Kaczmarczyk et al. 2013; Carrillo et al. 2019; Sathesh-Prabu et al. 2021).
Nevertheless, a promoter that is tight and tunable to lower-range expression levels is
a valuable addition to the M. extorquens genetic toolbox.
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3.5 Conclusion

A major advantage of using M. extorquens as a platform organism for the production
of value-added products is the use of methanol as a substrate, which could be obtained
in a renewable or even regenerative manner in the future (see 1.1.1) and brings many
advantages for biotechnological processes (see 1.1.2). However, the introduction of
methanol-based bioprocesses and the introduction of a so-called methanol economy
is only just beginning. Two factors are thereby decisive for success: On the one hand,
the political will to invest in sustainable processes, especially in the production of
e-methanol and bio-methanol, and on the other hand, scientists and engineers
developing highly efficient processes to replace conventional fully chemical,
petroleum- or sugar-based ones. In this work, the ongoing development of the model
organism M. extorquens AM1 towards a MeCF was further advanced, aiming for the

efficient and sustainable production of the target products in the future.
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5. Additional results - Development of fermentation strategies for EMCP-derived
dicarboxylic acid production with M. extorquens AM1

This chapter consists of additional results that are not currently published or submitted
in manuscript form to a scientific journal. The chapter is formatted independently with

its own numbering, results and discussion section, references and appendices.

Introduction

A variety of fed batch fermentation strategies were developed for engineered
M. extorquens strains for the production of PHB, terpenes, amino acids, dicarboxylic
acids or heterologous proteins (Suzuki et al. 1986; Sirirote et al. 1986; Bourque et al.
1995; Bélanger et al. 2004; Mokhtari-Hosseini et al. 2009; Sonntag et al. 2015a; Lim
et al. 2019; Arenas et al. 2023). In these fermentation setups, the methanol feeding
strategy per se, as well as the setpoint methanol concentration varied widely (between
0.01 g/L and 10 g/L). A methanol concentration above 1 % [v/v] in the culture medium
results in reduced growth of M. extorquens AM1 and a concentration above 5 % [v/V]
results in growth inhibition (Peel and Quayle 1961). However, limitations at the lower
concentration limit must also be considered. A reuptake of dicarboxylic acid products
has been described previously (Sonntag et al. 2014; Pdschel et al. 2022). Considering
the possibility of re-metabolization, a very low methanol concentration in the cultivation
medium could be unfavorable as it may lead to increased product uptake. These
aspects must be taken into account when developing a new methanol feeding strategy
for dicarboxylic acid production.

In the majority of the published fed batch processes for M. extorquens, the
fermentation strategies are designed for high cell densities or two-stage fermentations
in which growth and production phases are separated. This strategy is not feasible for
the current methodology of dicarboxylic acid production, where the products are
directly drawn from the anaplerotic EMCP (Sonntag et al. 2014). Furthermore, in many
published studies, the methanol feed is either controlled using the OTR, which is
calculated from the off-gas analysis (Suzuki et al. 1986; Sirirote et al. 1986; Bourque
et al. 1995; Béland et al. 2004; Bélanger et al. 2004) or relies on an online
measurement via a methanol sensor (Sonntag et al. 2015a; Arenas et al. 2023). These
setups require additional highly sensitive analytical modules and calibration steps and

are not necessarily feasible for all processes. In this chapter, a methanol feeding
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strategy is described, which relies solely on dissolved oxygen (DO) measurement and
is tailored to dicarboxylic acid production.

It was previously shown, that a reduction of the default cobalt concentration in the
growth medium to 0.2 yM strongly improves the production of dicarboxylic acids by
decreasing the activity of cobalt-dependend mutases, resulting in an accumulation of
EMCP thioester intermediates (Kiefer et al. 2009; Sonntag et al. 2015b). The optimal
amount of other trace elements for dicarboxylic acid production with M. extorquens has
not yet been determined. Therefore, in the new fermentation setup, different feeding
strategies for trace element solution were tested.

In addition to the previously reported EMCP-derived dicarboxylic acid products
mesaconic acid, 2-methylsuccinic acid and citramalic acid (Sonntag et al. 2014;
Sonntag et al. 2015b; Pdschel et al. 2022), the production of the new, presumably
enantiomerically pure product 2-hydroxy-3-methylsuccinic acid (assumed (2S,3R)-
form) is described in this chapter. Titers ranging from 3.8 g/L to 5.8 g/L were obtained
for each of the compounds with the developed setup and represent the highest titers

achieved for microbial production of these compounds.
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Material and methods

Bacterial strains

Bacterial strains and plasmids used in this study are listed in Table 1.

Table 1 Bacterial strains and plasmids used in this work. Ribosomal binding site (RBS)
sequences were optimized with RBS Calculator 2.1 (Salis 2011).

Name Description/Genotype Reference
Bacterial strains

M. extorquens AM1 Acel CmR, Gram-negative, facultative methylotrophic, obligate Delaney et al.
(CM2720) aerobic, a-proteobacterium with chromosomal deletion of (2013)

cellulose biosynthesis genes

M. extorquens AM1 Acel

M. extorquens AM1 Acel with chromosomal deletion of

(Poschel et al.

AdctA1 AdctA2 AdctA3 MEXAM1_RS15430, MEXAM1_RS10985 and 2022)
MEXAM1_RS20450
Plasmids
pCM160 KanR, pmxaF, oriT, pBR3220ri Marx and
Lidstrom
(2001)

pCM160_RBS_yciAHI

pCM160 containing for M. extorquens codon-optimized
thioesterase gene yciA from H. influenzae with optimized
RBS

Poschel et al.
(2022)

pCM160_RBS_yciAEc

pCM160 containing for M. extorquens codon-optimized
thioesterase gene yciA from E. coli with optimized RBS

Sonntag et al.
(2014)

pCM160_yciAEc_mesaPx

pCM160 containing for M. extorquens codon-optimized
thioesterase gene yciA from E.coli and fumarate
hydratase gene bxe_A3136 from
Paraburkholderia xenovorans with optimized RBS

Poschel et al.
(2022)

pCM160_RBS_citECg

pCM160 containing for M. extorquens codon-optimized
CcitE thioesterase gene from Corynebacterium glutamicum
(GenBank entry CAF19568) with optimized RBS

This work

Chemicals

All  chemicals were purchased from Carl

Roth (Karlsruhe, Germany), VWR

International (Darmstadt, Germany) or Merck (Darmstadt, Germany). The water used
was purified with an ELGA Purelab Ultra system (ELGA LabWater, Celle, Germany).
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Plasmid construction and transformation

The plasmid pCM160_RBS_citECg was constructed by inserting a synthetic DNA
fragment (Table 2) containing the codon-optimized citE gene from Corynebacterium
glutamicum (GenBank entry CAF19568) into pCM160. The insert was synthesized by
BioCat (Heidelberg, Germany). Transformations of M. extorquens AM1 strains were

done by electroporation as described before (Toyama et al. 1998).

Table 2 Synthetic sequence used for plasmid construction. The restriction sites Sphl and Ncol
used for subcloning into pCM160 are indicated by underlined letters. The RBS sequence was
generated with RBS Calculator 2.1 (Salis 2011) and is given in italics.

Name of target construct Sequence

GCATGCTACGTTAAACCCCGACAGGGGGGAAAGGAGGTTTTTTTT
ATGTCGGAGCTCATCTGCGGCCCGGCCATCCTCTTCGCCCCGGC
CGGCCGCGCCGAGATCATCCCGAAGGCCGCCTCGAAGGCCGACA
TGGTCATCATCGACCTCGAGGACGGCGCCGGCGAGGTCGACCGC
GAGGTCGCCTACCGCAACATCCGCGAGTCGGGCCTCGACCCGAA
GCGCACCATCGTCCGCACCGTCGGCCCGTCGGACCCGCACTTCC
TCGCCGACGTCGAGATGGTCAAGTCGACCGACTTCACCCTCGTCA
TGGTCCCGAAGCTCCTCGGCTCGGTCCCGGAGGAGCTCGACGGC
CTCAACATCATCGCCATGATCGAGACCCCGCAGGCCGCCACCTCG
ATCCCGCAGATCGCCGCCGACCCGAAGGTCGTCGGCATGTTCTG
GGGCGCCGAGGACCTCACCCACCTCCTCGGCGGCACCCACTCGC
GCTTCCTCGGCGACGAGTCGAACGAGGGCTCGTACCGCGACACC
ATGCGCCTCACCCGCGCCCTCATGCACCTCCACGCCGCCGCCAA
CGGCAAGTTCACCATCGACGCCATCCACGCCGACTTCCACGACGA
GGAGGGCCTCTACCTCGAGGCCGTCGACGCCGCCCGCACCGGCT
TCGCCGGCACCGCCTGCATCCACCCGAAGCAGATCGAGATCGTC
CGCCGCGCCTACCGCCCGGAGGCCAACCAGCTCGAGTGGGCCAA
GAAGGTCGTCGAGGAGGCCGAGAACCACCCGGGCGCCTTCAAGC
TCGACGGCCAGATGATCGACGCCCCGCTCATCTCGCAGGCCCGC
ATGGTCATCTCGCGCCAGCCGGCCTGACCATGG

pCM160_RBS_citECg

Seed trains and growth medium for bioreactor cultivations

For each bioreactor cultivation, a distinct seed train starting from an individual
transformant colony was used. A primary preculture of 5 mL was grown in a test tube
in methanol minimal medium (Peyraud et al. 2009) containing 12.6 yM of CoCl2 and
50 ug/mL kanamycin sulfate at 30 °C in a rotary shaker. Subsequently, the second
preculture of 700 mL (same cultivation medium) was inoculated to ODeoo = 0.1 and
grown for 48 h at 30 °C in 3 L shake flasks. Cultures were harvested in the exponential
growth phase (about 48 hours after inoculation) and the cells were washed twice in a
Sorvall LYNX 4000 centrifuge (Thermo Scientific, Waltham, USA) with fresh and

prewarmed methanol medium containing 0.2 uM of CoCl2. Bioreactors with 700 mL of
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fresh methanol minimal medium containing 0.2 yM of CoCl2, 50 yg/mL kanamycin
sulfate and 0.058 % [v/v] of XIAMETER™ ACP-1500 Antifoam Compound (DOW,
Midland, USA) were inoculated with resuspended cells to an ODsoo of 2.8 - 3.2. For
cultivations in the BiostatB® system (Sartorius, Gottingen, Germany) with a starting
volume of 4 L, 6 seed trains from a single transformant colony were grown in parallel,
pooled and used to inoculate the bioreactor. In this second setup, instead of the
previously described antifoaming agent, 0.005 % [v/v] Antifoam B (Merck, Darmstadt,

Germany) was added to the bioreactor before starting the cultivation.

Bioprocessing setups and process control strategies

Two types of bioreactors were used in this study. For initial tests, a BiostatB® system
(Sartorius, Gottingen, Germany) was used. A 5 L UniVessel® (Sartorius, Gaéttingen,
Germany) was equipped with an EasyFerm sensor for pH measurement and a
VisiFermDO 325 sensor for optical DO measurement (both from Hamilton, Bonaduz,
Switzerland). The bioreactor vessels and probes were sterilized in an autoclave for
60 min at 120 °C. An ammonia solution of 15 % [v/v] was used to maintain the pH value
at7 (x 0.1). The temperature was kept at 30 °C during cultivation. For agitation, a stirrer
with three superimposed Rushton impellers was installed. Excessive foam formation
was detected with probe BB-8844463 from Sartorius (Goéttingen, Germany) and
inhibited by addition of Antifoam B (Merck, Darmstadt, Germany). The DO level was
regulated near the set point of 30 % saturation. Therefore, two successive PID
controllers were used in a cascade by first increasing the stirrer speed from 500 to
1500 rpm and second increasing the air flow rate from 1 sL/min to 7 sL/min. For both
controllers, the XP-overlap was set to 90 % and Tl to 100 s. The methanol
concentration in the culture broth was tracked online using the ProcessTRACE 1.21
MT system equipped with an alcohol oxidase enzyme reactor (TRACE Analytics,
Braunschweig, Germany). Methanol concentration in the reactor was measured every
30 minutes amperometrically with a dialysis probe. If the concentration dropped below
1 g/L, 2.3 mL of methanol was added into the reactor via a coupled Du505 pump
(Watson-Marlow GmbH, Rommerskirchen, Germany). The feeding strategy for
additional trace element solution during the course of cultivation was chosen
individually for each experiment.

For parallel cultivation in a 700 mL scale, a DASGIP® parallel bioreactor system with

1 L glass vessels (Eppendorf, Hamburg, Germany) was used. The bioreactor vessels
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and probes were sterilized in an autoclave at 120 °C for 45 min. DO level was regulated
near the set point of 30 % saturation. For regulation, the following cascade was used.
First, the stirrer speed was increased, then the oxygen content of the gassing mixture
was raised and finally the gas flow rate was increased (equations 1-3). In all
experiments shown in this chapter, increasing the stirrer speed was sufficient to

maintain the target DO value.

(){ 20x + 400 for 0 <x <40
I 1200 for 40 < x < 100

where x is the DO-value in percentage points and fy (x) is the stirrer speed in rpm.

Eq. 1

( ){ 1,4364x — 14,909 for 25 < x < 80
Jon0. (XD 100 for 80 < x < 100

where x is the DO-value in percentage points and fy,0, (x) is the oxygen content in %.

Eq. 2

6 for 0 <x <80

fF(x){ 0,95x — 70 for80 < x < 100 Eq. 3

where x is the DO-value in percentage points and f(x) is the gas flow rate in sL/h.

Each vessel was individually equipped with an amperometric InPro6800 sensor for DO
measurement and an InPro3100 sensor for pH measurement (both Mettler-Toledo
GmbH, GielRen, Germany). The feeding of methanol was controlled by a reactor script
(Appendix 1), in which a low and a high DO value are defined as trigger values. After
a deadband of 10 h starting from inoculation, a value exceeding the high DO-trigger
value, indicating a depletion of methanol, initiated a rapid addition of 3.5 mL of
methanol to the bioreactor. The upper trigger was deactivated until the lower trigger
value was reached. Temperature and pH were controlled using the default settings of
the bioreactor software (DASGIP Control V 4.5.230, Eppendorf, Hamburg, Germany).
The temperature was kept at 30 °C (£ 0.5 °C). An ammonia solution of 15 % [v/v] was
used to maintain the pH value at 7 (x 0.1). Excess foaming was manually counteracted
by adding 200 pL of XIAMETER™ ACP-1500 Antifoam Compound (DOW, Midland,
USA) at the beginning of the process and dosing manually with 200 yL as needed
during the fermentation run. The feeding strategy for trace element solution was
chosen individually for each experiment. The starting trace element concentration in
the cultivation medium previously described in Peyraud et al. (2009) was adapted for
dicarboxylic acid production by reducing the CoClz concentration from 1.2 uM to 0.2 uyM
(Sonntag et al. 2015b). For the feeding of trace element solution, a 1000-fold
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concentrated stock solution containing 15 g/L Na2EDTA2-H20, 4.5 g/L ZnSO4-7H20,
1 g/L MnCl2:4H20, 1 g/L H3BOs, 0.4 g/L Na2MoO4-2H20, 3 g/L FeS04-7H20 and
0.3 g/L CuSO04-5H20 was prepared. If needed, CoCl2-6H20 was added to a
concentration of 0.0476 g/L. The stock solution was freshly mixed in a 1:1 ratio with a
1.5 mg/L CaCl2-2H20 solution. The resulting 500-fold concentrated trace element
feeding solution contained either 0 or 100 uM of CoCl2. Culture samples were collected
under sterile conditions and measured off-line to analyze dicarboxylic acid
concentration and cell density. The cell dry weight (CDW) value is a product of the

measured ODsoo multiplied with 4.29 (previously determined).

Dicarboxylic acid analysis

Culture samples were centrifuged for 5 minutes at 16 000 g and the supernatants were
passed through a 0.22 ym PDVF-syringe filter (Carl Roth, Karlsruhe, Germany).
Analysis of the filtered supernatants was performed on a LC-MS/MS system (Nexera
X2 UHPLC (Shimadzu, Duisburg, Germany) equipped with a 150 x 4.6 mm Luna
Omega 3 um PS C18 100 A column (Phenomenex, Aschaffenburg, Germany) coupled
with an LCMS-8045 system (Shimadzu, Duisburg, Germany)) as described before
(Pdschel et al. 2022). Dicarboxylic acid concentration was determined by comparing
the peak areas to calibration curves determined for corresponding standard solutions.
Ethylmalonic acid, mesaconic acid, 2-methylsuccinic acid, methylmalonic acid and
succinic acid were purchased from Merck (Darmstadt, Germany), crotonic acid was
purchased from Carl Roth (Karlsruhe, Germany) and 2-hydroxy-3-methylsuccinic acid

was purchased from Enamine (Riga, Latvia).
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Results and discussion

Comparison of different trace element feeding strategies in a fed-batch process

with methanol sensor

Initially, a previously published fermentation strategy with an online methanol sensor
(Sonntag et al. 2015a) was adapted for a 4-liter fed-batch fermentation in a BiostatB®
system (Sartorius, Goéttingen, Germany) to test its feasibility for dicarboxylic acid
production. The initial methanol concentration was set to 3.95 g/L and was later
maintained at a set point of 1 g/L during fermentation with an external methanol sensor
and pump. Figure 1 and Figure 2 show that this feeding strategy is indeed suitable for
dicarboxylic acid production with M. extorquens AM1 strains overexpressing yciAHI
(thioesterase gene from Haemophilus influenzae). By feeding a trace element solution
containing 100 uM CoClz2 after initially reaching an ODeoo of 15 and then every 24 h,
titers of up to 2.6 g/L mesaconic acid, 2.1 g/L 2-methylsuccinic acid and 0.1 g/L
2-hydroxy-3-methylsuccinic acid were achieved (Figure 1). Feeding a trace element
solution without CoCl2 every 12 h, increased the titer of mesaconic acid to 4.9 g/L, the
titer of 2-methylsuccinic acid to 3.9 g/L and the titer of 2-hydroxy-3-methylsuccinic acid
to 0.3 g/L (Figure 2). The ratios of product to CDW were 2.9-fold (£ 0.3) higher with the
second trace element feeding strategy (see Table 3 for P/CDW ratio values). No
exponential cell growth was observed in either setup. The growth initially progressed
in a linear fashion, followed by a plateau phase. As expected, the maximum CDW of
the cultivation using the second strategy was substantially lower (5.8 g/L) than in the
one using the first strategy (8.9 g/L), in which additional CoCl2 was fed. Since the
targeted dicarboxylic acid products are converted from intermediates of the EMCP, a
negative correlation of maximal product titer and CDW is not surprising. By adjusting
the CoCl2 concentration in the bioreactor medium, the carbon flux in yciAHI expressing
M. extorquens AM1 Acel cells can be impacted towards dicarboxylic acid production,
as previously shown for shake flask experiments (Sonntag et al. 2015b). In neither of
the fermentation setups, other potential EMPC-derived thioesterase hydrolysis

products could be detected.
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Figure 1 Growth and product formation during fermentation of M. extorquens AM1 Acel +
pCM160_RBS_yciAHI in a BiostatB® bioreactor system (Sartorius, Goéttingen, Germany) with
4-liter starting volume. Methanol concentration at the start was 3.95 g/L and was controlled
close to a setpoint of 1 g/L via an online methanol sensor. 8 mL of trace element feeding
solution containing 100 uM CoCl, was added after the ODsqo reached a value of 15 (39.3 h
after inoculation) and then every 24 h. The temperature was kept at 30 °C £ 0.01 °C and pH
was kept at 7 £ 0.1. The DO setpoint was 30 %. Online parameters are shown in Appendix 2.
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Figure 2 Growth and product formation during fermentation of M. extorquens AM1 Acel +
pCM160_RBS_yciAHI in a BiostatB® bioreactor system (Sartorius, Goéttingen, Germany) with
4-liter starting volume. Methanol concentration at the start was 3.95 g/L and was controlled
close to a setpoint of 1 g/L via an online methanol sensor. 8 mL of trace element feeding
solution without CoCl, was added every 12 h. The temperature was kept at 30 °C + 0.01 °C
and pH was kept at 7 £ 0.1. The DO setpoint was 30 %. Online parameters are shown in
Appendix 3.
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Establishment of a DO-based feeding strategy for M. extorquens AM1 Acel

Although the previously shown fermentations already yielded high product titers of up
to 8.9 g/L of total product, a method which works independently from an online
methanol measuring was to be developed. The following experiments were performed
in a DASGIP® parallel bioreactor system in 1L vessels (Eppendorf, Hamburg,
Germany). The feeding of methanol was controlled by a reactor script (Appendix 1),
wherein a low (31 %) and a high DO value (e.g., 60 %) are defined as trigger values.
After a deadband of 10 h starting from inoculation, the pump is set to idle for rapidly
pumping 3.5 mL into the vessel if the high DO trigger is reached, indicating a depletion
of methanol. As a safety net, the pump was not turned back to idle until a DO value
below 30 % was reached. This prevented overfeeding of methanol to an inhibitory
concentration.

First, the setup was tested with a M. extorquens AM1 Acel strain harboring an empty
vector control (pCM160) in four parallel fermentation runs (Figure 3). The feeding
worked consistently for all four reactors (Appendix 4-7) and led to a total methanol
consumption of 47.1 + 3.9 g (in a total approximated culture volume of 700 mL) and a
maximum CDW of 7.1 £ 0.3 g/L. Since the cultivations yielded robust results, the
following laborious fermentations were performed in duplicate rather than in
quadruplicate. Please note that the standard deviations reported for dicarboxylic acid
production in the DASGIP® parallel bioreactor system were calculated using

duplicates.
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Figure 3 Growth during modified DO-stat cultivations of M. extorquens AM1 Acel + pCM160.
Four replicate experiments were run in parallel (A-D) in a DASGIP® bioreactor system
(Eppendorf, Hamburg, Germany). The temperature was kept at 30 °C + 0.01 °C and pH was
kept at 7 £ 0.1. Methanol concentration at the start was 3.95 g/L and was set back to 3.95 g/L
immediately after depletion, which was indicated by a rapid DO-shift. The overall DO setpoint
was 30 %. 1.4 mL of trace element feeding solution containing 100 uM of CoCl, was added
after the ODeoo reached a value of 15 (49.7 h after inoculation) and then every 24 h. Online
parameters are shown in Appendices 4-7.

Testing of the DO-based feeding strategy for dicarboxylic acid production with
heterologous thioesterase YciA in M. extorquens AM1 Acel

Next, the previously described fermentation setup was tested for dicarboxylic acid
production. For this experiment, a M. extorquens AM1 Acel strain overexpressing
yciAHI was used. Although reactor A showed some irregularities in measured CO2 and
DO values after 62 hours of cultivation (Appendix 8), the dicarboxylic acid production
in the duplicates were found to be equivalent (Figure 4). A maximum titerof 2.8 + 0.1 g
for mesaconic acid and 2.5 + 0.1 g for 2-methylsuccinic acid was reached. 2-Hydroxy-
3-methylsuccinic acid could only be measured in small amounts in the late stage of the

fermentations and other EMPC-derived dicarboxylic acids were not detectable at all.

69



Additional results — Development of fermentation strategies for EMCP-derived
dicarboxylic acid production with M. extorquens AM1

14 14
Acel + pCM160_RBS_yciAHI A Acel + pCM160_RBS_yciAHI B
12 12 4
10 10 4
= )
3 87 2 87
2 o 2 o
o o
44 4
«® ° ® 40 @ e © ® 00 ©
2 oe 2 e®
. e ®
0 0
— 64 — 6
) )
=) =)
25| 2 ;|
0 w
i) i)
g 41 :-‘? 4 4
L 2
z 3 > 31
8 M 2 v oy
L2 = vY ¥ 5 2 = vy
© v o SR,
T v T 4
* = * **
¥
0 T T T T T T T 0 T a T T T T T T
0 10 20 30 40 50 60 70 80 0 10 20 30 40 50 60 70 80
cultivation time [h] cultivation time [h]

2-Hydroxy-3-methylsuccinic acid Mesaconic acid ¥ 2-Methylsuccinic acid

Figure 4 Growth and product formation during modified DO-stat cultivations of M. extorquens
AM1 Acel + pCM160_RBS_ yciAHI. Two replicate experiments were run in parallel (A and B)
in a DASGIP® bioreactor system (Eppendorf, Hamburg, Germany). The temperature was kept
at 30 °C £ 0.01 °C and pH was kept at 7 £ 0.1. Methanol concentration at the start was 3.95
g/L. After methanol depletion, indicated by a rapid DO shift, the concentration was rapidly set
back to 3.95 g/L. The overall DO setpoint was 30 %. 1.4 mL of trace element feeding solution
containing 100 uM CoCl, was added after the ODeoo reached a value of 15 (40.4 h after
inoculation) and then every 24 h. Online parameters are shown in Appendices 8 and 9.

The strategy of altering the trace element addition exhibited a remarkable effect on cell
growth and dicarboxylic acid in the previously tested fermentation setup (Figure 1 and
Figure 2). Therefore, this strategy was also tested for the new DO-based setup
(Figure 5) by adding 0.7 mL of trace element feeding solution without CoCl2 every 8 h
to each of the bioreactors. Both, dicarboxylic acid and biomass production was
enhanced compared to the previously tested feeding strategy (adding 1.4 mL trace
element solution containing 100 uM CoCl2 after the ODeoo reached a value of 15 and
then every 24 h (Figure 4)). This result can be accounted for by a combined effect of a
low availability of cobalt and a higher availability of other trace elements. The latter
seems to be beneficial for cell growth, indicating a limitation in the prior experiment.
Therefore, the following fermentations were carried out with a higher supply of trace

elements except for cobalt.
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Figure 5 Growth and product formation during modified DO-stat cultivations of M. extorquens
AM1 Acel + pCM160_RBS_ yciAHI. Two replicate experiments were run in parallel (A and B)
in a DASGIP® bioreactor system (Eppendorf, Hamburg, Germany). The temperature was kept
at 30 °C £ 0.01 °C and pH was kept at 7 £ 0.1. Methanol concentration at the start was 3.95
g/L. After methanol depletion, indicated by a rapid DO shift, the concentration was rapidly set
back to 3.95 g/L. The overall DO setpoint was 30 %. 0.7 mL of trace element feeding solution
without CoCl, was added every 8 h. Online parameters are shown in Appendices 10 and 11.

In previous studies (Sonntag et al. 2014; Sonntag et al. 2015b; Pdschel et al. 2022),
an alternative YciA thioesterase originating from E. coli (YCIAEc) was used for the
production of mesaconic acid and 2-methylsuccinic acid. To test, which enzyme is
more favorable for high-level production, M. extorquens AM1 Acel overexpressing
yciAEc was also tested in the DO-based reactor setup described above. The growth
and production kinetics of the strains harboring YciAEc (Figure 6) differed substantially
from the previous fermentations with strains harboring YciAHI (Figure 4 and Figure 5).
A CDW of 13.4 + 0.2 g/L was reached and the maximum mixed product titer did not
exceed 2.7 £ 0.1 g/L. As for the experiments with YciAHI, 2-hydroxy-3-methylsuccinic
acid could only be measured in small amounts and other EMPC-derived dicarboxylic
acids were not detectable at all. Summarized, strains overexpressing the H. influenzae
yciA variant were more suitable to produce high amounts of mesaconic acid and 2-

methylsuccinic acid.
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Figure 6 Growth and product formation during modified DO-stat cultivations of M. extorquens
AM1 Acel + pCM160_RBS_yciAEc. Two replicate experiments were run in parallel (A and B)
in a DASGIP® bioreactor system (Eppendorf, Hamburg, Germany). The temperature was kept
at 30 °C £ 0.01 °C and pH was kept at 7 £ 0.1. Methanol concentration at the start was 3.95
g/L. After methanol depletion, indicated by a rapid DO shift, the concentration was rapidly set
back to 3.95 g/L. The overall DO setpoint was 30 %. 0.7 mL of trace element feeding solution
without CoCl, was added every 8 h. Online parameters are shown in Appendices 12 and 13.

Dicarboxylic acid production with dctA deletion mutants overexpressing yciAHI

In a study of Pdéschel et al. (2022), the production of mesaconic acid and
2-methylsuccinic acid in optimized strains with deletions of the putative acid transporter
genes dctA1, dctA2 and dctA3 was described. In these strains, the uptake of produced
dicarboxylic acids that is typically observed in shake flask experiments shortly after the
cultures reach the stationary growth phase, is substantially reduced (Pdschel et al.
2022). To investigate whether a masked uptake reduces the actual yield of the
fermentations shown in this chapter, the triple deletion strain was tested in the new
setup. Although it was shown that deletion of dctA2 alone already suppressed product
reuptake (Pdschel et al. 2022), strains with triple deletions of all dctA genes were used
in the following to account for a possible upregulation of alternative DctA transporters
in a bioreactor setup.

The fermentations of M. extorquens AM1 Acel AdctA1 AdctA2 AdctA3 overexpressing

yciaHI (Figure 7) yielded comparable CDW values and dicarboxylic acid titers as
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fermentations of strains without genomic dctA deletions (Figure 5). Therefore, a

masked product reuptake seems not to be an issue in this fermentation setup.
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Figure 7 Growth and product formation during modified DO-stat cultivations of M. extorquens
AM1 Acel AdctA1 AdctA2 AdctA3 + pCM160_RBS_yciAHI. Two replicate experiments were
run in parallel (A and B) in a DASGIP® bioreactor system (Eppendorf, Hamburg, Germany).
The temperature was kept at 30 °C £ 0.01 °C and pH was kept at 7 + 0.1. Methanol
concentration at the start was 3.95 g/L. After methanol depletion, indicated by a rapid DO shift,
the concentration was rapidly set back to 3.95 g/L. The overall DO setpoint was 30 %. 0.7 mL
of trace element feeding solution without CoCl, was added every 8 h. Online parameters are
shown in Appendices 14 and 15.

Production of presumably enantiomerically pure citramalic acid in a bioreactor
scale

The previously mentioned study of Pdschel et al. (2022) also describes the production
of citramalic acid with M. extorquens AM1 by expressing a mesaconase gene from
Paraburholderia xenovorans (mesaPx) additionally to yciAEc. The promiscuous
mesaconase/fumarase MesaPx converts mesaconic acid to enantiomerically pure
(S)-citramalic acid by hydration (Kronen et al. 2015). For the experiments (and also in
Pdschel et al. (2022)), the YciA enzyme originating from E. coli was used since the
ratio of mesaconic acid to 2-methylsuccinic acid produced is slightly higher than for the
H. influenzae YciA. Up to 4.3 £ 0.1 g/L of citramalic acid was produced with the new
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modified DO-stat setup. Although no chiral analysis was performed, it can be
concluded from the kinetic in vitro data of the mesaconase used (Kronen et al. 2015),
that the enantiomerically pure (S)-form of citramalic acid is produced. Residual
mesaconic acid titers of 0.1 g/L and 0.2 g/L were measured in reactor A and B,
respectively. Furthermore, a 2-methylsuccinic acid titer of 1 £ 0.1 g/L was measured at

the end of cultivations.
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Figure 8 Growth and product formation during modified DO-stat cultivations of M. extorquens
AM1 Acel + pCM160_RBS_yciAEc_mesaPx. Two replicate experiments were run in parallel
(A and B) in a DASGIP® bioreactor system (Eppendorf, Hamburg, Germany). The temperature
was kept at 30 °C £ 0.01 °C and pH was kept at 7 = 0.1. Methanol concentration at the start
was 3.95 g/L. After methanol depletion, indicated by a rapid DO shift, the concentration was
rapidly set back to 3.95 g/L. The overall DO setpoint was 30 %. 1.4 mL of trace element feeding
solution without CoCl, was added every 8 h. Online parameters are shown in Appendices 16
and 17.

Production of presumably enantiomerically pure 2-hydroxy-3-methylsuccinic
acid in a bioreactor scale

From all potential EMCP-derived dicarboxylic acid products, only mesaconic acid,
2-methylsuccinic acid and citramalic acid were produced at a higher mg/L scale in the
past (Sonntag et al. 2015b; Podschel et al. 2022). Besides mesaconyl-CoA and
2-methylsuccinyl-CoA, the EMCP harbors further interesting thioester intermediates,
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e.g. B-methylmalyl-CoA (Alber 2011). As shown in the previous chapters and figures,
overexpression of the yciA gene did not yield considereable amounts of the hydrolysis
product 2-hydroxy-3-methylsuccinic acid, although the YciA enzyme showed in vitro
acitivites for a plethora of closely related thioester substrates (Zhuang et al. 2008).
Therefore, an alternative thioesterase was tested for the production of novel products
such as (25,3 R)-2-hydroxy-3-methylsuccinic acid. The citE like thioesterase gene from
Corynebacterium glutamicum was codon optimized for M. extorquens AM1 and cloned
into pCM160 along with an optimized RBS. The resulting overexpression plasmid was
introduced into M. extorquens AM1 and tested in the newly developed fermentation
setup. For this new product, all three previously described trace element solution
feeding strategies were tested: Feeding a solution without CoCl2 every 8 hours
(Figure 9) or feeding every 24 hours after ODsoo reaches a value of 15, either with a
solution without CoCl2 (Figure 10) or with a solution containing 100 uM CoCl2
(Figure 11). Also for the production of 2-hydroxy-3-methylsuccinic acid, feeding a trace
element solution without CoCl2 every 8 hours yielded the highest product titers. In the
respective fermentations, a titer of 5.7 £ 0.1 g/L of 2-hydroxy-3-methylsuccinic acid
was achieved (Figure 9). When the feeding period of the same trace element solution
was prelonged to 24 h, only 2.0 £ 0.1 g/L of 2-hydroxy-3-methylsuccinic acid was
produced (Figure 10). The same feeding strategy executed with a trace element
solution containing 100 uM of CoClz improved cell growth, but yielded lower maximum
product titers (1.5 £ 0.4 g/L, Figure 11). Similar to the experiments with yciA
overexpression, a low amount of CoCl2 was favorable for higher product yields, but at
least one of the other trace elements seems to be limiting in the prelonged trace
element feeding strategy. The optimal concentration of each trace element may lead
to even higher productivity. No other EMCP-derived dicarboxylic acid was detectable
in the culture supernatants with LC-MS/MS analysis. This high product purity faciliates
potential downstream processing of 2-hydroxy-3-methylsuccinic acid.

Although a chiral analysis for the produced 2-hydroxy-3-methylsuccinic acid is yet to
be performed, it can be presumed that the enantiomerically pure (2S,3R)-form is
obtained. The precursor (2R,3S)-R3-methylmalyl-CoA (Erb et al. 2009) is generated by
hydration of mesaconyl-CoA, catalyzed by mesaconyl-CoA hydratase (Mch) (Zarzycki
et al. 2008). The presumed reaction scheme from mesaconyl CoA to (2S,3R)-2-

hydroxy-3-methylsuccinic acid is given in Figure 12.
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Figure 9 Growth and product formation during modified DO-stat cultivations of M. extorquens
AM1 Acel + pCM160_RBS_citECg. Two replicate experiments were run in parallel (A and B)
in a DASGIP® bioreactor system (Eppendorf, Hamburg, Germany). The temperature was kept
at 30 °C £ 0.01 °C and pH was kept at 7 £ 0.1. Methanol concentration at the start was 3.95
g/L. After methanol depletion, indicated by a rapid DO shift, the concentration was rapidly set
back to 3.95 g/L. The overall DO setpoint was 30 %. 1.4 mL of trace element feeding solution
without CoCl, was added every 8 h. Online parameters are shown in Appendices 18 and 19.
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Figure 10 Growth and product formation during modified DO-stat cultivations of M. extorquens
AM1 Acel + pCM160_RBS_citECg. Two replicate experiments were run in parallel (A and B)
in a DASGIP® bioreactor system (Eppendorf, Hamburg, Germany). The temperature was kept
at 30 °C £ 0.01 °C and pH was kept at 7 £ 0.1. Methanol concentration at the start was 3.95
g/L. After methanol depletion, indicated by a rapid DO shift, the concentration was rapidly set
back to 3.95 g/L. The overall DO setpoint was 30 %. 1.4 mL of trace element feeding solution
without CoCl, was added after the ODegoo reached a value of 15 (31 h after inoculation) and
then every 24 h. Online parameters are shown in Appendices 20 and 21.
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Figure 11 Growth and product formation during modified DO-stat cultivations of M. extorquens
AM1 Acel + pCM160_RBS_citECg. Two replicate experiments were run in parallel (A and B)
in a DASGIP® bioreactor system (Eppendorf, Hamburg, Germany). The temperature was kept
at 30 °C £ 0.01 °C and pH was kept at 7 £ 0.1. Methanol concentration at the start was 3.95
g/L. After methanol depletion, indicated by a rapid DO shift, the concentration was rapidly set
back to 3.95 g/L. The overall DO setpoint was 30 %. 1.4 mL of trace element feeding solution
containing 100 pM CoCl; was added after the ODgoo reached a value of 15 (31 h after
inoculation) and then every 24 h. Online parameters are shown in Appendices 22 and 23.
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0 o] OH e} OH
mesaconyl-CoA (28,3R)-2-hydroxy-3-methylsuccinyl-CoA (28,3R)-2-hydroxy-3-methylsuccinic acid

Figure 12 Reaction scheme for the hydration of EMCP intermediate mesaconyl-CoA to EMCP
intermediate  (2S,3R)-2-hydroxy-3-methylsuccinyl-CoA (alternative name (2R,3S)-13-
methylmalyl-CoA) catalyzed by mesaconyl-CoA hydratase (Mch). Subsequent cleavage of the
CoA moiety to produce (2S,3R)-2-hydroxy-3-methylsuccinic acid can be realized with a
thioesterase.
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Summary and conclusion

This study presents a fermentation design tailored to the production of dicarboxylic
acids with M. extorquens with a methanol feeding strategy solely based on DO
measurements. By using the developed process, four dicarboxylic acid products could
be produced in concentrations of 3.8 g/L to 5.8 g/L. Two of the compounds, namely
2-hydroxy-3-methylsuccinic acid and citramalic acid are presumably pure enantiomers,
but confirmation by chiral analysis is still to be performed. The feeding strategies,
maximum product titers and yields of all fermentations performed in this work are
summarized in Table 3.

As shown in the experiments, different feeding strategies for trace elements strongly
influenced the product yields. Various media compositions have been published for the
cultivation of M. extorquens AM1, which differ from the methanol minimal medium used
in this work in the concentrations of trace elements. In Bourque et al. (1995), the final
medium optimized for growth contained multiple times higher concentrations of trace
elements, whereas in the medium of Delaney et al. (2013) the concentrations varied in
both directions and citrate was chosen as chelator instead of EDTA (Table 4). This
indicates that concentrations of trace elements may be varied over a wide range for
different applications. The use of EDTA as a chelator has been discussed critically and
is presumably inhibiting the growth of M. extorquens by sequestering the metal cations,
making them inaccessible for the cells (Chan 1992; Delaney et al. 2013). An
experimental design to optimize the concentration of each trace element in the growth
medium and exchanging the chelator for e.g. citrate, holds great potential to maximize
the dicarboxylic acid yields obtained with the new fermentation setup.

Further improvements of the product yields may be obtained by using strains with
separated growth and production phases. With this approach, high cell masses could
be achieved in a first process phase and subsequently, conditions optimized for
production could be applied in a second process phase. Such a procedure would
require the construction of a genetic switch which can be triggered e.g. through
induction. Another restriction is the previously reported downregulation of the
expression of methanol dehydrogenase and acetoacetyl-CoA reductase genes after
reaching exponential growth phase (Rohde et al. 2017). Before developing a two-
phase fermentation setup, these questions must be addressed first.
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2-Hydroxy-3-methylsuccinic acid

Trace element Maximum product  t_Pmax Product Yield Y(P); pmax = Biomass Yield Y(X); pmax = Ratio P/CDW Maximum
Figure Strain feeding Replicate titer (Pmax) Py pmax/St pmax Xi_pmax/St_pmax product titer all
strategy products
[g/L] [h] [g product/ g methanol] [g CDW / g methanol] [g product/g CDW] [g/L]
1 Acel + pCM160_RBS_yciAHI 1) A 0.13 141.33 0.00 0.12 0.01 4.88
2 Acel + pCM160_RBS_yciAHI 2) A 0.28 141.25 0.00 0.05 0.05 8.94
. A 0.14 67.43 0.00 0.10 0.05 5.54
4 Aoel + pCMIG0_RBS yoiAH! " B 0.13 67.43 0.00 0.09 0.04 5.11
. A 0.26 111.38 0.00 0.11 0.04 8.35
5 Aocel+pCMI60_RBS_yaiAHI 3 B 023 92.38 001 0.13 0.05 7.52
. A 0.13 140.38 0.00 0.19 0.01 2.62
6 Acel+pCMIGO_RBS yciAFe 3 B 0.12 140.38 0.00 0.19 001 2.70
. A 0.18 111.38 0.00 0.10 0.04 7.24
7 Acel AdctA1 AdctA2 AdctA3 + pCM160_RBS_yciAH. 3) B 0.22 11138 0.00 042 0.04 713
. A / / / / / 5.41
8 Acel + pCM160_RBS_yciAEc_mesaPx 4) B / / / / / 5.60
. A 5.77 92.17 0.08 0.14 0.57 5.77
9 Aoel+pCMIGO_RBS citECg 4 B 556 96.75 0.08 0.14 058 5.56
. A 2.03 7117 0.05 0.20 0.26 2.03
10 Acel + pCMIB0_RBS citECg 9 B 1.90 7117 0.04 023 0.19 1.90
. A 1.28 67.58 0.03 0.25 0.12 1.28
11 Acel + pCM1B0_RBS_citECg " B 1.81 63.83 0.04 027 0.16 1.81
Mesaconic acid
Trace element Maximum product  t Pmax Product Yield Y(P); pmax = Biomass Yield Y(X); pmax = Ratio P/CDW Maximum
Figure Strain feeding Replicate titer (Pmax) P\ pmax/St_pmax Xt_Pmax/St_pmax product titer all
strategy products
[o/L] [h] [g product/ g methanol] [g CDW /g methanol] [g product/g CDW] [g/L]
1 Acel + pCM160_RBS_yciAH! 1) A 2.62 157.42 0.03 0.11 0.29 4.88
2 Acel + pCM160_RBS_yciAHI 2) A 4.87 134.25 0.04 0.05 0.81 8.94
. A 2.85 67.43 0.09 0.10 0.97 5.54
4 Aoel+ pCM160_RBS_yaiAHI R B 265 72.43 0.08 0.09 0.82 5.11
, A 4.51 86.72 0.10 0.11 0.84 8.35
5 Acel+ pCMIGO_RBS yciAHI 3 B 4.03 86.72 0.10 013 0.82 7.52
) A 1.56 63.38 0.04 0.23 0.17 2.62
6 Acel+pCMIGO_RBS yoiAFe 3 B 1.57 4347 0.06 024 025 2.70
A 4.12 86.72 0.10 0.10 1.04 7.24
7 .
Acel AdctAT1 AdctA2 AdctA3 + pCM160_RBS_yciAH 3) B 3.96 132.58 008 012 067 713
. A 0.20 89.33 0.01 0.11 0.08 541
8 Acel + pCM160_RBS_yciAEc_mesaPx 4) B 021 117.33 0.01 010 0.08 5.69
; A / / / / / 5.77
9 Acel + pCM160_RBS_citECg 4) B / / / / / 5.56
. A / / / / / 2.03
10
Acel + pCM160_RBS_citECg 5) B / / / / / 1.90
. A / / / / / 1.28
11 Acel + pCM160_RBS_citECg 1) B / / / / / 181
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2-Methylsuccinic acid

Trace element Maximum product  t Pmax Product Yield Y(P), pmax = Biomass Yield Y(X); pmax = Ratio P/CDW Maximum
Figure Strain feeding  Replicate titer (Pmax) Py pmax/St_pmax Xt_pmax/St_pmax product titer all
strategy products
[g/L] [h] [g product/ g methanol] [g CDW / g methanol] [g product/g CDW] [g/L]
1 Acel + pCM160_RBS_yciAHI 1) A 214 157.42 0.03 0.11 0.24 4.88
2 Acel + pCM160_RBS_yciAHI 2) A 3.79 141.25 0.03 0.05 0.64 8.94
. A 255 67.43 0.08 0.10 0.87 5.54
4
Acel + pCM160_RBS_yciAHI 1) B 234 7243 0.06 0.09 0.71 5.11
. A 3.58 86.72 0.08 0.11 0.67 8.35
5 Acel + pCM160_RBS_yciAHI 3) B 3.6 86.72 0.08 0.13 0.67 7.52
. A 0.93 63.38 0.02 0.23 0.10 2.62
6 Acel + pCM160_RBS_yciAEc 3) B 1.01 95.47 0.02 0.22 0.08 2.70
A 2.94 69.38 0.09 0.13 0.66 7.24
7 .
Acel AdctA1 AdctA2 AdctA3 + pCM160_RBS_yciAH. 3) B 295 111.38 0.06 0.12 0.54 7.13
A 0.92 117.33 0.03 0.08 0.39 5.41
s .
Acel + pCM160_RBS_yciAEc_mesaPx 4) B 112 117.33 0.05 0.10 0.44 5.69
. A / / / / / 5.77
9 Acel + pCM160_RBS_citECg 4) B / / / / / 5.56
. A / / / / / 2.03
10 Acel + pCM160_RBS_citECg 5) B / / / / / 1.90
. A / / / / / 1.28
1 Acel + pCM160_RBS_citECg 1) B / / / / / 1.81
Citramalic acid
Trace element Maximum product  t_Pmax Product Yield Y(P), pmax = Biomass Yield Y(X); pmax = Ratio P/CDW Maximum
Figure Strain feeding  Replicate titer (Pmax) Py pmax/St_pmax Xt_pmax/St_pmax product titer all
strategy products
[g/L] [h] [g product/ g methanol] [g CDW /g methanol] [g product /g CDW] [g/L]
1 Acel + pCM160_RBS_yciAHI 1) A / / / / / 4.88
2 Acel + pCM160_RBS_yciAHI 2) A / / / / / 8.94
. A / / / / / 5.54
4 Acel + pCM160_RBS_yciAHI 1) B / / / / / 5.11
. A / / / / ! 8.35
5 Acel + pCM160_RBS_yciAHI 3) B / / / / / 7.52
. A / / ! / / 2.62
6 Acel + pCM160_RBS_yciAEc 3) B / / / / / 2.70
. A / / ! / / 7.24
7 Acel AdctAT1 AdctA2 AdctA3 + pCM160_RBS_yciAH. 3) B / / / / / 7.13
A 4.29 117.33 0.16 0.08 1.84 5.41
s .
Acel + pCM160_RBS_yciAEc_mesaPx 4) B 4.36 115.50 0.18 0.10 1.70 5.69
. A / / / / / 5.77
9 Acel + pCM160_RBS_citECg 4) B / / / / / 5.56
. A / / / / / 2.03
10 Acel + pCM160_RBS_citECg 5) B / / / / / 1.90
. A / / / / / 1.28
1 Acel + pCM160_RBS_citECg 1) B / / / / / 1.81

1) 1/500 reactor volume of trace element feeding solution containing 100 pM CoCl, was added after the ODg, reached a value of 15 and then every 24 h

2) 1/500 reactor volume of trace element feeding solution without CoCl, was added every 12 h

3) 1/1000 reactor volume of trace element feeding solution without CoCl, was added every 8 h

4) 1/500 reactor volume of trace element feeding solution without CoCl, was added every 8 h

5) 1/500 reactor volume of trace element feeding solution without CoCl, was added after the ODg(, reached a value of 15 and then every 24 h

(penunuoo) ¢ a|qeL

LINY Suanb.ojxa "y yym uononpold pioe oljAxoqleoip
paALBpP-dDINT 10} seibaiels uonejuswia) Jo Juswdojeasg — S)Nsal [euonippy



Additional results — Development of fermentation strategies for EMCP-derived
dicarboxylic acid production with M. extorquens AM1

Table 4 Starting concentrations of trace elements and chelators in the methanol minimal
medium used in the present work and in media from literature.

Compound Methanol minimal medium" Medium 42 MP Medium?®
Na2EDTA2-H20 15 mg/L - -
ZnS04-7H20 4.5 mg/L 7.8 mg/L 0.35 mg/L
MnCl2-4H20 1 mg/L - 0.2 mg/L
MnSO4-H20 - 14.7 mg/L -
H3sBOs3 1 mg/L 1.8 mg/L -
Na2MoOs4-2H20 0.4 mg/L 2.4 mg/L -
(NH4)6sM07024-4H20 - - 2.47 mg/L
FeS04-7H20 3 mg/L 60 mg/L 5 mg/L
CuS04-5H20 0.3 mg/L 2.4 mg/L 0.25 mg/L
CoCl2-6H20 0.0476 mg/L 2.4 mg/L 0.48 mg/L
CaCl2-2H20 1.5 mg/L 60 mg/L
(Na3CeHs07-2H20) - - 13.41 mg/L
Na2WOa4-2H20 - - 0.11 mg/L

1) used in this work, modified from Peyraud et al. (2009) and Sonntag et al. (2015b)
2) Bourque et al. (1995)
3) Delaney et al. (2013)
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Appendices

Appendix 1 Vessel script in Visual Basic for DO-based methanol feeding developed in
cooperation with DASGIP GmbH (Hamburg, Germany).

'Vessel Script
'Script parameters
Dim StartDelay_h As Double = 10 '[h] delay after inoculation
Dim lowDOTrg As Double = 31 'DOPV < lowDOTrg start waiting DO peak Trigger
Dim peakDOTrg As Double = 60 'DOPV > peakDOTrg DO peak Trigger
Dim DOBasedFeedLevelStop As Double = 31 'DOPV < DOBasedFeedinglLevelStop stop Feed
Dim maxFeedFlowRate As Double = 30 ' [ml/h] Feed flow rate [mi/h]
dim ShotFeedFlowRate as double = 30 ' [ml/h]
dim ShotVolumn as double = 3.5 '[ml] short volume
dim StopFeedFlowRate as double = 0 ' [ml/h]
'internal variables
Dim Feed As Double =0
if P isNot Nothing Then
with P
select case .phase
case 0
.phase = .phase + 1
.LogMessage("Entering phase " & .phase & ": Waiting for InoculationTime > " & StartDelay_h & "
[hI")
case 1
if .InoculationTime_H > StartDelay_h then
.phase = .phase + 1
.LogMessage("Entering phase " & .phase & ": Waiting for DO <" & lowDOTrg)
end if
case 2
if . DOPV < lowDOTrg then
.phase = .phase + 1
.LogMessage("Entering phase " & .phase & ": Waiting for DO > " & peakDOTrg)
end if
case 3
if . DOPV > peakDOTrg then
.phase = p.phase + 1
.LogMessage("Entering phase " & .phase & ": shot ")
end if
case 4 ' add shot
Feed = ShotFeedFlowRate
if .runtime_h - .phasestart_h > (ShotVolumn / ShotFeedFlowRate) then
.phase = .phase + 1
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Appendix 1 (continued)

.LogMessage("Entering phase " & .phase & ": stop DO based feeding ")

end if

case 5 'Feed stop

Feed = StopFeedFlowRate
if . DOPV < DOBasedFeedLevelStop then

.phase = .phase - 3
end if
end select
'Select medium pump
.FCSP = Feed
end with
end if

Appendix 2 Parameters of fermentation of M. extorquens AM1 Acel + pCM160_RBS_ yciAHI
in a BiostatB® bioreactor system (Sartorius, Géttingen, Germany) with 4-liter starting volume.
Methanol concentration at the start was 3.95 g/L and was controlled close to a setpoint of 1 g/L
measured via an online methanol sensor. The temperature was kept at 30 °C (x 0.01 °C) and
pH was kept at 7.0 (£ 0.1) with base feeding (15 % [v/v] ammonium hydroxide). The DO

setpoint was 30 %.
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Appendix 3 Parameters of fermentation of M. extorquens AM1 Acel + pCM160_RBS_ yciAHI
in a BiostatB® bioreactor system (Sartorius, Géttingen, Germany) with 4-liter starting volume.
Methanol concentration at the start was 3.95 g/L and was controlled close to a setpoint of 1 g/L
measured via an online methanol sensor. Due to a failure of the data tracker, methanol feeding
was not recorded between 17.8 and 76.3 h of cultivation time, indicated by a dashed line. The
overall methanol feeding could be reconstructed by determination of the start and end
methanol volume in the sealed feeding bottle and the recorded feeding events. The
temperature was kept at 30 °C (x 0.01 °C) and pH was kept at 7.0 (+ 0.1) with base feeding
(15 % [v/v] ammonium hydroxide). The DO setpoint was 30 %.
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Appendix 4 Parameters of fermentation of M. extorquens AM1 Acel + pCM160 A in a
DASGIP® parallel bioreactor system (Eppendorf, Hamburg, Germany) with 700 mL starting
volume. Methanol concentration at the start was 3.95 g/L and set back to 3.95 g/L immediately
after depletion, which was indicated by a rapid DO-shift. The overall DO setpoint was 30 %.
The temperature was kept at 30 °C (£ 0.01 °C) and pH was kept at 7.0 (x 0.1) with base feeding
(15 % [v/v] ammonium hydroxide). 200 yL of XIAMETER™ ACP-1500 Antifoam Compound
(DOW, Midland, USA) was added 52.8 h after inoculation.
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Appendix 5 Parameters of fermentation of M. extorquens AM1 Acel + pCM160 B in a
DASGIP® parallel bioreactor system (Eppendorf, Hamburg, Germany) with 700 mL starting
volume. Methanol concentration at the start was 3.95 g/L and was set back to 3.95 g/L
immediately after depletion, which was indicated by a rapid DO-shift. The overall DO setpoint
was 30 %. The temperature was kept at 30 °C (+ 0.01 °C) and pH was kept at 7.0 (£ 0.1) with
base feeding (15 % [v/v] ammonium hydroxide). 200 pL of XIAMETER™ ACP-1500 Antifoam
Compound (DOW, Midland, USA) was added 52.8 h after inoculation.
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Appendix 6 Parameters of fermentation of M. extorquens AM1 Acel + pCM160 C in a
DASGIP® parallel bioreactor system (Eppendorf, Hamburg, Germany) with 700 mL starting
volume. Methanol concentration at the start was 3.95 g/L and was set back to 3.95 g/L
immediately after depletion, which was indicated by a rapid DO-shift. The overall DO setpoint
was 30 %. The temperature was kept at 30 °C (x 0.01 °C) and pH was kept at 7.0 (£ 0.1) with
base feeding (15 % [v/v] ammonium hydroxide). 200 pL of XIAMETER™ ACP-1500 Antifoam
Compound (DOW, Midland, USA) was added 52.8 h after inoculation.
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Appendix 7 Parameters of fermentation of M. extorquens AM1 Acel + pCM160 D in a
DASGIP® parallel bioreactor system (Eppendorf, Hamburg, Germany) with 700 mL starting
volume. Methanol concentration at the start was 3.95 g/L and was set back to 3.95 g/L
immediately after depletion, which was indicated by a rapid DO-shift. The overall DO setpoint
was 30 %. The temperature was kept at 30 °C (+ 0.01 °C) and pH was kept at 7.0 (£ 0.1) with
base feeding (15 % [v/v] ammonium hydroxide). 200 pL of XIAMETER™ ACP-1500 Antifoam
Compound (DOW, Midland, USA) was added 52.8 h after inoculation.
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Appendix 8 Parameters of fermentation of M. extorquens AM1 Acel + pCM160_RBS_ yciAHI
A in a DASGIP® parallel bioreactor system (Eppendorf, Hamburg, Germany) with 700 mL
starting volume. Methanol concentration at the start was 3.95 g/L and was set back to 3.95 g/L
immediately after depletion, which was indicated by a rapid DO-shift. The overall DO setpoint
was 30 %. The temperature was kept at 30 °C (x 0.01 °C) and pH was kept at 7.0 (£ 0.1) with
base feeding (15 % [v/v] ammonium hydroxide). 200 pyL of XIAMETER™ ACP-1500 Antifoam
Compound (DOW, Midland, USA) was added 21.5, 22.9 and 60.7 h after inoculation.
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Appendix 9 Parameters of fermentation of M. extorquens AM1 Acel + pCM160_RBS_ yciAHI
B in a DASGIP® parallel bioreactor system (Eppendorf, Hamburg, Germany) with 700 mL
starting volume. Methanol concentration at the start was 3.95 g/L and was set back to 3.95 g/L
immediately after depletion, which was indicated by a rapid DO-shift. The overall DO setpoint
was 30 %. The temperature was kept at 30 °C (x 0.01 °C) and pH was kept at 7.0 (£ 0.1) with
base feeding (15 % [v/v] ammonium hydroxide). 200 yL of XIAMETER™ ACP-1500 Antifoam
Compound (DOW, Midland, USA) was added 21.5, 22.9 and 60.7 h after inoculation.
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Additional results — Development of fermentation strategies for EMCP-derived
dicarboxylic acid production with M. extorquens AM1

Appendix 10 Parameters of fermentation of M. extorquens AM1 Acel + pCM160_RBS_ yciAHI
B in a DASGIP® parallel bioreactor system (Eppendorf, Hamburg, Germany) with 700 mL
starting volume. Methanol concentration at the start was 3.95 g/L and was set back to 3.95 g/L
immediately after depletion, which was indicated by a rapid DO-shift. The overall DO setpoint
was 30 %. The temperature was kept at 30 °C (+ 0.01 °C) and pH was kept at 7.0 (£ 0.1) with
base feeding (15 % [v/v] ammonium hydroxide). 200 pL of XIAMETER™ ACP-1500 Antifoam
Compound (DOW, Midland, USA) was added 60.3 h after inoculation.
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Additional results — Development of fermentation strategies for EMCP-derived
dicarboxylic acid production with M. extorquens AM1

Appendix 11 Parameters of fermentation of M. extorquens AM1 Acel + pCM160_RBS_ yciAHI
B in a DASGIP® parallel bioreactor system (Eppendorf, Hamburg, Germany) with 700 mL
starting volume. Methanol concentration at the start was 3.95 g/L and was set back to 3.95 g/L
immediately after depletion, which was indicated by a rapid DO-shift. The overall DO setpoint
was 30 %. The temperature was kept at 30 °C (+ 0.01 °C) and pH was kept at 7.0 (£ 0.1) with
base feeding (15 % [v/v] ammonium hydroxide). 200 pL of XIAMETER™ ACP-1500 Antifoam
Compound (DOW, Midland, USA) was added 60.3 h after inoculation.
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Additional results — Development of fermentation strategies for EMCP-derived
dicarboxylic acid production with M. extorquens AM1

Appendix 12 Parameters of fermentation of M. extorquens AM1 Acel+ pCM160_RBS_yciAEc
A in a DASGIP® parallel bioreactor system (Eppendorf, Hamburg, Germany) with 700 mL
starting volume. Methanol concentration at the start was 3.95 g/L and was set back to 3.95 g/L
immediately after depletion, which was indicated by a rapid DO-shift. The overall DO setpoint
was 30 %. The temperature was kept at 30 °C (+ 0.01 °C) and pH was kept at 7.0 (£ 0.1) with
base feeding (15 % [v/v] ammonium hydroxide). 200 pL of XIAMETER™ ACP-1500 Antifoam
Compound (DOW, Midland, USA) was added 43.5 h, 67.5 h and 98.5 h after inoculation.
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Appendix 13 Parameters of fermentation of M. extorquens AM1 Acel+ pCM160_RBS_ yciAEc
B in a DASGIP® parallel bioreactor system (Eppendorf, Hamburg, Germany) with 700 mL
starting volume. Methanol concentration at the start was 3.95 g/L and was set back to 3.95 g/L
immediately after depletion, which was indicated by a rapid DO-shift. The overall DO setpoint
was 30 %. The temperature was kept at 30 °C (x 0.01 °C) and pH was kept at 7.0 (£ 0.1) with
base feeding (15 % [v/v] ammonium hydroxide). 200 yL of XIAMETER™ ACP-1500 Antifoam
Compound (DOW, Midland, USA) was added 43.5 h, 67.5 h and 98.5 h after inoculation.
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Additional results — Development of fermentation strategies for EMCP-derived
dicarboxylic acid production with M. extorquens AM1

Appendix 14 Parameters of fermentation of M. extorquens AM1 Acel AdctA1 AdctA2 AdctA3
+ pCM160_RBS_yciAHI A in a DASGIP® parallel bioreactor system (Eppendorf, Hamburg,
Germany) with 700 mL starting volume. Methanol concentration at the start was 3.95 g/L and
was set back to 3.95 g/L immediately after depletion, which was indicated by a rapid DO-shift.
The overall DO setpoint was 30 %. The temperature was kept at 30 °C (+ 0.01 °C) and pH was
kept at 7.0 (£ 0.1) with base feeding (15 % [v/v] ammonium hydroxide). 200 yL of XIAMETER™
ACP-1500 Antifoam Compound (DOW, Midland, USA) was added 60.5 h after inoculation.
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Additional results — Development of fermentation strategies for EMCP-derived
dicarboxylic acid production with M. extorquens AM1

Appendix 15 Parameters of fermentation of M. extorquens AM1 Acel AdctA1 AdctA2 AdctA3
+ pCM160_RBS_yciAHI B in a DASGIP® parallel bioreactor system (Eppendorf, Hamburg,
Germany) with 700 mL starting volume. Methanol concentration at the start was 3.95 g/L and
was set back to 3.95 g/L immediately after depletion, which was indicated by a rapid DO-shift.
The overall DO setpoint was 30 %. The temperature was kept at 30 °C (+ 0.01 °C) and pH was
kept at 7.0 (£ 0.1) with base feeding (15 % [v/v] ammonium hydroxide). 200 pL of XIAMETER™
ACP-1500 Antifoam Compound (DOW, Midland, USA) was added 60.5 h after inoculation.
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Additional results — Development of fermentation strategies for EMCP-derived
dicarboxylic acid production with M. extorquens AM1

Appendix 16 Parameters of fermentation of M. extorquens AM1 Acel +
pCM160_RBS_yciAEc _mesaPx A in a DASGIP® parallel bioreactor system (Eppendorf,
Hamburg, Germany) with 700 mL starting volume. Methanol concentration at the start was
3.95 g/L and was set back to 3.95 g/L immediately after depletion, which was indicated by a
rapid DO-shift. The overall DO setpoint was 30 %. The temperature was kept at 30 °C
(£ 0.01 °C) and pH was kept at 7.0 (x 0.1) with base feeding (15 % [v/v] ammonium hydroxide).
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Additional results — Development of fermentation strategies for EMCP-derived
dicarboxylic acid production with M. extorquens AM1

Appendix 17 Parameters of fermentation of M. extorquens AM1 Acel +
pCM160_RBS_yciAEc _mesaPx B in a DASGIP® parallel bioreactor system (Eppendorf,
Hamburg, Germany) with 700 mL starting volume. Methanol concentration at the start was
3.95 g/L and was set back to 3.95 g/L immediately after depletion, which was indicated by a
rapid DO-shift. The overall DO setpoint was 30 %. The temperature was kept at 30 °C
(£ 0.01 °C) and pH was kept at 7.0 (x 0.1) with base feeding (15 % [v/v] ammonium hydroxide).
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Additional results — Development of fermentation strategies for EMCP-derived
dicarboxylic acid production with M. extorquens AM1

Appendix 18 Parameters of fermentation of M. extorquens AM1 Acel+ pCM160_RBS_CitECg
A in a DASGIP® parallel bioreactor system (Eppendorf, Hamburg, Germany) with 700 mL
starting volume. Methanol concentration at the start was 3.95 g/L and was set back to 3.95 g/L
immediately after depletion, which was indicated by a rapid DO-shift. The overall DO setpoint
was 30 %. The temperature was kept at 30 °C (x 0.01 °C) and pH was kept at 7.0 (£ 0.1) with
base feeding (15 % [v/v] ammonium hydroxide).
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Additional results — Development of fermentation strategies for EMCP-derived
dicarboxylic acid production with M. extorquens AM1

Appendix 19 Parameters of fermentation of M. extorquens AM1 Acel+ pCM160_RBS_CitECg
B in a DASGIP® parallel bioreactor system (Eppendorf, Hamburg, Germany) with 700 mL
starting volume. Methanol concentration at the start was 3.95 g/L and was set back to 3.95 g/L
immediately after depletion, which was indicated by a rapid DO-shift. The overall DO setpoint
was 30 %. The temperature was kept at 30 °C (x 0.01 °C) and pH was kept at 7.0 (£ 0.1) with
base feeding (15 % [v/v] ammonium hydroxide).
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Additional results — Development of fermentation strategies for EMCP-derived
dicarboxylic acid production with M. extorquens AM1

Appendix 20 Parameters of fermentation of M. extorquens AM1 Acel+ pCM160_RBS_CitECg
A in a DASGIP® parallel bioreactor system (Eppendorf, Hamburg, Germany) with 700 mL
starting volume. Methanol concentration at the start was 3.95 g/L and was set back to 3.95 g/L
immediately after depletion, which was indicated by a rapid DO-shift. The overall DO setpoint
was 30 %. The temperature was kept at 30 °C (x 0.01 °C) and pH was kept at 7.0 (£ 0.1) with
base feeding (15 % [v/v] ammonium hydroxide).
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Additional results — Development of fermentation strategies for EMCP-derived
dicarboxylic acid production with M. extorquens AM1

Appendix 21 Parameters of fermentation of M. extorquens AM1 Acel+ pCM160_RBS_CitECg
B in a DASGIP® parallel bioreactor system (Eppendorf, Hamburg, Germany) with 700 mL
starting volume. Methanol concentration at the start was 3.95 g/L and was set back to 3.95 g/L
immediately after depletion, which was indicated by a rapid DO-shift. The overall DO setpoint
was 30 %. The temperature was kept at 30 °C (x 0.01 °C) and pH was kept at 7.0 (£ 0.1) with
base feeding (15 % [v/v] ammonium hydroxide).
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Additional results — Development of fermentation strategies for EMCP-derived
dicarboxylic acid production with M. extorquens AM1

Appendix 22 Parameters of fermentation of M. extorquens AM1 Acel+ pCM160_RBS_CitECg
C in a DASGIP® parallel bioreactor system (Eppendorf, Hamburg, Germany) with 700 mL
starting volume. Methanol concentration at the start was 3.95 g/L and was set back to 3.95 g/L
immediately after depletion, which was indicated by a rapid DO-shift. The overall DO setpoint
was 30 %. The temperature was kept at 30 °C (x 0.01 °C) and pH was kept at 7.0 (£ 0.1) with
base feeding (15 % [v/v] ammonium hydroxide).
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Additional results — Development of fermentation strategies for EMCP-derived
dicarboxylic acid production with M. extorquens AM1

Appendix 23 Parameters of fermentation of M. extorquens AM1 Acel+ pCM160_RBS_CitECg
D in a DASGIP® parallel bioreactor system (Eppendorf, Hamburg, Germany) with 700 mL
starting volume. Methanol concentration at the start was 3.95 g/L and was set back to 3.95 g/L
immediately after depletion, which was indicated by a rapid DO-shift. The overall DO setpoint
was 30 %. The temperature was kept at 30 °C (x 0.01 °C) and pH was kept at 7.0 (£ 0.1) with
base feeding (15 % [v/v] ammonium hydroxide).
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Abstract

The methylotrophic bacterium Methylorubrum extorquens AM1 has the potential to become a platform organism for metha-
nol-driven biotechnology. Its ethylmalonyl-CoA pathway (EMCP) is essential during growth on C1 compounds and harbors
several CoA-activated dicarboxylic acids. Those acids could serve as precursor molecules for various polymers. In the past,
two dicarboxylic acid products, namely mesaconic acid and 2-methylsuccinic acid, were successfully produced with heter-
ologous thioesterase YciA from Escherichia coli, but the yield was reduced by product reuptake. In our study, we conducted
extensive research on the uptake mechanism of those dicarboxylic acid products. By using 2,2-difluorosuccinic acid as a
selection agent, we isolated a dicarboxylic acid import mutant. Analysis of the genome of this strain revealed a deletion in
gene dctA2, which probably encodes an acid transporter. By testing additional single, double, and triple deletions, we were
able to rule out the involvement of the two other DctA transporter homologs and the ketoglutarate transporter KgtP. Uptake
of 2-methylsuccinic acid was significantly reduced in dctA2 mutants, while the uptake of mesaconic acid was completely
prevented. Moreover, we demonstrated M. extorquens-based synthesis of citramalic acid and a further 1.4-fold increase in
product yield using a transport-deficient strain. This work represents an important step towards the development of robust
M. extorguens AM1 production strains for dicarboxylic acids.

Key points

o 2, 2-Difluorosuccinic acid is used to select for dicarboxylic acid uptake mutations.
e Deletion of dctA2 leads to reduction of dicarboxylic acid uptake.

o Transporter-deficient strains show improved production of citramalic acid.

Keywords Dicarboxylic acids - Methylorubrum extorquens - Product reuptake - Acid transporters - Ethylmalonyl-CoA
pathway - Methylotroph

Introduction

Given the limited availability and global concern about the
sustainability of fossil resources, the development of sus-
tainable production processes for prevalent chemicals is
indispensable. Currently, a new field of biotechnological

< Markus Buchhaupt
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processes is emerging that focuses on the use of alternative
carbon sources. To be sustainable, these carbon sources must
be derivable from renewable sources and must not compete
with food production. Methanol, whose production share
from renewable sources and waste streams starts to increase
(Roode-Gutzmer et al. 2019), offers itself as an alternative
raw material for biotechnological processes of the future.
Moreover, its use as feedstock minimizes the risk of con-
tamination during biotechnological applications and reduces
the cost of downstream processing by using a defined mini-
mal medium.

A group of widely used chemicals that are currently
mainly produced from fossil raw materials are polyamides
and polyesters. Biotechnologically produced dicarboxylic
acids can serve as sustainable platform chemicals for the
production of those polymers (Jang et al. 2012). Although
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pathways for microbiological production of dicarboxylic
acids from classical feedstocks have been known for many
years (Lee et al. 2011; Alonso et al. 2014), methanol-
based routes for carboxylic acid production have been
described only recently for the methylotrophic bacterium
Methylorubrum extorquens AM1 (DSM 1338), e.g., for
itaconic acid, 3-hydroxypropionic acid, mesaconic acid,
and 2-methylsuccinic acid (Sonntag et al. 2014; Yang
et al. 2017; Lim et al. 2019). The latter two are directly
derived from the ethylmalonyl-CoA pathway (EMCP) by
enzymatic hydrolysis (Fig. 1). The EMCP as an anaple-
rotic pathway is essential for methylotrophic growth of

Fig. 1 Overview of ethylmalo-
nyl-CoA pathway (EMCP) in M.
extorquens AM1. The EMCP is
interlaced with the serine cycle,
the PHB cycle, and the tricar-
boxylic acid cycle. Cleavage {e.g. methanol} 1
of (2R/35)-methylmalyl-CoA :
by malyl-CoA/beta-methylm- \

c1—7

M. extorquens. It regenerates glyoxylate, which is needed
for replenishment of the serine cycle and includes two
CO,-fixing steps (Erb et al. 2007; Peyraud et al. 2009).
The pathway is also essential for the assimilation of C2
compounds during growth on e.g. acetate in microor-
ganisms having no glyoxylate pathway as M. extorquens
(Erb et al. 2010; Okubo et al. 2010). The EMCP consists
of 11 enzymes and includes several CoA-bound dicar-
boxylic acid intermediates with high biotechnological
potential (Alber 2011). Mixtures of mesaconic acid and
2-methylsuccinic acid were produced from respective
CoA-precursors by introducing the thioesterase YciA

1
1 ]
Serine cycle :

alyl-CoA lyase (mcl) releases
glyoxylate, which replenishes

Glyoxylate

the serine cycle (indicated by

boxes). Further genes of EMCP _————
are: B-ketothiolase (phaA); ace- P
toacetyl-CoA reductase (phaB);

crotonase (croR); crotonyl-CoA P H B
carboxylase/reductase (ccr);

ethylmalonyl-CoA epimerase Cyc le
(epi); ethylmalonyl-CoA mutase
(ecm); methylsuccinyl-CoA
dehydrogenase (msd); mesa-

Y

- -
- -
~

% NADPH
conyl-CoA dehydratase (mcd); ~ D phaB

propionyl-CoA carboxylase S. NADP'
(pce); methylmalonyl-CoA
mutase (mcm). Expression

of heterologous thioesterase-
encoding gene yciA leads to
hydrolysis of (25)-methylsuc-
cinyl-CoA and mesaconyl-
CoA (bold blue arrows). The
corresponding products, namely
2-methylsuccinic acid and
mesaconic acid, are released
into the supernatant

epi

(2R)-Ethylmalonyl-CoA

FAD
ecm
FADH,

(2S)-Methylsuccinyl-CoA

heterologous thioesterase

Methylsuccinic acid
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originating from Escherichia coli (Sonntag et al. 2014).
The high carbon flux via the EMCP enabled remarkable
product titers to be achieved without further modification
of metabolic pathways. In both studies of Sonntag and
colleagues (2014; 2015), the concentration of dicarboxylic
acid products in supernatant was reduced remarkably (i.e.,
45% or 60% over a period of 20 h, respectively) as soon
as the cells were reaching the stationary growth phase.
This behavior is probably attributable to product reuptake.
An adjustment of the cobalt concentration in the growth
medium from 12.6 pM to 0.2 pM did not only lead to a
sixfold increase in product yield due to biomass formation-
limiting inhibition of certain EMCP enzymes, but also
decreased the reuptake of products in stationary growth
phase (Sonntag et al. 2015). Despite the lack of obvious
product reuptake under these low-cobalt conditions in the
late cultivation phase, it remains unclear whether product
uptake continuously proceeds during the acid production
phase. This would resemble a partial futile cycle, leading
to loss of resources and therefore decreased product yield.
The phenomenon of product reuptake was also described
for 3-hydroxypropionic acid, another EMCP-derived
product from M. extorquens AMI, even when using a low
cobalt concentration of 1.26 pM in the medium (Yang
et al. 2017). These observations make it worth to investi-
gate the product uptake mechanism and to prevent it on a
molecular level.

The main targets for prevention of product uptake are the
dicarboxylic acid import proteins. It has been observed that
a 30-fold reduction in sodium concentration in the growth
medium resulted in ceasing of product uptake (Sonntag
et al. 2015), suggesting that carriers of the DctA family
may be involved, which are known to be sodium-dependent
(Janausch et al. 2002). A transposon mutant study by Van
Dien and coworkers identified a mutant with a disrupted
detA homolog that was no longer able to use succinate as
sole carbon source (Van Dien et al. 2003). The affected pro-
tein was referred to as GenBank entry A33597. Since this
mutant strain was promising for dicarboxylic acid produc-
tion, the gene encoding the protein with the highest similar-
ity to A33597 was deleted by Sonntag et al. (2015). Sur-
prisingly, the strain did not show the phenotype previously
described. Sonntag et al. (2015) speculated that the deleted
gene might not be identical to the gene mutated in the Van
Dien study, as the GenBank entry A33597 in question rep-
resents a Sinorhizobium meliloti protein sequence and there-
fore cannot be unambiguously assigned.

Another possibility of preventing the reuptake of prod-
ucts is to convert them to non-metabolizable molecules. For
example, the hydration product of mesaconic acid, namely
(8)-citramalic acid, would not only fulfill this criterion, but
would also extend the product spectrum of M. extorquens
AM1 by a chiral, enantiopure product. The mesaconase/

fumarate hydratase from Paraburkholderia xenovorans
(Kronen et al. 2015) seems promising for heterologous
expression for this purpose.

In our study, we aimed at reducing reuptake of dicarbox-
ylic acids at the molecular level. Using a simple and straight-
forward selection approach, we identified a mutant (partial
deletion of dctA2) with reduced uptake of mesaconic acid
and 2-methylsuccinic acid. We confirmed our results by con-
struction of deletion mutants and were able to rule out the
involvement of other DctA transporters. In addition, we have
successfully implemented the production of a new dicarbox-
ylic acid product from M. extorquens AM1, whose produc-
tion also benefits from the transport deficiency. These new
insights into dicarboxylic acid transport contribute to the
development of M. extorquens AM1 towards a comprehen-
sive production platform for methanol-based biotechnology.

Material and methods
Bacterial strains and growth conditions

Escherichia coli DH5a (Hanahan 1985; Grant et al. 1990)
cultures were grown in LB medium (Bertani 1951) at 37 °C.
For cultivation of M. extorquens AM1 (DSM 1338, Peel and
Quayle 1961), minimal medium was prepared as described
before (Peyraud et al. 2009), containing 123 mM methanol,
31 mM sodium succinate or 5 mM sodium acetate as carbon
source, respectively. CoCl, concentration in the medium was
set to 12.6 uM (Kiefer et al. 2009; Sonntag et al. 2014). For
solid medium, agar—agar at 15 g/L. was added. For cultiva-
tion of M. extorquens AMI1 in liquid medium, 5 mL pre-
cultures in methanol minimal medium were grown in test
tubes for 48 h at 30 °C and 180 rpm on a rotary shaker.
Main cultures of 20 mL were subsequently inoculated to an
ODg of 0.1 in 100 mL shake flasks and incubated under
the same conditions and in the same medium as the pre-
cultures. If required, tetracycline-hydrochloride at 10 pg/
mL, kanamycin sulfate at 30 pg/mL (for E. coli), or kana-
mycin sulfate at 50 pg/mL (for M. extorquens AM1) was
added to the medium. For high-resolution measurements
of growth curves, 1 ml of main cultures were incubated
in a BioLector® microbioreactor system in 48-well Flow-
erplates® (m2p-labs GmbH, Baesweiler, Germany) at
30 °C and 1000 rpm. For complementation experiments,
glyoxylate was added to a final concentration of 370 mg/L
(5 mM). Depending on the specific production experiment,
heterologously expressed genes encoding thioesterase YciA
from either E. coli (YciAEc) or H. influenza (YciAHI) and
a gene encoding a fumarate hydratase (mesaconase) from
Paraburkholderia xenovorans (MesaPx) was used. The two
thioesterases produce similar amounts of products with
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slightly different ratios. For YciAHI, a crystal structure is
available (3BJK, Willis et al. 2008).

Chemicals

All chemicals were purchased from Carl Roth (Karlsruhe,
Germany), VWR International (Darmstadt, Germany), or
Merck (Darmstadt, Germany). Solvents for chromatography
were purchased in LC-MS grade quality.

Genome sequencing

DNA of M. extorquens AM1 wild type and mutant strains
was sequenced by Illumina sequencing (MiSeq; 2 x 250 bp;
1-2 million PE-Reads; GenXPro, Frankfurt, Germany).
Paired and cleaned Illumina reads were trimmed with
BBDuk Trimmer (JGI, Berkeley, USA) to a quality
cut-off of 20. Mapping to the reference genome (NCBI
NC_012807-NC_012811, annotation date 04/11/2021) and
calling for SNPs was done with Geneious Prime (Biomat-
ters, Auckland, New Zealand). Assembling qualities and
base coverages are listed in Online Resource Table S1.

DNA cloning and plasmid construction

All standard plasmid cloning procedures were performed
in E. coli DH5a. Plasmid DNA was purified with GeneJET
Plasmid Miniprep Kit from Thermo Scientific (Waltham,
USA). Polymerase chain reactions (PCR) were performed
with Q5 Polymerase from New England Biolabs (Frank-
furt, Germany) according to the manufacturer’s protocol.
Subsequently, PCR products were purified using the DNA
Clean & Concentrator Kit from Zymo Research Europe
(Freiburg, Germany). Oligonucleotides were purchased from
Merck (Darmstadt, Germany), restriction enzymes and T4
ligase from NEB. All genetic constructs were confirmed by
Sanger sequencing at Eurofins Scientific (Luxembourg, Lux-
embourg). Transformation of M. extorquens AM1 was done
as described before (Toyama et al. 1998). Genomic DNA of
M. extorquens AM1 was purified with GenElute™ Bacte-
rial Genomic DNA Kit from Merck (Darmstadt, Germany).

Generation of dicarboxylic acid transporter deletion
mutants

Knockout of the genes encoding potential carboxylic acid
importers (dctAl: MEXAMI1_RS15430, dctA2: MEXAMI _
RS10985 and detA3: MEXAM1_RS20450) and the ketoglu-
tarate permease KgtP (kgrP: MEXAMI_RS24315) were
carried out with allelic exchange vector pCM184 carry-
ing a kan® antibiotic resistance cassette (Marx and Lid-
strom 2002). Vector pCM184_AdctAl was constructed
as described in the publication by Sonntag et al. (2015),
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in which detAl is referred to as detA. The deletion vectors
pCM184_AdctA2, pPCM184_AdctA3 and pCM184_AkgtP
were designed accordingly in two constitutive cloning steps.
First, 500 bp of genomic upstream flanking region of the
respective gene of interest was amplified while introduc-
ing restriction sites at both ends of the PCR product. The
resulting fragment was digested with according restriction
enzymes and ligated to equally digested pCM 184 (Table 1).
The resulting vectors carrying the upstream fragment were
subsequently treated in the same manner to introduce
the previously digested downstream fragment to result
in the final allelic exchange vectors. After restreaking M.
extorquens AM1 transformants on solid methanol medium
containing kanamycin, the correct integration of resistance
marker was verified with respective primer pairs, bind-
ing inside and outside of the cassette. Screening for single
recombination mutants and removal of the resistance marker
with cre-expression vector pCM157 was achieved on solid
methanol medium containing tetracycline as described by
Marx and Lidstrom (2002). Elimination of pCM 157 was per-
formed by cultivating strains overnight in medium without
antibiotics and screening single colonies for tetracycline sen-
sitivity. Deletion of the complete ORF was double checked
by PCR of genomic DNA. All used oligonucleotides are
listed in Table 1. For multiple gene deletions, the described
procedure was performed several times in succession. Sin-
gle, double and triple deletion mutants were simultaneously
created in M. extorquens AM1 wild type as well as in the
Acel strain (Delaney et al. 2013).

Dicarboxylic acid analysis

For quantification of dicarboxylic acid products, the super-
natant of M. extorquens AM1 cultures was centrifuged for
5 min at 16.000 g and passed through a 0.22 pm PDVF-
syringe filter (Carl Roth, Karlsruhe, Germany). For the
quantification of mesaconic acid and 2-methylsuccinic acid,
10 uL. of the cell free supernatant was chromatographed on a
150 4.6 mm Rezex™ ROA-Organic Acid H+ (8%) column
(Phenomenex, Aschaffenburg, Germany) at 30 °C oven tem-
perature in a SLC10-A HPLC system (Shimadzu, Duisburg,
Germany). 5 mM H,SO, in MilliQ water was used as mobile
phase. Samples were analyzed with a SPD20A UV-Vis
detector at 205 nm as described in Sonntag et al. (2014).
Retention times of the analytes are listed in Table 2. For the
quantification of samples containing additional dicarboxylic
acid products (e.g., citramalic acid), which all have similar
retention times, an alternative LC-MS/MS setup was used.
Chromatography of 1 uLL of the respective samples was done
ona 150x4.6 mm Luna Omega 3 pm PS C18 100 A column
(Phenomenex, Aschaffenburg, Germany) in a Nexera X2
UHPLC system (Shimadzu, Duisburg, Germany). Separation
was performed isocratically at 12% [v/v] acetonitrile and
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88% [v/v] ddH,O, both containing 0.2% [v/v] formic acid at
40 °C oven temperature. The column was washed after every
run by raising the acetonitrile content in the mobile phase
to 95%. Mesaconic acid, 2-methylsuccinic acid, citramalic
acid as well as other potential EMCP-derived carboxylic
acid products (Table 2) were analyzed on a LCMS-8045
system (Shimadzu). The analytes were negatively ionized
with APCI or ESI ion source, fragmented and finally quan-
tified by comparing the results to calibration curves of cor-
responding standards. Quantification was performed with
the LabSolutions software (Shimadzu). The retention times
and the manufacturers of the standard substances are listed
in Table 2. Fragmentation of (25,3R)-2-hydroxy-3-methyl-
succinic acid and (§)-citramalic acid for unambiguous iden-
tification is shown in Online Resource Fig. S1.

This work
This work
This work
This work
This work
This work

Reference
This work
This work

Transcriptome analysis

A whole transcriptome analysis was done for M. extorquens
AMI harboring pCM160_RBS_yciAHI or pCM 160, respec-
tively. Samples were taken after 22.75, 31.75, 47, 51.25 and
70.5 h of cultivation. For stabilization of RNA, one volume
of growing bacterial culture (> 10° cells) was mixed with
two volumes of RNAprotect Bacteria Reagent from QIA-
GEN (Hilden, Germany) and incubated for 5 min. Cells were
centrifuged for 10 min at 5000 g to remove supernatant and
stored pelleted at — 80 °C. RNA was isolated and analyzed
by GenXPro (Frankfurt, Germany) via Illumina sequenc-
ing (2-5 million reads; 275 bp). Raw read counts were
normalized by CPM (counts per million) method to com-
pensate for varying sample sequencing depth. For graphical
representation, transcript levels were scaled to the count of
the respective gene in the control strain at the first sampling
point. The transcriptome dataset was deposited at NCBI
(accession number GSE199961).

Verification of complete gene deletion

Description/application

Results

Search for dicarboxylic acid transporter candidates
by transcriptome analysis

Sequence/genotype
agccatgactgaactgeag
aatcgegaageageaatg
aatacgcggctaggleg
lettgatcaggecggtg
atcaatgeegtaccege
gaccggatgggtetaagga
tctegaaggageggete
tetceggeatetgteatgg

M. extorquens AM1 naturally produces small amounts of
dicarboxylic acids derived from the EMCP pathway. Sonn-
tag and colleagues succeeded in increasing the amounts
of released 2-methylsuccinic acid and mesaconic acid to a
o combined titer of 0.13 g/L by expressing the thioesterase
- encoding gene yciA from E. coli heterologously in a metha-
= E[, nol minimal medium containing 12.6 pM CoCl, (Sonntag
Ny iy e B S N et al. 2014, 2015). However, at the end of the exponential
growth phase, the acid concentrations started to decrease
again, which is probably caused by product-reuptake and
metabolization. It is unclear whether product uptake also

dctAl_rev

detA2_fw

dctA2_rev

detA3_fw

dctA3_rev
P_fw

detAl_fw

check_de

check_de!

check_de!

check_de!

check_de!

Table 1 (continued)
check_de
check_de

Name
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Table 2 Analytical standards and retention times used for the quantification of carboxylic acids produced by M. extorquens AM1

Standard substance Manufacturer

Retention times [min] in HPLC Retention times [min] in

measurements LC-MS/MS measurements
Crotonic acid Carl Roth (Karlsruhe, Germany) n.d 1.06
(25,3R)-2-Hydroxy-3-methylsuc- Enamine (Riga, Latvia) n.d 1.08
cinic acid
(S)-Citramalic acid Merck (Darmstadt, Germany) n.d 1.08
Ethylmalonic acid n.d 1.58
Mesaconic acid 12.88 1.38
2-Methylsuccinic acid 8.10 1.32
Methylmalonic acid n.d 1.20
Succinic acid n.d 1.02

occurs during the exponential growth phase, which could
reduce the overall yield. To address this question, we inves-
tigated the dicarboxylic acid importers of M. extorquens
AMI. A number of candidates with homology to the multi-
species dicarboxylic acid transporter DctA (Janausch et al.
2002) were identified by BLAST analysis by Sonntag et al.
(2014). In the referred study (Sonntag et al. 2014), unexpect-
edly and in contrast to other publications (Van Dien et al.
2003), a dctA knockout mutant (MEXAM1_RS15430) was
still able to grow on succinate. Therefore, it was questioned
whether dctA (hereinafter referred to as dctAl) from both
studies was in fact the identical ORF. Sonntag et al. also
identified two other detA homologs (MEXAM1_RS10985
and MEXAMI1_RS20450, referred to as dctA2 and dctA3 in
our study) and an additional dicarboxylic acid transporter
encoding gene (kgtP MEXAMI_RS24315, Seol and Shatkin
1991) in the genome sequence, but these were not further
investigated (Sonntag et al. 2014). To monitor expression
levels of the homolog candidates and to potentially iden-
tify additional dicarboxylic acid importers in our study, M.
extorguens AMI cells expressing an alternative thioesterase
gene from Haemophilus influenzae (yciAHI) were analyzed
on a whole transcriptome level together with an empty vec-
tor control strain. Additionally, product titers were deter-
mined. Small amounts of the EMCP derived carboxylic
acids (28,3R)-2-hydroxy-3-methylsuccinic acid, crotonic
acid, ethylmalonic acid, methylmalonic acid and succinic
acid were detected, but their titers were irrelevant and insuf-
ficient for quantification (< 5 mg/L, also present in the empty
vector control culture). M. extorguens AM1 cells harboring
plasmid pCM160_RBS_yciAHI released up to 104 + 8 mg/L
2-methylsuccinic acid and up to 85 +9 mg/L mesaconic
acid in the production phase, followed by clear decreases of
2-methylsuccinic acid and mesaconic acid titers (Fig. 2a).
The relative expression levels of dicarboxylic acid trans-
porter candidates identified by Sonntag and colleagues
(2014) were analyzed in the production strain as well as
in cells harboring an empty control vector. Hydrolysis of
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EMCP-esters by a heterologous thioesterase is a strong
intervention in the primary carbon metabolism of the cell.
This is reflected by the different growth kinetics of produc-
tion and control strain (Fig. 2a,b). Therefore, we decided
not to perform an analysis of differential gene expression.
Instead, relative gene expression was determined for each
strain separately, before comparing the kinetic patterns of
both strains. The gene detA, which has been already deleted
in the work of Sonntag et al. (2015), showed a higher relative
gene expression rate compared to control strains (Fig. 2c.d).
This effect is particularly noticeable in the early sampling
points, whereas expression was comparably strong during
the main acid production phase (e.g., equivalent timepoints
47 h in production strains vs. 23 h or 32 h in control strains).
Furthermore, moderately increased expression levels at later
time points in the production strain were observed for detA2,
detA3, and kgtP but at least for dctA2 and kgtP a similar pat-
tern was found in the non-producing reference strain.

We could not identify any additional genes with acid
transporter annotation within the transcriptome data that
were significantly higher expressed in cells sampled at the
late stages of cultivation (51 h or 71 h) compared to the
earlier sampling time points in the data set. Therefore, the
transcriptome analysis of M. extorquens AM1 harboring
pCM160_RBS_yciAHI yielded no candidates for potential
dicarboxylic acid uptake factors.

Investigation of 2,2-difluorosuccinic acid
as potential selection agent for dicarboxylic acid
transport mutants

Since the transcriptome analysis did not provide clear hints
for genes with clear upregulation before the phase of product
reuptake, a more direct approach was considered to identify
cells incapable of dicarboxylic acid uptake. For selection
for respective M. extorquens cells with an uptake defect,
2,2-difluorosuccinic acid (DFS), a presumably cytotoxic
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Fig.2 Transcriptome analysis of dicarboxylic acid production strain
to identify candidates for product uptake factors. a~b Growth kinetics
and time-dependent concentration of mesaconic acid and 2-methyl-
succinic acid in supernatant of M. extorquens AMI +pCMI160_
RBS_vciAHI (a) or M. extorguens AMI1+pCMI160 (b) growing in
methanol minimal medium. Other EMCP-derived carboxylic acid
products with titers insufficient for quantification (<5 mg/L) are not
displayed. ¢ Normalized relative gene expression of dctAl, dctA2,

dctA3, and kgtP for M. extorquens AM1+pCMI160_RBS_yciAHI. d
Normalized relative gene expression of dctAl, dctA2, detA3, and kgtP
for M. extorquens AMI1+pCMI160. The transcript levels are scaled
to the transcript count of the respective gene in the control strain M.
extorguens AM1 +pCMI160 at 23 h of cultivation. Error bars repre-
sent standard deviations from three independent replicates. An addi-
tional visualization of the data in form of products per ODg, can be
found in Online Resource Fig. S2
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Fig.3 Chemical structures of
2-methylsuccinic acid, mesa-
conic acid, and 2,2-difluorosuc-
cinic acid

OH
HO

o}
2-methylsuccinic acid

dicarboxylic acid with structural similarity to the target
products, was used (Fig. 3).

To investigate the effect of DES, the growth of M.
extorguens AM1 in minimal medium containing different
carbon sources and different concentrations of DFS was
monitored in a microbioreactor system. Although the dif-
ferences between replicates growing on succinate medium
were quite high, the results showed, that the addition of
2, 5, or 10 mg/L DFS had no significant effect on growth
(Fig. 4a). In contrast, the addition of DFS to acetate or

(o]

OH

HO 7

0 F F 0

mesaconic acid 2,2-difluorosuccinic acid

methanol containing cultures resulted in suppression of
growth and prolonged lag phases (Fig. 4b,c). The addition
of 2 mg/L DFS to the methanol medium resulted only in
a slight delay in growth. In turn, the addition of 5 mg/L
resulted in a greater delay and a reduction of the maximum
cell density, and the addition of 10 mg/L DFS completely
inhibited growth (Fig. 4¢). Although maximum cell densities
were lower, similar effects were observed when cells were
cultured in acetate medium (Fig. 4b). Since an active EMCP
in M. extorquens AM1 is required for the use of methanol
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or acetate as sole carbon source (Peyraud et al. 2009), we
assumed that DFS might target the EMCP. This assumption
was reinforced by the fact, that the DFS-mediated growth
defect in methanol medium could be partially compensated
by the addition of glyoxylate (Fig. 4d). The provision of gly-
oxylate is the essential function of the EMCP during growth
on C1 or C2 compounds (Fig. 1, Peyraud et al. 2009) and
the rescue of EMCP mutants by glyoxylate addition was
already demonstrated many years ago (Salem and Quayle
1971; Chistoserdova and Lidstrom 1996).

When DFS was added to an M. extorquens AMI cul-
ture expressing the E. coli yciA gene, we observed a growth
delay but at the same time the production of 2-methylsuc-
cinic acid and mesaconic acid was raised to a maximum
measured combined product titer of 153 mg/L +2 mg/L
(Fig. 5). Even though the measured time points can only
give an indication of the complete production kinetics, the
product titers were clearly increased compared to the control
experiment without DFS addition. This experiment provided
further indication of an EMCP inhibitory effect, as EMCP
flux limitation leads to increased dicarboxylic acid produc-
tion in thioesterase expression strains (Sonntag et al. 2015).

Altogether, our investigations showed DFS to be a suit-
able selection agent for dicarboxylic acid uptake mutants.
However, the mutant selection has to be performed under
conditions, which require a functional EMCP, as this path-
way seems to contain the molecular target for the compound.

Identification of potential dicarboxylic acid uptake
transporters by using DFS

To isolate DFS-resistant strains, an M. extorquens AMI1 cul-
ture was transferred to solid minimal medium containing
acetate or methanol as carbon source and additional 5 mg/L
DEFS. After 18 days of incubation, a small number of colo-
nies could be observed (one colony on methanol medium, 20
colonies on acetate medium). One strain from each medium
was isolated. Restreaking the cells on solid succinate, metha-
nol, or acetate minimal medium resulted in wild-type-like
growth behavior. Isolated M. extorquens DFS mutant 1 (iso-
lated from acetate-DFS minimal medium) and DFS mutant
2 (isolated on methanol-DFS minimal medium) were trans-
formed with plasmid pCM160_RBS_yciAEc and tested for
dicarboxylic acid production along with an M. extorquens
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«Fig.6 Phenotypes and genotypes of DFS-resistant mutants. a—c
Growth kinetics and time-dependent concentration of mesaconic
acid and 2-methylsuccinic acid in supernatant of M. extorquens AM1
wild type+pCMI160_RBS_yciAEc (a), DFS mutant 1+4+pCM160_
RBS_yciAEc (b), and DFS mutant 24 pCMI160_RBS_vyciAEc (c),
growing in methanol minimal medium. Other EMCP-derived carbox-
ylic acid products with titers insufficient for quantification (<5 mg/L)
are not displayed. Error bars represent standard deviations from three
independent replicates. d Gene locus region of MEXAMI1_RS10985-
MEXAMI1_RS1097, in which DFS mutant 1 has a 12 bp dele-
tion within the dicarboxylic acid transporter MEXAMI1_RS10985
(£ detA2). e Gene locus region MEXAMI_RS18205-MEXAMI_
RS18230, in which a mutation in a SLC13 family permease encoding
gene could be identified in the genome of DFS mutant 2. An addi-
tional visualization of the data in form of products per ODg, can be
found in Online Resource Fig. S4

AMI1 wild type strain also containing plasmid pCM160_
RBS_yciAEc. None of the strains showed a growth defect
in liquid methanol minimal medium (Fig. 6a-c). Although
a slight decrease in mesaconic acid concentration was still
observed in the culture of DFS mutant 1 after 40 h of cultiva-
tion, it showed significantly reduced product reuptake com-
pared to the wild type control strain. DFS mutant 2 showed
production/uptake kinetics similar to the wild type control.
The genomes of the wild type control strain, DFS mutant
1 and DFS mutant 2 were sequenced to identify any new
mutations. A total of 11 identical mutations were found in all
three strains, which differ from the NCBI reference genome
sequence (Online Resource Table §2). In DFS mutant 1, an
additional 12 bp deletion within the dicarboxylic acid trans-
porter gene dertA2 (MEXAMI1_RS10985) could be identi-
fied (Fig. 6d). Although the detA2 gene product is probably
involved in product reuptake, a residual uptake was still
observed in DFS mutant 1. In DFS mutant 2, a single point
mutation was identified causing an amino acid exchange in
a SLCI13 family permease (MEXAMI1_RS18205, Fig. 6e).
This mutation was probably responsible for the DFS resist-
ance phenotype. Nevertheless, the strain did not show a
decreased reuptake of mesaconic acid and 2-methylsuccinic
acid behavior (Fig. 6¢) observed for DFS mutant 1.

Mesaconic and 2-methylsuccinic acid production
behavior of strains lacking one or several
transporter-encoding genes

The 12 bp deletion in the dctA2 gene in DFS mutant 1 con-
ferred a reduced reuptake of mesaconic acid and 2-methyl-
succinic acid, yet the reuptake was only partially prevented.
This could indicate that the transporter protein variant lack-
ing four amino acids is still partially active or that more than
one import protein is involved in the reuptake of the products.
Aiming at complete suppression of reuptake, we constructed
single, double and triple deletion strains lacking one, two or
three putative dicarboxylic acid transporter genes (start to stop

codon). Besides dctA2, this deletion approach involved also
detAl and detA3. Additionally, a AkgtP knockout strain was
constructed and analyzed. To also obtain strains with high
process suitability, we introduced the deletions not only in
M. extorquens AMI, but also in M. extorquens AM1 Acel.
Since the latter lacks the cellulose synthesis operon, it has
been shown to be more suitable for downstream applications
as biofilm formation and cell clumping are reduced (Delaney
et al. 2013). Although we attempted to achieve a triple dctA
deletion by testing different sequences of consecutive gene
deletions, not all combinations could be achieved in both, the
wild type and the Acel strain. Nevertheless, all possible com-
binations could be achieved in one of the two strains. Since
production behavior did not differ significantly between both
strains, the phenotypes of all combinations of transporter gene
deletions could be analyzed. Since we observed that YciAHI
resulted in higher product titers compared to YciAEc (e.g.,
Fig. 2 versus Fig. 5) and a crystal structure for YciAHI is avail-
able that may facilitate further developments (3BJK, Willis
et al. 2008), the YciAHI thioesterase was chosen over the E.
coli enzyme for the experiment. It was introduced into all con-
structed transporter deletion strains to investigate the effects on
product reuptake during shake flask cultivations with methanol
minimal medium. Single deletions of detAl, dctA3, or kgtP
had no effect on the production or reuptake behavior of mesa-
conic acid or 2-methylsuccinic acid compared to the reference
strains (Fig. 7a,b). Only the effect caused by complete deletion
of the dctA2 gene is clearly evident and it is comparable to the
effect caused by the 12 bp deletion in the dctA2 gene in DFS
mutant 1. The same applies to strains with double or triple
deletions: Only in strains containing at least the dctA2 deletion,
a reduced dicarboxylic acid uptake could be observed after cell
growth stopped, whereas additional deletions did not lead to
additional phenotypes. In all AdctA2 strains, product levels
increased during the exponential growth phase of the cells
as in the control strains. The product concentrations per bio-
mass during the growth phase and therefore also the maximum
product levels determined at the end of the exponential growth
phase were, however, not higher than those observed in the
production strain without transporter gene deletions (Fig S5a).
Once the cells entered the stationary phase, the consumption
of 2-methylsuccinic acid was clearly reduced while the mesa-
conic acid decrease was almost completely prevented. There-
fore, in addition to a higher maintenance of the product levels,
the ratio between the two products changed in the course of
the stationary phase.

Investigation of transporter deletion effects
on citramalic acid production

An alternative way to reduce reuptake of dicarboxylic acid
products is by converting them to non-metabolizable prod-
ucts. By introduction of a mesaconase/fumarate hydratase
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Fig.7 Growth kinetics and time-dependent concentration of mesa-
conic acid and 2-methylsuccinic acid in supernatant of M. extorquens
AMI cells without and with single, double or triple transporter dele-
tions. Strains heterologously express thioesterase encoding gene yci-
AHI in methanol minimal medium. Other EMCP-derived carboxylic
acid products with titers insufficient for quantification (<5 mg/L) are
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not displayed. Error bars represent standard deviations from three
independent replicates. Strains were constructed based on either a M.
extorquens AM1 wild type or b M. extorquens AM1 Acel strain. An
additional visualization of the data in form of products per ODyg, can
be found in Online Resource Fig. 85
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from P. xenovorans (Kronen et al. 2015) in addition to Yci-
AEc, we were able to convert mesaconic acid to citramalic
acid by enzymatic hydration (Fig. 8a). Analytical evidence
for the conversion is given in Online Resource Fig. S1. In
contrast to mesaconic acid and 2-methylsuccinic acid, cit-
ramalic acid is most probably not taken up and metabolized
by the cell, as its concentration stayed stable during the
stationary phase (Fig. 8b,c). However, cell density values
and product measurements of M. extorguens AM1 and M.
extorquens AM1 Acel strains carrying pCM160_yciAEc_
RBS_mesaPx showed high standard deviations for the
biological replicates. The maximal citramalic acid con-
centration measured was 164 +71 mg/L or 170+49 mg/L,
respectively (Fig. 8b,c, left graphs). Use of corresponding
triple dctA deletion strains resulted in clearly higher citra-
malic acid concentrations of approximately 249 +5 mg/L or
241+ 4 mg/L, respectively (Fig. 8b,c, right graphs). Moreo-
ver, in both strain backgrounds, the transporter gene dele-
tions obviously reduced the variations observed within three
independent transformants.

Discussion

In this study, we focused on the reduction of product reup-
take in M. extorquens AM1 strains producing dicarboxylic
acids as 2-methylsuccinic acid and mesaconic acid. This
will serve as a basis for the development of stable and more
productive strains for the future production of dicarboxylic
acids from methanol.

In the past, product reuptake in the later cultivation
phases reduced the product yield (Sonntag et al. 2014,
2015). Tt was postulated that there are two possible modes
for product uptake: 1) it may be triggered upon transition
from exponential to stationary growth phase or 2) the prod-
uct uptake takes place over the entire course of cultivation
and is masked by the high production rates during the early
cultivation stages (Sonntag et al. 2014). In the second case,
the productivity in the exponential growth phase would be
reduced by the presence of a futile cycle. By repressing the
reimport of products, one could eliminate this cycle and thus
achieve higher productivity.

To identify potential import factors, we performed tran-
scriptome analysis of a strain harboring plasmid pCM160_
RBS_yciAHI, encoding the thioesterase YciA from Haemo-
philus influenzae. However, we could not identify genes that
were clearly upregulated in stationary growth phase com-
pared to early sampling points in the exponential growth
phase and which were annotated to encode for transporters.
When specifically analyzing the time-dependent expression
levels of the detA homologs and kgtP (targets suggested by
Sonntag and colleagues (2014)) and comparing them with
a control strain, we found slightly increased levels only for

dctAl. After concluding that the transcriptome analysis was
no appropriate approach to identify relevant transport fac-
tors, we chose a straightforward mutant selection approach
using a cytotoxic dicarboxylic acid.

In preliminary tests, DFS toxicity surprisingly applied
only to methanol- and acetate-grown and not to succinate-
grown cells. As its toxicity could furthermore be com-
pensated by supplementing the cells with glyoxylate, we
concluded that DFS toxicity is not only mediated by the
EMCP but directly targets it. Since DFS has a high structural
similarity to the dicarboxylic acids that constitute the EMCP
intermediates in their CoA-activated form, DFS might act as
competitive inhibitor. Glyoxylate supplementation has previ-
ously been shown to fully restore methylotrophic growth of
Accr, Aepi, and Aecm strains and to partially restore growth
of Amsd strains (Schada von Borzyskowski et al. 2018), so
we can speculate that DFS acts on one or several of the cor-
responding EMCP enzymes.

Using a simple selection approach, we were able to iso-
late DFS-resistant M. extorquens AM1 mutants from DFS-
containing methanol minimal medium or acetate minimal
medium. In one of the two mutants selected for further
investigations, DFS resistance was accompanied by reduced
uptake of mesaconic acid and 2-methylsuccinic acid. DFS
mutant 2, in which we identified a mutation in a putative
dicarboxylic acid transporter encoding gene (SLC13 fam-
ily), was resistant to DFS. Nevertheless, the strain showed
2-methylsuccinic acid and mesaconic acid uptake behavior
comparable to a non-mutated control strain. In contrast,
mutation or deletion of dectA2, led to strong reduction of
product reuptake. The corresponding mutant strain, DFS
mutant 1, not only exhibited the DFS resistance phenotype
we selected for, but in addition showed clearly reduced reup-
take of mesaconic acid and 2-methylsuccinic acid. Since the
strain was still able to grow on succinate, we assume that
dctA2 is not identical to the open reading frame designated
as A33597 in Van Dien’s study (Van Dien et al. 2003).

Although we did not perform complementation experi-
ments with dctA2, strong indications for a dicarboxylic
acid uptake function of DctA2 exist. The fact that also a
decreased sodium concentration resulted in a ceasing of
dicarboxylic acid reuptake (Sonntag et al. 2015) is in line
with this assumption, as DctA transporters are sodium-
dependent (Janausch et al. 2002). The finding of identical
acid uptake phenotypes with a dctA2 deletion strain is an
additional argument for DctA2 to be the causal factor for
the observed reuptake defect. It furthermore demonstrated
that the removal of four amino acids from the protein in the
DFS mutant 1 probably results in a complete loss of function
with respect to mesaconic acid and 2-methylsuccinic acid
uptake. Possible explanations for the residual uptake activ-
ity observed for dcrA2 mutants were contributions of DctA2
homologs DctA1 and DctA3. After we found out that single
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«Fig. 8 Production of citramalic acid with strains lacking DctA trans-
porters. a Reaction scheme for hydration of mesaconic acid to (S)-cit-
ramalic acid catalyzed by mesaconase/fumarate hydratase (from Kro-
nen et al. 2015). Absolute stereochemistry and double bond geometry
are labeled in gray. b Growth kinetics and time-dependent concentra-
tion of mesaconic acid, 2-methylsuccinic acid and citramalic acid in
supernatant of M. extorquens AMI1 wild type and triple dctA trans-
porter deletion strain expressing thioesterase encoding gene yciAHI
and mesaconase in methanol minimal medium. ¢ Growth kinetics
and time-dependent concentration of mesaconic acid, 2-methylsuc-
cinic acid and citramalic acid in supernatant of Acel and Acel triple
dctA transporter deletion strain expressing thioesterase encoding
gene yciAHI and mesaconase from P. xenovorans in methanol mini-
mal medium cultures. Other EMCP-derived carboxylic acid products
with titers insufficient for quantification (<5 mg/L) are not displayed.
Error bars represent standard deviations from three independent
transformants, An additional visualization of the data in form of prod-
ucts per ODg, can be found in Online Resource Fig. S6

deletions of detAl or detA3 did not cause changes to the
product uptake kinetic, we initially hypothesized that these
factors might nevertheless be responsible for the residual
uptake activity seen for the dctA2 mutants. A conceivable
scenario would be that transcription of their genes is acti-
vated when DctA2 is absent. However, we ruled out this
possibility by testing mutant strains in which all three dctA
genes were deleted. Only combinations of deletions that
included the dctA2 deletion resulted in clearly reduced prod-
uct reuptake. The fact that product yields were maintained
in stationary phase but that no product increase per biomass
could be observed during growth for the detA2 mutants com-
pared to the wild type (Fig. S5a), may suggest that uptake is
likely to only occur if a threshold of product concentration is
reached or carbon becomes limiting. Another aspect revealed
from the analysis of the production kinetics of the dctA2
mutant strains is based on the observation that the reduced
reuptake does not apply to the two products in the same
way. Expression of yciA from H. influenzae in M. extorquens
AM1 wild type strain in our experiments usually resulted in
release of similar amounts of the two dicarboxylic acid prod-
ucts, with a slightly higher level of 2-methylsuccinic acid.
The dctA2 deletion seems especially to prevent mesaconic
acid uptake, while 2-methylsuccinic acid is still imported to
a certain extent. This observation once more suggests the
presence of other, yet unidentified transporters involved at
least in 2-methylsuccinic acid uptake. The possibility of pas-
sive diffusion of completely protonated acids through the
membrane is furthermore ruled out by the different kinetics
of the two acids. As the two products have comparable pKa
values and show high structural similarity, strong differences
in membrane passing rates are not expected.

Besides prevention of product reuptake in the station-
ary phase, we also aimed at elimination of product uptake
potentially taking place in the production phase during
exponential growth. In the experiments conducted, the

mesaconic acid and 2-methylsuccinic acid production
kinetics in the exponential growth phase was the same,
both with and without dcfA2 deletion. Although the overall
product titer was not increased, the process is much more
robust when performed in a dcrA2 deletion strain as the
harvest time for achieving maximum product yield is no
longer as time critical.

For the production of citramalic acid, however, the use
of the dctA triple deletion strain resulted not only in a sig-
nificant gain in robustness, but also in production yield.
Citramalic acid as a non-natural product of M. extorquens
AMI1 is not reimported by the cells, as shown by the
respective experiment with the control strain. Although a
clear explanation for the improvements of citramalic acid
production in the DctA mutant strain compared to the con-
trol strain cannot be drawn from the experiments, reduced
mesaconic acid uptake is probably causal for the observed
phenotypes. This reduced uptake might slow down its fur-
ther metabolization and thereby increase the carbon flux
towards citramalic acid. The use of a dcrA triple deletion
strain for citramalic production led to a 1.4-fold increase
in mean product yield and a substantial reduction of the
standard deviations. The study that first described mesaco-
nase/fumarate hydratase from P. xenovorans demonstrated
its enantioselectivity towards (§)-citramalic acid (Kronen
et al. 2015). We therefore assumed that the constructed
M. extorguens AMI strains also produce enantiopure (5)-
citramalic acid.

Although we were not able to achieve higher overall
yields for mesaconic acid or 2-methylsuccinic acid, the use
of a dctA2 deletion strain almost completely prevented the
reuptake of mesaconic acid and part of 2-methylsuccinic
acid within the stationary growth phase. Furthermore, the
product yield of citramalic acid was significantly increased
in the dctA2 deletion strain. Therefore, the dicarboxylic
acid transporter deletion mutants provided here are excel-
lent starting points for the creation of different dicarbox-
ylic acid production strains.
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tary material available at https://doi.org/10.1007/500253-022-12161-0.

Author contribution LP and MB conceived and designed research.
LP conducted experiments. EG constructed plasmid pCM160_
RBS_yciAHI. LP and MB analyzed data and wrote the manuscript.
All authors read and approved the manuscript.

Funding Open Access funding enabled and organized by Projekt
DEAL. This study was supported by funds of the Federal Ministry of
Education and Research (BMBF, FKZ 031B0340A, project Chiramet).

Data availability All data generated or analyzed during this study are
included in this published article and its supplementary information
file.

@ Springer

127



Manuscripts and publications

Applied Microbiology and Biotechnology

Declarations

Ethical approval This article does not contain any studies with human
participants performed by any of the authors.

Conflict of interest The authors declare no competing interests.

Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long
as you give appropriate credit to the original author(s) and the source,
provide a link to the Creative Commons licence, and indicate if changes
were made. The images or other third party material in this article are
included in the article’s Creative Commons licence, unless indicated
otherwise in a credit line to the material. If material is not included in
the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will
need to obtain permission directly from the copyright holder. To view a
copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

References

Alber BE (2011) Biotechnological potential of the ethylmalonyl-CoA
pathway. Appl Microbiol Biotechnol 89:17-25. https://doi.org/10.
1007/500253-010-2873-z

Alonso S, Rendueles M, Diaz M (2014) Microbial production of spe-
cialty organic acids from renewable and waste materials. Crit Rev
Biotechnol 35:497-513. https://doi.org/10.3109/07388551.2014.
904269

Bertani G (1951) Studies on lysogenesis I. The mode of phage libera-
tion by lysogenic Escherichia coli. ] Bacteriol 62:293-300. https:/
doi.org/10.1128/jb.62.3.293-300.1951

Chistoserdova LV, Lidstrom ME (1996) Molecular characterization of
a chromosomal region involved in the oxidation of acetyl-CoA to
glyoxylate in the isocitrate-lyase-negative methylotroph Methy-
lobacterium extorquens AM1. Microbiol 142:1459-1468.https://
doi.org/10.1099/13500872-142-6-1459

Delaney NF, Kaczmarek ME, Ward LM, Swanson PK, Lee M-C, Marx
CI (2013) Development of an optimized medium, strain and high-
throughput culturing methods for Methylobacterium extorquens.
PLo0S One 8:¢62957. https://doi.org/10.1371/journal.pone.00629
57

Erb TJ, Berg IA, Brecht V, Miiller M, Fuchs G, Alber BE (2007) Syn-
thesis of C5-dicarboxylic acids from C2-units involving crotonyl-
CoA carboxylase/reductase: the ethylmalonyl-CoA pathway. Proc
Natl Acad Sci USA 104:10631-10636. https://doi.org/10.1073/
pnas.0702791104

Erb TJ, Frerichs-Revermann L, Fuchs G, Alber BE (2010) The appar-
ent malate synthase activity of Rhodobacter sphaeroides is due
to two paralogous enzymes, (35)-malyl-coenzyme A (CoA)/p-
methylmalyl-CoA lyase and (3S)-malyl-CoA thioesterase. J Bac-
teriol 192:1249-1258. https://doi.org/10.1128/JB.01267-09

Grant SGN, Jessee J, Bloom FR, Hanahan D (1990) Differential plas-
mid rescue from transgenic mouse DNAs into Escherichia coli
methylation-restriction mutants. Proc Natl Acad Sci 87:4645-
4649. https://doi.org/10.1073/PNAS.87.12.4645

Hanahan D (1985) Techniques for transformation of E. coli. In: Glover
DM (ed) DNA cloning: a practical approach. IRL Press, Oxford,
pp 109-135

Janausch IG, Zientz E, Tran QH, Krdger A, Unden G (2002) C4-dicar-
boxylate carriers and sensors in bacteria. Biochim Biophys Acta

@ Springer

128

- Bioenerg 1553:39-56. https://doi.org/10.1016/S0005-2728(01)
00233-X

Jang Y-S, Kim B, Shin JH, Choi YJ, Choi S, Song CW, Lee J, Park
HG, Lee SY (2012) Bio-based production of C2-C6 platform
chemicals. Biotechnol Bioeng 109:2437-2459. https://doi.org/
10.1002/bit.24599

Kiefer P, Buchhaupt M, Christen P, Kaup B, Schrader J, Vorholt JA
(2009) Metabolite profiling uncovers plasmid-induced cobalt
limitation under methylotrophic growth conditions. PLoS One
4:¢7831. https://doi.org/10.1371/journal.pone.0007831

Kronen M, Sasikaran J, Berg IA (2015) Mesaconase activity of class I
fumarase contributes to mesaconate utilization by Burkholderia
xenovorans. Appl Environ Microbiol 81:5632-5638. https://doi.
org/10.1128/AEM.00822-15

Lee JW, Kim HU, Choi S, YiJ, Lee SY (2011) Microbial production
of building block chemicals and polymers. Curr Opin Biotechnol
22:758-767. https://doi.org/10.1016/j.copbio.2011.02.011

Lim CK, Villada JC, Chalifour A, Duran MF, Lu H, Lee PKH (2019)
Designing and engineering Methylorubrum extorquens AM1 for
itaconic acid production. Front Microbiol 10:1-14. https://doi.org/
10.3389/tmicb.2019.01027

Marx CJ, Lidstrom ME (2001) Development of improved versatile
broad-host-range vectors for use in methylotrophs and other
Gram-negative bacteria. Microbiol 147:2065-2075. https://doi.
org/10.1099/00221287-147-8-2065

Marx CJ, Lidstrom ME (2002) Broad-host-range cre-lox system for
antibiotic marker recycling in Gram-negative bacteria. Biotech-
niques 33:1062-1067. https://doi.org/10.2144/02335rr01

Okubo Y, Yang S, Chistoserdova L, Lidstrom ME (2010) Alternative
route for glyoxylate consumption during growth on two-carbon
compounds by Methylobacterium extorquens AM1. J Bacteriol
192:1813-1823. https://doi.org/10.1128/1B.01166-09

Peel D, Quayle JR (1961) Microbial growth on C1 compounds. 1. Iso-
lation and characterization of Pseudomonas AM 1. Biochem J
81:465-469. https://doi.org/10.1042/bj08 10465

Peyraud R, Kiefer P, Christen P, Massou S, Portais J-C, Vorholt JA
(2009) Demonstration of the ethylmalonyl-CoA pathway by using
13C metabolomics. Proc Natl Acad Sci USA 106:4846-4851.
https://doi.org/10.1073/pnas.0810932106

Roode-Gutzmer QI, Kaiser D, Bertau M (2019) Renew Methanol Synth
Chembioeng Rev 6:209-236. https://doi.org/10.1002/cben.20190
0012

Salem AR, Quayle JR (1971) Mutants of Pseudomonas AMI that
require glycollate or glyoxylate for growth on methanol or ethanol.
Biochem J 124:74P. https://doi.org/10.1042/bj1240074P

Salis HM (2011) The ribosome binding site calculator. Methods Enzy-
mol 498:19—42. https://doi.org/10.1016/B978-0-12-385120-8.
00002-4

Schada von Borzyskowski L, Sonntag F, Pdschel L, Vorholt JA,
Schrader J, Erb TJ, Buchhaupt M (2018) Replacing the ethylmal-
onyl-CoA pathway with the glyoxylate shunt provides metabolic
flexibility in the central carbon metabolism of Methylobacterium
extorqguens AM1. ACS Synth Biol 7:86-97. https://doi.org/10.
1021/acssynbio.7b00229

Seol W, Shatkin AJ (1991) Escherichia coli kgtP encodes an alpha-
ketoglutarate transporter. Proc Natl Acad Sci USA 88:3802-3806

Sonntag F, Buchhaupt M, Schrader J (2014) Thioesterases for ethyl-
malonyl-CoA pathway derived dicarboxylic acid production in
Methylobacterium extorquens AM1. Appl Microbiol Biotechnol
98:4533—4544. https://doi.org/10.1007/500253-013-5456-y

Sonntag F, Miiller JEN, Kiefer P, Vorholt JA, Schrader J, Buchhaupt
M (2015) High-level production of ethylmalonyl-CoA pathway-
derived dicarboxylic acids by Methylobacterium extorquens under
cobalt-deficient conditions and by polyhydroxybutyrate negative



Manuscripts and publications

Applied Microbiology and Biotechnology

strains. Appl Microbiol Biotechnol 99:3407-3419. https://doi.org/
10.1007/500253-015-6418-3

Toyama H, Anthony C, Lidstrom ME (1998) Construction of insertion
and deletion mxa mutants of Methylobacterium extorquens AM1
by electroporation. FEMS Microbiol Lett 166:1-7. https://doi.org/
10.1111/5.1574-6968.1998.tb13175.x

Van Dien SJ, Okubo Y, Hough MT, Korotkova N, Taitano T, Lidstrom
ME (2003) Reconstruction of C3 and C4 metabolism in Methylo-
bacterium extorquens AM1 using transposon mutagenesis. Micro-
biology 149:601-609. https://doi.org/10.1099/mic.0.25955-0

Willis MA, Zhuang Z, Song F, Howard A, Dunaway-Mariano D, Her-
zberg O (2008) Structure of YciA from Haemophilus influen-
zae (HIOB27), a hexameric broad specificity acyl-coenzyme A

thioesterase. Biochem 47:2797-2805. https://doi.org/10.1021/
bi702336d

Yang Y-M, Chen W-J, Yang J, Zhou Y-M, Hu B, Zhang M, Zhu L-P,
‘Wang G-Y, Yang 5 (2017) Production of 3-hydroxypropionic acid
in engineered Merthylobacterium extorquens AM1 and its reas-
similation through a reductive route. Microb Cell Fact 16:179.
https://doi.org/10.1186/s12934-017-0798-2

Publisher's note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.

@ Springer

129



Manuscripts and publications

Supplementary Information

Journal: Applied Microbiology and Biotechnology

Improvement of dicarboxylic acid production with Methylorubrum extorquens by
reducing the product reuptake

Laura Pdschel', Elisabeth Gehr', Markus Buchhaupt'

1 DECHEMA-Forschungsinstitut, Microbial Biotechnology, Theodor-Heuss-Allee 25, 60486
Frankfurt am Main, Germany

2 Department of Life Sciences of the Goethe University Frankfurt am Main, Max-von-Laue-Str.
9, 60438 Frankfurtam Main, Germany

*Corresponding author, Phone: +49-69-7564-629, e-mail address:
markus.buchhaupt@dechema.de

Electronic supplementary material as Online Resource

Table S1 Details of genomic sequencing and mapping procedure

Table S2 Genetic differences between the sequenced strains and the used reference genome
Fig. S1 Analytical evidence forproduction of citramalic acid by an M. extorquens AM1 strain
Fig. S2 Dicarboxylic acid production per ODeoo (transformed data from figure 2)

Fig. S3 Dicarboxylic acid production per ODeoo (transformed data from figure 5)

Fig. S4 Dicarboxylic acid production per ODeoo (transformed data from figure 6)

Fig. S5 Dicarboxylic acid production per ODeoo (transformed data from figure 7)

Fig. S6 Dicarboxylic acid production per ODeoo (transformed data from figure 8)

130



Manuscripts and publications

Table S1 Details of genomic sequencing and mapping procedure

Strain Genetic Total number Base Average base coverage
entity of mapped coverage of [mean * standard
llluminareads reference deviation]
sequence
M. extorquens AM1  NC_012807 317955 100 % 514.6 +186.0
wild type NC_012808 17 352 981 99.998 % 225.9+212.4
NC_012809 235559 100 % 445.3+141.6
NC 012810 180717 100 % 519.8 +180.6
NC 012811 3828 584 99.99 % 216.9+70.7
M. extorquens AM1  NC_012807 353562 100 % 1061.5 + 258.9
DFS mutant 1 NC_012808 18 846 841 100 % 452.3+86.2
NC_012809 216117 100 % 764.7 £110.5
NC_012810 139576 100 % 750.8 +101.3
NC 012811 4279 978 99.9998 % 447.9+76.9
M. extorquens AM1  NC_012807 295048 100 % 869.9+195.3
DFS mutant 2 NC_012808 15563 801 100 % 367.0+83.7
NC_012809 166635 100 % 580.1+73.9
NC 012810 104 196 100 % 550.5+76.2
NC 012811 3425 166 99.997 % 352.7+58.6

Table S2 Genetic differences between the sequenced strains and the used referencegenome.
The listed mutations were found in all sequenced strains including M. extorquens AM1 wild
type. N/Aindicates that there is no annotated gene function (annotation date 04/11/2021)

Genetic Effect on open
entity Locus tag Gene Polymorphism type Change reading frame
NC_012808 MEXAM1_RS02205 N/A Insertion (C)3 2> (C¥4 Frame Shift
NC_ 012808 MEXAM1_RS10680 N/A  Deletion (G)3 2 (G)2 Frame Shift
NC 012808 MEXAM1_RS34015 N/A  SNP (transversion) T-=>G None
NC_012808 MEXAM1_RS12610 N/A  SNP (transition) C->T None

NC_ 012808 MEXAM1_RS12610 N/A  SNP (transition) T=>C None

NC_ 012808 MEXAM1_RS13695 treS Deletion (C)4 > (C)3 Frame Shift
NC_012808 MEXAM1_RS14240 N/A  Deletion (G)3> (G)2 Frame Shift
NC_012808 MEXAM1_RS32200 N/A  Deletion -TGCCG Frame Shift
NC 012808 Intergenic region N/A SNP (transition) A=>G None
NC_012811 MEXAM1_RS28080 N/A  Insertion +C Frame Shift
NC 012811 MEXAM1_RS29025 N/A  Deletion (G)3 2 (G)2 Frame Shift
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Fig. S1 Analytical evidence for production of citramalic acid by an M. extorquens AM1 strain
expressing a mesaconase from Paraburkholderia xenovorans (mesaconase_PXx) in additionto
YciA from Haemophilus influenzae. Shown are chromatograms of precursor 129 m/z
(mesaconic acid) and precursor 147 m/z (2-hydroxy-3-methylsuccinic acid or citramalic acid).
To distinguish between 2-hydroxy-3-methylsuccinic acid (present at low concentrations in
M. extorquens AM1 cultures) and citramalic acid, the analytes were fragmented using the
identical LC-MS/MS MRM method detecting fragments 73, 85, 129 and 87. Here, the fragment
of 87 (m/z) is characteristic for citramalic acid and can therefore be used for unambiguous
identification. In supernatant of cultures with M. extorquens AM1 expressingthioesterase gene
yciA, mesaconic acid as well as 2-hydroxy-3-methylsuccinic acid can be detected. With the
additional introduction of a mesaconase, the mesaconase peak becomes smaller and
conversion to citramalic acid can be observed.
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Fig. S2 Dicarboxylic acid production per ODsoo (transformed data from figure 2). Mesaconic
acid and 2-methylsuccinic acid concentrations per ODsoo in supernatant of M. extorquens AM1
+pCM160_RBS_yciAHI (a) or M. extorquens AM1 +pCM160 (b) growing in methanol minimal
medium. Error bars represent standard deviations from three independent replicates
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Fig. 83 Dicarboxylic acid production per ODsoo (transformed data from figure 5). Mesaconic
acid and 2-methylsuccinic acid concentrations (combined) per ODsoo in supernatant of
M. extorquens AM1 harboring pCM160_RBS_ yciAEc in methanol minimal medium (filled
symbols) and in methanol minimal medium with addition of 5 mg/L 2,2-diflucrosuccinic acid
(DFS) after 5 h of cultivation (empty symbols). Error bars represent standard deviations from
two independent replicates

133



Manuscripts and publications

a b c
60 60 60

M. extorquens AM1 wild type |DFS mutant 1 |DFS mutant 2

tg-_ 2 50 4+ PCM160_RBS_yciAEc E ~3 50 4+ PCM160_RBS_yciAEc E. 2 50 -+ PCM160_RBS_yciAEc
a a a -
28 40 8 40 £ 404
8 8 85d
ggao- ggsu—( ggso—
F= Ak E"" X ] A
_EEZG— e§20— ‘9520—%\
8810 . 58 10 Y ol 380l »
T 3 \ & “a -] ] v Avs =] B, -3 ] v "
we . ] vy ¢ v ] Yox
0 T T T T T T ‘I' T T - D T T T T T T T T T 0 T T T T T T
0 10 20 30 40 50 60 70 80 90 100 0 10 20 30 40 50 60 70 80 90 100 0 10 20 30 40 50 60 70 80 90 100
cultivation time [h] cultivation time [h] cultivation time [h]

A mesaconic acid w 2-methylsuccinic acid

Fig. S4 Dicarboxylic acid production per ODsoo (transformed data from figure 6). Mesaconic
acid and 2-methylsuccinic acid concentrations per ODsoo in supernatant of M. extorquens AM1
wild type + pCM160_RBS_yciAEc (a), DFS mutant 1 + pCM160_RBS_yciAEc (b) and DFS
mutant 2 + pCM160_RBS_yciAEc (c¢), growing in methanol minimal medium. Error bars
represent standard deviations from three independent replicates
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Fig. S5 Dicarboxylic acid production per ODsoo (transformed data from figure 7). Mesaconic
acid and 2-methylsuccinic acid concentrations per ODsoo in supernatant of M. extorquens AM1
cells without and with single, double or triple transporter deletions. Strains heterologously
express the thioesterase encoding gene yciAHI in methanol minimal medium. Error bars
represent standard deviations from three independent replicates. Strains were constructed
based on either a M. extorquens AM1 wild type or b M. extorquens AM1 Acel strain
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Fig. S6 Dicarboxylic acid production per ODeoo (transformed data from figure 8). Mesaconic
acid, 2-methylsuccinic acid and citramalic acid concentrations per ODesoo in supernatant of
M. extorquens AM1 wild type and triple dctAtransporter deletion strain expressingthioesterase
encoding gene yciAHI and mesaconase in methanol minimal medium
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Abstract

Acyl-CoA-thioesterases, which hydrolyze acyl-CoA-esters and thereby release the respective
acid, have essential functions in cellular metabolism and have also been used to produce
valuable compounds in biotechnological processes. Thioesterase YciA originating from
Haemophilus influenzae has been previously used to produce specific dicarboxylic acids from
CoA-bound intermediates of the ethylmalonyl CoA pathway (EMCP) in Methylorubrum
extorquens. In order to identify variants of the YciA enzyme with the capability to hydrolyze so
far inaccessible CoA-esters of the EMCP or with improved productivity, we engineered the
substrate-binding region of the enzyme. Screening a small semi-rational mutant library directly
in M. extorquens yielded the F35L variant which showed a drastic product level increase for
mesaconic acid (6.4-fold) and 2-methylsuccinic acid (4.4-fold) compared to the unaltered YciA
enzyme. Unexpectedly, in vitro enzyme assays using respective M. extorquens cell extracts or
recombinantly produced thioesterases could not deliver congruent data, as the F35L variant
showed strongly reduced activity in these experiments. However, applied in an Escherichia coli
production strain, the protein variant again outperformed the wild-type enzyme by allowing 3-
fold increased 3-hydroxybutyric acid product titers. Saturation mutagenesis of the codon for
position 35 led to the identification of another highly efficient YciA variant and enabled
structure-function interpretations. Our work describes an important module for dicarboxylic
acid production with M. extorquens and can guide future thioesterase improvement

approaches.

Keywords

Methylorubrum extorquens
Thioesterase

Dicarboxylic acids
3-Hydroxybutyric acid

Enzyme engineering

Key Points

Substitutions at position F35 of YciAHI changed the productivity of YciA-based release of
carboxylic acid products in M. extorquens AM1 and E. coli

YciAHI F35N and F35L are improved variants for dicarboxylic production of 2-methylsuccinic

acid and mesaconic acid with M. extorquens AM1

In vitro enzyme assays did not reveal superior properties of the optimized protein variants
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Introduction

Thioesterases (EC 3.1.2.1 - EC 3.1.2.27) hydrolyze thioesters to the thiol and its carboxylic
acid component. They play a central role in basal cellular mechanisms of all living cells in
metabolic networks and as regulatory enzymes (Swarbrick et al. 2020). Acyl-CoA
thioesterases (ACOTs) are an important target for the engineering of biotechnological
production strains. With their critical role in lipid metabolism, modified ACOTs have the
potential to vary intracellular levels of acyl-CoAs, free fatty acids and CoA-SH in the cell (Hunt
and Alexson 2002). Moreover, ACOTs have been used as key catalysts for product release of
hydroxy acids and carboxylic acids in various microbial production strains (Gao et al. 2002;
Lee and Lee 2003; Liu et al. 2007; Martin and Prather 2009; Tseng et al. 2009; Chung et al.
2009; Martin et al. 2013; Sonntag et al. 2014; Guevara-Martinez et al. 2015; Jarmander et al.
2015; Perez-Zabaleta et al. 2016; Guevara-Martinez et al. 2019; Pdschel et al. 2022). For
example, acyl-CoA thioesterase YciAEc (EC 3.1.2.20) is used in the production of
3-hydroxybutyric acid (3HB) from (R)-3-hydroxybutyryl-CoA with an engineered Escherichia
coli strain (Guevara-Martinez et al. 2015; Jarmander et al. 2015; Perez-Zabaleta et al. 2016).
In this strain, the overexpression of native yciAEc together with nitrogen depletion and a
glucose feed yielded 3HB product titers of up to 14.3 g/L (Guevara-Martinez et al. 2019). A
second example for the biotechnological application of YciA is the production of dicarboxylic
acids with Methylorubrum extorquens. Here, YciA originating from E. coli (YciAEc) or
Haemophilus influenzae (YciAHI) was used to produce 2-methylsuccinic acid and mesaconic
acid from CoA-ester intermediates of the ethylmalonyl-CoA-pathway (EMCP) (Sonntag et al.
2014; Poschel et al. 2022). The authors described the production of a combined titer of 130
mg/L of 2-methylsuccinic acid and mesaconic acid in shake flask cultures of M. extorquens
expressing yciAEc (Sonntag et al. 2014), which could be improved to 247 mg/L in a yciAHI
expressing strain by minimizing product reuptake by deletion of transporter gene dctA2
(Poschel et al. 2022). These applications show the potential of thioesterase YciA in
biotechnological processes. The broad range thioesterase YciAHI shows activity in a
“physiologically relevant” range (kcat/ Km > 10* M-'s™) for a wide range of acyl-CoA thioesters
(Zhuang et al. 2008) and is therefore a promising catalyst for release of various CoA-bound

acids.

The crystal structure of YciAHI was elucidated and assigned the enzyme to the hot dog fold
thioesterase superfamily (Willis et al. 2008). The characteristic hot dog fold motif consists of a
five-stranded, antiparallel R-fold wrapped around an elongated a-helix (Dillon and Bateman
2004; Zhuang et al. 2008). This fold diverged from an ancient archetype to fulfil a plethora of
functions in the cell. Dillon and Bateman identified 18 different domain architectures for hot
dog fold proteins and defined 17 subfamilies, eight of them being thioesterases (Dillon and
Bateman 2004). The 3D architecture of this motif itself is highly conserved (Pidugu et al. 2009).
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Nevertheless, the well-studied 4-hydroxybenzoyl-CoA thioesterases from Arthrobacter sp. and
Pseudomonas sp. give an example of how diverse these enzymes can be composed. The two
thioesterases differ in structure of the CoA binding site, quaternary association and the position
of the catalytic residues, while showing a similar hot dog fold topology and acting on the same
native substrate (Schmitz et al. 1992; Dunaway-Mariano and Babbitt 1994; Zhuang et al.
2003). In addition to the diversity in tertiary monomer structures, the superfamily of hot dog
fold thioesterases includes a multitude of oligomeric structures as dimers, tetramers and

hexamers with divergent inter-monomer orientation (Pidugu et al. 2009).

The hexameric structure of YciAHI is composed of a trimer of dimers, which each harbors two
symmetrical equivalent binding sites for CoA-bound substrates at the dimer interface (Willis et
al. 2008). The key catalytic amino acid D44 is located in a depression that accommodates the
acyl chain of the ligand. This depression is formed by residues K52, 58 - 61 and 125 - 131 of
monomer A and residues 29 - 35 of monomer B (Zhuang et al. 2008). The accessibility of the
acyl-binding site for different substrates most probably determines the kinetic parameters for
the individual substrates. Modification of this part of YciAHI might affect the affinity towards

certain substrates.

In this study we engineered the substrate binding site of YciAHI aiming for improved production

of dicarboxylic acids from EMCP-CoA-ester intermediates.
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Material and methods

Growth conditions of bacterial cultures

E. coli cultures were grown in LB medium (Bertani 1951) at 37 °C and kanamycin sulfate was
added at 30 pg/mL, if required. For cultivation of M. extorquens AM1 (DSM 1338, Peel and
Quayle 1961), methanol minimal medium was prepared as described before (Peyraud et al.
2009), containing a CoCl, concentration of 12.6 uM (Kiefer et al. 2009; Sonntag et al. 2014)
and 123 mM methanol as carbon source. If required, 50 yg/mL of kanamycin sulfate was
added to the medium. For preparation of solid medium, 15 g/L agar-agar was added to the LB
or methanol minimal medium. For cultivation of M. extorquens AM1 in liquid medium,
precultures of 5 mL were grown in test tubes for 48 h at 30°C and 180 rpm on a rotary shaker.
For the preparation of cell extracts, main cultures of 60 or 400 mL were inoculated to an ODsgo
of 0.1 in shake flasks and grown at 30°C and 180 rpm on a rotary shaker. For the testing of
yciAHI expression plasmid libraries, main cultures of 1 mL were inoculated to an ODggo of 0.1
and grown in deep well plates in a Microtron rotary shaker (Infors, Bottmingen, Switzerland) at
900 rpm. From these cultures, 100 uL were sampled in a microtiter plate and were measured
for scattered light signal on a SPARK® multimode microplate reader from TECAN (Mannedorf,

Switzerland).

Chemicals

If not stated differently, chemicals were purchased from Carl Roth (Karlsruhe, Germany),
Merck (Darmstadt, Germany) or VWR International (Darmstadt, Germany). Substrate (2S)-
methylsuccinyl-CoA was synthesized by GenoSynth (Berlin, Germany). DL-B-hydroxybutyryl-
CoA lithium salt was bought from abcr (Karlsruhe, Germany), acetyl-CoA sodium salt was

bought from Cayman Chemical (Michigan, USA).

Molecular docking of YciAHI and CoA ligands and design of yciAHI expression plasmid
libraries

A docking simulation of YCiAHI (H. influenzae) crystal structure (PDB entry 1YLI) and ligand
was done in UCSF Chimera (Pettersen et al. 2004) using AutoDock Vina (Trott and Olson
2010). Prior to docking, the ligand (CoA) and all excess molecules such as solvents were
deleted from the protein crystal structure. Hydrogens and charges were assigned to the new
ligand (Gasteiger method) and the protein (AMBER force fields). Out of the resulting dockings,
the four conformations with highest score (based on the hydrogen bonds formed) were
selected. We then identified amino acids that might influence the substrate binding based on

following information: 1) the four selected docking models 2) the crystal structure of
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Thermus thermophilus acyl-CoA thioesterase Paal with bound hexanoyl-CoA (PDB entry
1WN3, Kunishima et al. 2005) 3) the YciAHI crystal structure bound to CoA (PDB entry 1YLI)
4) the predicted location of uncleaved substrates of YciAHI from literature (Willis et al. 2008).
From the set of selected amino acids, the hydrophobic ones were substituted for other
hydrophobic or neutral amino acids. The corresponding gene variant sequences were
synthesized and subcloned in pCM160_RBS_yciAHI by BioCat (Heidelberg, Germany). A
saturation mutagenesis for position 35 was performed with the Q5® Site-Directed Mutagenesis
Kit according to the manufacturer’s protocol (NEB, Frankfurt, Germany). In this second
pCM160_RBS_ YciAHI library, the DNA triplet coding for phenylalanine at position 35 was
exchanged with triplets encoding alternative amino acids (A, D, E, G, H, |, K, M, N, P, Q, S, T,
Y). Oligonucleotides used for introducing mutations are listed in Table 1. All constructs were

confirmed by Sanger sequencing.

Plasmid construction

Plasmid DNA was amplified in E. coli DH5a and purified with GeneJET Plasmid Miniprep Kit
from Thermo Scientific (Waltham, USA). Transformation of M. extorquens AM1 was done by
electroporation as described before (Toyama et al. 1998). Plasmids for C-terminal FLAG-
tagged yciAHI expression were constructed by subcloning synthesized yciAHI-FLAG inserts
(Table 2, Biocat, Heidelberg, Germany) with restriction enzymes Sphl and Ncol. For YciaHI
protein purification via N-terminal his6-tag, plasmids based on pET28awere constructed by
subcloning synthesized his6-yciAHI inserts (Table 2, Biocat, Heidelberg, Germany) with

restriction enzymes Ndel and EcoRI.

Dicarboxylic acid analysis

M. extorquens AM1 cultures were centrifuged for 5 minutes at 16000 g and the supernatants
were passed through a 0.22 um PDVF-syringe filter (Carl Roth, Karlsruhe, Germany). Analysis
of the filtered supernatants was performed as described before (Pdschel et al. 2022) on a
coupled Nexera X2 UHPLC / LCMS-8045 system (LC-MS/MS, Shimadzu, Duisburg, Germany)
equipped with a 150 x 4.6 mm Luna Omega 3 ym PS C18 100 A column (Phenomenex,
Aschaffenburg, Germany). The analytes were negatively ionized with an APCI ion source,
fragmented and finally quantified by comparing the results to calibration curves of peak areas
of corresponding standards. Crotonic acid (Carl Roth, Karlsruhe, Germany), (2S,3R)-2-
hydroxy-3-methylsuccinic acid (Enamine, Riga, Latvia), ethylmalonic acid, mesaconic acid, 2-
methylsuccinic acid, methylmalonic acid and succinic acid (Merck, Darmstadt, Germany) were

used as analytical standards.
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Preparation of M. extorquens crude extracts

A culture (10 mL) was harvested by centrifugation (4 °C, 10 min, 4500 g) in a 5810 R
Eppendorf centrifuge (Eppendorf, Hamburg, Germany) at late-exponential growth phase (at
about 85 % of max. ODswo). Pellets were resuspended in 600 pL of 20 mM K-HEPES buffer
(pH 7.5) premixed with cOmplete™ EDTA-free protease inhibitor cocktail (Roche, Basel,
Switzerland). Glass beads (1.1 g of 0.25 - 0.5 mm beads, previously washed with 5 M NaOH,
5 M HCI and ddH20) were added and cells were disrupted at 4 °C for 9 min at 30 Hz in a MM2
mixer mill (Retsch, Haan, Germany). The lysate was centrifuged for 20 minutes at 4 °C and 14
000 g and the clear supernatant was analyzed for total protein concentration via BCA assay

using the Pierce™ BCA Protein Assay Kit (Thermo Fisher Scientific, Dreieich, Germany).

SDS PAGE

For SDS PAGEs, the clarified cell extracts were mixed with 4x Laemmli Sample Buffer, boiled
for 5 min and loaded on an Any kD™ Mini-PROTEAN® TGX™ SDS gel (Bio-Rad, Feldkirchen,
Germany). The final samples contained 20 ug of total soluble protein. The PageRuler™
Prestained Protein Ladder (Thermo Fisher Scientific, Dreieich, Germany) was used as a size
standard. The SDS PAGE was run at 80 V for 20 minutes and subsequently at 120 V for 40
minutes. If required, gels were stained with SimplyBlue™ SafeStain (Thermo Fisher Scientific,

Dreieich, Germany).

Semi-quantitative detection of FLAG-tagged proteins

Immunoblotting of unstained SDS gels was done on a PVDF membrane in a Mini Trans-Blot®
Electrophoretic Transfer Cell, following the manufacturer's protocol for high intensity field
transfer (Bio-Rad, Feldkirchen, Germany). A transfer buffer containing 25 mM Tris, 192 mM
glycine and 20% v/v methanol at pH 8.05 was used. Immunodetection was done with
monoclonal ANTI-FLAG M2-Alkaline Phosphatase Clone M2 (Merck, Darmstadt, Germany)
following the manufacturer’s protocol. The detection buffer (pH 9.5) was prepared by dissolving
a SIGMAFAST™ BCIP/NBT tablet (Merck, Darmstadt, Germany) in 10 mL deionized water.
The washed PVDF membrane was developed in the detection buffer for 50 seconds. The

reaction was stopped by washing the membrane in distilled water.

Production, purification and quantification of his-tagged YciAHI
For protein production, 200 mL of E. coli BL21(DE3) (NEB, Frankfurt, Germany) cultures
harboring pET28a_his6_yciAHI or pET28a_his6_yciAHI_F35L were inoculated from
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precultures to an ODego of 0.1 and incubated at 37 °C. His6-yciAHI expression was induced by
adding 0.4 mM of IPTG when ODeoo reached 0.6. Production of N-terminal his-tagged YciAHI
took place overnight at 18 °C. Cultures were chilled on ice for 5 minutes before centrifuging
the cells for 30 minutes at 4 °C and 4500 g. Cell pellets were resuspended in 15 mL of
equilibration buffer (20 mM K-HEPES (pH 7.5), 0.5 M NaCl, 10 mM imidazole, pH 7.5)
containing cOmplete™ EDTA-free protease inhibitor cocktail (Roche, Basel, Switzerland) and
1 mg/mL lysozyme powder (~70000 U/mg, Merck, Darmstadt, Germany). Cells were chilled on
ice for 30 min and disrupted with a probe sonicator (4 min total, 0.5 s pulse, 1 s pause, 25 %
amplitude). The lysate was centrifuged at 4000 g for 25 min at 4 °C. Purification of N-terminal
his-tagged proteins from the supernatant was done using HisPur™ Ni-NTA Spin Columns with
3 mL resin bed (Thermo Fisher Scientific, Dreieich, Germany) according to the manufacturer’s
protocol with the following buffers. Equilibration buffer: 20 mM K-HEPES (pH 7.5) containing
0.5 M NaCl and 10 mM imidazole, wash buffer 1/2/3: 20 mM K-HEPES (pH 7.5) containing 0.5
M NaCl and 40/50/60 mM imidazole, respectively, elution buffer: 20 mM K-HEPES (pH 7.5)
containing 0.5 M NaCl and 250 mM imidazole. Imidazole concentration was reduced in the
final samples by exchanging the elution buffer to protein storage buffer (20 mM K-HEPES (pH
7.5) containing 0.15 M NaCl) with Amicon Ultra-15, 3 MWCO (Merck, Darmstadt, Germany).
Protein concentration was measured with Pierce™ BCA assay (Thermo Fisher Scientific,

Dreieich, Germany).

DTNB thioesterase assay

The activity of N-terminal his-tagged YciAHI and YciAHI_F35L towards different CoA-
thioesters was determined with a modified DTNB spectrophotometric assay (Ellman 1959;
Zhuang et al. 2008). During establishment of the assay, the assay protein concentration was
determined and protein concentration dependence was ensured. The final assay mixture
containing 1 mM DTNB, 150 mM NaCl, 100 mM K-HEPES, 0.75 pM purified thioesterase and
0 - 150 uM CoA-thioester at pH 7.5 was set up as follows in a total reaction volume of 250 L.
First, 100 pL of assay buffer (108.9 mM K-HEPES, 337.5 mM NaCl, pH 7.5) was premixed
with 25 yL DTNB stock solution (108.9 mM K-HEPES, 10 mM DTNB, pH 7.5) in a disposable
micro cuvette. Subsequently, 100 uL of CoA-ester solution in 108.9 mM K-HEPES (pH 7.5)
was added to the cuvette and the mixture was incubated at 25°C for 1 minute. For starting the
reaction, 25 uL of protein solution (containing 20 mM K-HEPES, 150 mM NaCl, 7.5 pM purified
protein, pH 7.5) was added to the assay. The formation of 5-thio-2-nitrobenzoate was
monitored by measuring the absorbance at 412 nm. Crude cell extracts were assayed

accordingly, using a DTNB stock solution containing 4 mM of DTNB and no NaCl. For starting
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the reaction, 25 L of clarified lysate containing 20 pg of protein in 20 mM K-HEPES buffer
(pH 7.5) was used.

Production of (R)-3-hydroxybutyrate by overexpression of yciAHI variants in E. coli
Shake flask seed cultures of E. coli AF1000 containing pJBGT3Rx and additionally either
pBADzwf_yciAHI or pBADzwf_yciAHI_F35L were inoculated from a -80°C glycerol stock and
cultivated at 37 °C and 180 rpm. The cultivation medium used was a minimal salt medium
consisting of 5 g/L (NH4)2S04, 1.6 g/L KH2POy4, 6.6 g/L NasHPO4-2H-0, 0.5 g/L (NH4)2-H-citrate
and separately sterilized components as 5 g/L glucose, 1 mL/L of 1 M MgSO4-7H20 solution,
50 mg/L kanamycin (AppliChem Panreac, Darmstadt, Germany), 25 mg/L chloramphenicol
(Sigma-Aldrich) and 1 mL/L trace element stock solution (Guevara-Martinez et al. 2019). The
trace element stock solution consisted of 0.5 g/L CaCl2-2H20, 16.7 g/L FeCls-:6H20, 0.18 g/L
ZnS04-7H20, 0.16 g/L CuSO4-5H,0, 0.15 g/L MnS0O4-4H,0, 0.18 g/L CoCl»-:6H,0 and 20.1
g/L Na>-EDTA (Guevara-Martinez et al. 2019). Overnight cultures were harvested (4030 g, 10
min), resuspended and subsequently used to inoculate 800 mL of fresh medium in 1L stirred
tank bioreactors to an OD of 0.1 as described before (Guevara-Martinez et al. 2019). The
cultivation medium was the same medium used for the shake flasks seed cultures, except it
contained 1.28 g/L (NH4)2SOs4, 0.7 g/L NazCsHs07-2H20, 12 g/L glucose and no (NHa4)2-H-
citrate. For the induction of recombinant expression, 200 yM IPTG and 0.002 %(w/w) L-
arabinose were used. Samples taken during cultivation were filtered through a 0.2 ym syringe
filter and corresponding supernatants were analyzed. Quantification of glucose, 3HB and
acetic acid was done by ion exchange HPLC on an HPX-87H organic acid column (Bio-Rad,
Hercules, Canada) using the refractive index (RI) as described before (Guevara-Martinez et
al. 2019). Ammonium concentrations were determined using the Ammonia assay Kit K-AMIAR
(Megazyme, Leinster, Ireland). The cell dry weight (CDW) value is a product of ODgoo multiplied
by 2.7 (previously determined).

Alignment of protein sequences

Sequences were acquired from the ThYme database (Cantu et al. 2010; Caswell et al. 2022)
and aligned using the COBALT alignment tool (Papadopoulos and Agarwala 2007). Results
were presented with the SnapGene software (GSL Biotech LLC, San Diego, Canada).
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Results

Screening of a semi-rational mutant library of thioesterase YciAHI

M. extorquens AM1 strains can be used to produce a variety of products including the
dicarboxylic acids 2-methylsuccinic acid and mesaconic acid (Sonntag et al. 2014; Sonntag et
al. 2015; Pdschel et al. 2022). In these studies, the broad range thioesterase YciAHI is the key
enzyme, that hydrolyzes the EMCP intermediates methylsuccinyl-CoA and mesaconyl-CoA.
Aiming at YciAHI variants with the capability to hydrolyze other CoA-esters of the EMCP or
with improved productivity, we tried to engineer the substrate-binding region of the enzyme.
We identified hydrophobic amino acids that potentially interact with substrates using several
docking models of YciAHI and 2-methylsuccinyl-CoA as well as crystal structures and overlays
of models from literature (see Material and methods for detailed information). Figure 1
represents an example of a model generated in our docking studies, highlighting the catalytic
residue and amino acids selected for exchange. We designed a small semi-rational yciaH/
expression plasmid library encoding enzyme variants deviating from the wild type YciAHI
enzyme at one of the selected positions. The selected hydrophobic amino acids were each
exchanged for larger and smaller hydrophobic amino acids to investigate possible steric

limitations of the substrate channel of the wild type enzyme.

We tested the mutant enzymes with the amino acid exchanges in the binding pocket in in vivo
production experiments in M. extorquens AM1. For the expression of the respective yciAHI
gene variants, plasmids based on pCM160, a vector for strong constitutive expression, were
designed. Plasmids for the production of YciAHI and variants F35W, F35V, F35L, A48G, A48V,
A48L, A51G, A51V, A51L, V59G, V59L, V59I, V60OL or V60I as well as an empty pCM160
plasmid control were introduced in M. extorquens AM1 and the release of dicarboxylic acids
into the culture medium was analyzed. While the concentration of other EMCP-derived
dicarboxylic acid products was below the quantification limit, the titers of 2-methylsuccinic acid,
mesaconic acid and 2-hydroxy-3-methylsuccinic acid could be quantified. The majority of
YciAHI modifications lowered the amount of released dicarboxylic acid products in comparison
to the wild type enzyme (Fig. 2a). Strains with YciAHI variants A51V and V59G showed similar
maximum titers of 2-methylsuccinic acid and mesaconic acid compared to strains harboring
unmodified YciAHI, whereas the maximum mesaconic acid titer of strains with YciAHI variant
A51G was increased 1.3-fold. The most notable amino acid position was F35. Here, the F35V
exchange led to a very low maximal titer of both 2-methylsuccinic acid and mesaconic acid. In
contrast, exchanging F35 for W led to an increase in maximum product titer of 1.3-fold for
2-methylsuccinic acid and 1.7-fold for mesaconic acid. The YciAHI variant F35L even
exceeded those values by increasing the amount of 2-methylsuccinic acid released 4.4-fold to

304 £ 52 mg/L and mesaconic acid released 6.4-fold to 295 + 36 mg/L. The growth kinetics of
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strains harboring the high level producing YciAHI F35 variants and those harboring the wild
type enzyme followed a similar pattern, but F35 strains showed a slightly increased lag phase,

a lower growth rate and a decreased cell density at the end of cultivation (Fig. 2b).

These experiments indicated that the F35 position may be important for substrate conversion
rate and/or binding efficiency for YciAHI and its ligands. Unexpectedly, none of the enzyme
variants led to a significantly enhanced release of 2-hydroxy-3-methylsuccinic acid or other

EMCP derived carboxylic acids.

Investigation of YciAHI and YciAHI F35L enzyme levels via FLAG-tag

To test whether a higher cellular enzyme concentration is causative for the observed
phenotype of strains harboring YciAHI F35L, protein levels were determined on a semi
quantitative level. For this purpose, M. extorquens AM1 cells expressing a FLAG-tag-
containing version of the genes yciAHI or yciAHI_F35L together with an empty vector control
were cultivated and harvested in the late exponential growth phase. Extracts were prepared
and clarified by centrifugation. Subsequently, the clear supernatant of extracted samples were
loaded onto SDS gels. Two SDS-PAGEs were performed simultaneously, generating two
identical gels, containing 20 ug of total protein per lane. One of the gels was stained and the
other gel was blotted on a PVDF membrane. On the stained gel, no apparent differences could
be identified between the SDS-PAGE patterns of the total protein extracts of the three different
strains (Fig. 3). The blotted membrane was treated with monoclonal ANTI-FLAG M2-Alkaline
phosphatase antibodies and the YciAHI thioesterases were detected with a BCIP/NBT staining
reaction. The bands of C-terminal FLAG-tagged proteins were clearly visible and corresponded
to the predicted mass of 17.8 kDa (molecular weight of untagged enzyme is 16.8 kDa, Zhuang
et al. 2008). The bands of C-terminal FLAG-tagged YciAHI F35L were not as strongly visible
as the bands of C-terminal FLAG-tagged YciAHI, which demonstrates lower protein levels of
the F35L variant enzyme. Consequently, the substantially higher dicarboxylic acid product
titers of strains carrying this enzyme variant (Online Resource Fig. S2) did not originate from

higher protein concentrations.

Determination of activity of YciAHI and YciAHI F35L (untagged) in crude cell extracts

The activity of untagged YciAHI and untagged YciAHI F35L was analyzed in crude cell
extracts. M. extorquens AM1 was transformed with pCM160_RBS_yciAHI,
pCM160_RBS_yciAHI _F35L or the empty vector control pCM160, respectively. Cell cultures
were harvested in late exponential growth phase, lyzed and clarified by centrifugation.

Thioesterase activity was measured with a photometric DTNB assay. In this assay, DTNB
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reacts with free CoA to 5-thio-2-nitrobenzoate which is then quantified at 412 nm. Three CoA-
ester metabolites were tested, namely (2S)-methylsuccinyl-CoA, acetyl-CoA and 3-
hydroxybutyryl-CoA (Fig. 4). With acetyl-CoA, no activity was detected with either cell extract.
With (2S)-methylsuccinyl-CoA or 3-hydroxybutyryl-CoA, activity was detectable only for cells
producing the wild type YciAHI, but not for the cells producing the F35L variant.

DTNB assay of purified YciAHI and YciAHI F35L (N-terminal His-tagged)

Since activity of untagged YciAHI F35L towards the tested CoA-esters was unexpectedly not
detectable in crude cell extracts, we additionally tested the purified enzymes. Wild type YciAHI
and the F35L variant were produced in E. coli and purified via a his6-tag. The conversion with

different (2S)-methylsuccinyl-CoA concentrations was tested in a DTNB assay (Fig. 5).

Substrate concentrations in the physiological sub-uM range for EMCP intermediates (personal
communication Patrick Kiefer) and concentrations far beyond the physiological level were
tested. The datasets showed a similar behavior to the results acquired with M. extorquens
extracts containing the respective enzymes (Fig. 4). The reaction rates of purified N-terminal
His-tagged YciAHI are substantially higher than the values obtained with purified N-terminal
His-tagged YciAHI F35L (Fig. 5).

Application of untagged YciAHI variant F35L for 3-hydroxybutyric acid production with
E. coli

Although our in vitro enzyme assays failed to verify a higher specific activity of the F35L variant,
the improved productivity in the M. extorquens strain encouraged us to test its utility in another
production system. Therefore, we used an E. coli strain engineered for 3HB production
(Guevara-Martinez et al. 2019) to test YciAHI and the variant YciAHI F35L (both untagged) in
vivo in a different environment. We tested E. coli AF1000 strains (over-)expressing genes t3
(encoding a thiolase, WP_007111820), rx (encoding a reductase, WP_007111780), zwf
(encoding a glucose-6-phosphate dehydrogenase, UKY30849) and additionally yciAHI or
yciAHI F35L in an ammonium depleted batch cultivation as already done for the E. coli yciAEc
gene in previous works (Guevara-Martinez et al. 2019). The cultivation comprised two phases.
While in the first phase biomass and the main product 3HB as well as the by-product acetic
acid were formed, in the second, nitrogen depleted phase (> 8h of cultivation), the carbon flux
towards 3HB production was favored and part of the acetic acid was consumed (Fig. 6). While
the strains harboring the YciAHI wild type enzyme produced up to 0.54 + 0.06 g/L 3HB
(Fig. 6a), the strain harboring the F35L variant produced 1.86 + 0.06 g/L (Fig. 6b). The 3HB

yields (per biomass or glucose) are substantially higher for the F35L variant. These
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experiments again showed a more than 3-fold improved productivity caused by the F35L

exchange in YciAHI.

Screening of other YciAHI F35 variants

As the F35L variant of YciAHI showed enormous productivity improvements in two different
biotechnological production systems, we constructed another plasmid library for expression of
yciAHI by saturation mutagenesis of the F35 position. Except for gene variants yciAHI_F35C
and yciAHI_F35R we successfully cloned expression constructs for the investigation of all
possible YciAHI F35 variants (all untagged). The generated constructs were introduced into
M. extorquens AM1 and the respective strains were cultivated and analyzed for dicarboxylic
acid production. Most enzyme variants, namely YciAHI F35A, F35D, F35E, F35G, F35H, F35I,
F35K, F35M, F35P, F35S, F35T and F35V showed reduced or abolished ability to release
2-methylsuccinic acid and mesaconic acid (Fig. 7a). Despite product titers that were slightly
higher with unmodified YciaHI and lower with the F35L variant compared to what was observed
in Fig. 2, also in this experiment expression of variant F35L, together with F35N and F35Q, led
to substantially increased titers of 2-methylsuccinic acid and mesaconic acid compared to the
strain expressing the wild type thioesterase gene. The highest values obtained in the
experiments shown in Fig. 7b were obtained with yciAHI_F35N resulting in titers of 289 £ 20

mg/L 2-methylsuccinic acid and 213 + 16 mg/L mesaconic acid after 45.5 h of cultivation.
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Discussion

In two previous studies, several thioesterases for EMCP-derived dicarboxylic acid production
were tested in M. extorquens AM1 by overexpressing the corresponding genes (Sonntag et al.
2014; Pdschel et al. 2022). Out of the seven candidates (TesBec thioesterase B from E. coli,
TesBext thioesterase B from M. extorquens, YciAEc ACOT from E. coli, YciAHI ACOT from H.
influenzae, ACOT4 succinyl-CoA hydrolase from Mus musculus, Paal phenylacetate
thioesterase from Azoarcus evansii and Bch 3-hydroxyisobutyryl-CoA hydrolase from Bacillus
cereus) only strains harboring the YciAEc or YciAHI thioesterase released notable amounts of

two EMCP-derived products, namely 2-methylsuccinic acid and mesaconic acid.

The objective of this work was to engineer YciAHI for improved production of EMCP-derived
carboxylic acids with M. extorquens. The YciAEc homolog from E. coli was not considered,
since up to now there is no crystal structure available in the publicly accessible databases. We
designed YciAHI variants semi-rationally based on docking models of enzyme and ligand and
published crystal structures of related thioesterases. For overexpression of the corresponding
gene variants, we constructed a small plasmid library and screened for the carboxylic acid

production in vivo.

In all M. extorquens production experiments, we analyzed the culture supernatants for new
EMCP-CoA-ester products such as (2S,3R)-2-hydroxy-3-methylsuccinic acid, 3HB,
ethylmalonic acid and methylmalonic acid. For none of the YciAHI variants were we able to
detect amounts of these products above the quantification limit. Although the concentrations
of all CoA intermediates in the EMCP in methanol-grown M. extorquens AM1 cells are similar
(Sonntag et al. 2015), there appears to be no considerable conversion of the potential
substrates other than (2S)-methylsuccinyl-CoA and mesaconyl-CoA. The semi-rational
exchange of hydrophobic amino acids in the binding region of YciAHI carried out in this work
does not seem to influence the product spectrum regarding EMCP derived carboxylic acid
products. Predicting substrate selectivity for potential substrates with high similarity as the
short-chain EMCP thioesters based on the 3D enzyme structure is rather difficult. Therefore,
for accessing new EMCP-derived carboxylic acid products with M. extorquens in the future,
we suggest a random mutagenesis approach for YciAHI (even neglecting the polarity of
residues) followed by in vivo testing or the screening of other heterologous ACOTSs with short

chain specificity.

In our work, we could identify two variants of YciAHI which led to higher release of
2-methylsuccinic acid and mesaconic acid, namely F35N and F35L, of which the latter was
characterized more closely. In general, growth of high performing strains was impaired as

carbon is drained from the anaplerotic EMCP. Although the levels and trends of carboxylic acid
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production were similar, the exact titers varied between our experiments. This phenomenon
may be caused by slightly different growth conditions or product reuptake. The latter could be
avoided in the future by using recently described acid transporter deletion mutants (Poschel et
al. 2022).

The observed low in vitro activities of YCiAHI F35L measured in this work did not match the in
vivo results of substantially higher productivity compared to strains harboring the wild type
enzyme. This low activity could indicate that the enzyme may be too unstable for in vitro
analysis. We can only hypothesize that the F35L mutation may affect the structural integrity of
the hexameric or monomeric structure resulting in an unstable or inactive enzyme under in
vitro conditions. There is also the possibility that the observed low activity could be the result
of stronger feedback inhibition of the F35L enzyme. Bound CoA or accumulating carboxylic
acid products may reduce the activity in the in vitro assays. Unbound CoA in the assay solution

should not play a role in this context since it reacts rapidly with DTNB to 5-thio-2-nitrobenzoate.

Although no enhanced productivity for YciAHI F35L could be proven in vitro, we could measure
a substantially increased product release in in vivo experiments of 2-methylsuccinic acid and
mesaconic acid with M. extorquens AM1 and of 3HB with E. coli production strains. We suspect

this to be the result of a change of the conformation of the enzymes binding pocket.

To find possible explanations for the enhanced productivity of YciAHI variants F35L and F35N
in vivo, we will discuss the crystal structure of YciAHI and other, closely related thioesterases
in the following. Based on their similarity in primary and tertiary structures and the position and
identity of the catalytic residues, the superfamily of thioesterases were sorted in families TE1-
TE35 in the ThYme database (https://thyme.engr.unr.edu/v2.0/, Cantu et al. 2010; Caswell et
al. 2022). YciAHI belongs to the TE6 family ACOTs that act on short- to long-chain acyl-CoAs
(C4 - C18 products). Prokaryotic TE6 enzymes assemble a functional unit from two identical
monomers (topology B1-a1-B2-B3-B4-B5), while eukaryotic TE6 enzymes contain a fused
domain of double hotdogs (topology B1-a1-B2-p3-B4-p5-a2-B6-a3-B7-68-B9-10-a4) as
functional unit (Swarbrick et al. 2020). TE6 thioesterases typically co-crystallize with a tightly
bound CoA molecule at one of the two potential active sites in a dimer or the equivalent
monomeric double hot dog (e.g. PDB entries 1YLI, 1Y7U, 3B7K, 1VPM, Willis et al. 2008;
Swarbrick et al. 2014). For YciAHI, the role of CoA as a strong feedback inhibitor was
demonstrated by determination of the inhibition constant and attributed to the necessity of
regulating the cytoplasmic acyl-CoA hydrolyzing enzyme in the living cell (Zhuang et al. 2008).
To date, no structure with an uncleaved substrate is publicly available, so the CoA-bound

model (PDB entry 1YLI) is discussed in the following.
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YciAHI harbors a hydrophobic pocket in which the thiol group of CoA is tightly anchored. This
pocket is not spacious enough to accommodate an acyl-group of a CoA-bound substrate (Willis
et al. 2008). Therefore, the thiol group of the thioester substrate must be flipped such that the
acyl group is located in the depression leading towards the catalytic amino acid. F35 is located
on the edge of the CoA-binding pocket and the depression. From our experiments we cannot
conclude if the higher product release of F35L and F35N variants is caused by changes in the

catalytic depression or the hydrophobic CoA pocket.

In the crystal structure of YciAHI, F35 is located at the N-terminus of the central a-helix (a1).
The phenyl sidechain of F35 is facing away from the binding pocket (Fig. 8a). In all published
crystal structures of TE6 ACOTs, the start of a1 (and a3 for eukaryotic enzymes) is highly
conserved at sequence (Fig. 8e) and topology level. As example for the latter, crystal
structures of eukaryotic ACOT12 (Homo sapiens, PDB entry 3B7K) and procaryotic ACOT
(Alkalihalobacillus halodurans, PDB entry 1VPM) are shown in Fig. 8b and 8c. As in YciAHI, a
phenylalanine residue can be found at the N-terminus of helix a1. In ACOT7 enzymes, instead
of a phenylalanine, a histidine residue is positioned at the end of a1 and a3. As an example,
the a1 domain of ACOT7 from Mus musculus (PDB entry 2V10) is given in Fig. 8d. In all crystal
structures available, glycine is marking positions 2 and 3 of the a-helix. An alignment of all TE6
family members from the ThYme database confirms a conserved ftriplet of F-G-G or H-G-G in
the a1/a3 domains (Online Resource Fig. S5). This conservation indicates an important role of
the triplet in binding site constitution. Interestingly, the consensus triplet with phenylalanine or
equivalent histidine at the start of a a-helix can also be found TE families 4, 7, 8, 11 and 31
(Online Resource Fig. S6-S10). The function of this triplet in other TE families is not part of this

study but could be an interesting target for modification of enzymes belonging to these groups.

The comparison of the available TE6 crystal structures indicates that the phenyl or imidazole
moiety of the amino acid at the a1 N-terminus does not interact directly with the substrate due
to its orientation. Based on a structure overlay of YciAHI and the hexanoyl-CoA ligand from a
H. thermophilus Paal model (PDB entry 1WN3), Willis and coworkers speculated that the
carbonyl oxygen of the thioester substrate interacts with G36 in analogy to Y24 (Pseudomonas
enzyme) or G65 (Arthrobacter enzyme) of 4-hydroxybenzoyl-CoA thioesterases (Willis et al.
2008). Assuming a nucleophilic mode of catalysis, the formation of a hydrogen bond between
the backbone NH amide of G36 and the thioester would polarize the C=0O group for a
nucleophilic attack (Zhuang et al. 2002). Based on our results, we can only hypothesize that
the F35 variation may influence the polarization in some way by either taking part itself or
bringing G36 in a more favorable position. Another conceivable scenario is that F35 is
modulating the size of the CoA binding pocket or the catalytic depression. In either case, we

assume that the position of the polypeptide backbone at the N-terminus of helix a1 is crucial.
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This assumption is also supported by the fact that in our experiments the physical-chemical
side-chain properties of the supplementing amino acid were not the decisive factor for in vivo
enzyme activity. F35 could be substituted with nonpolar (F35L, F35I), polar (F35Q, F35W,
F35N), acidic (F35E, F35D) or basic (F35K, F35H) amino acids while still remaining active.
Instead of chemical properties, rather the length of side chain at the F35 position was critical.
For all substitutions tested, (except for F35M) it seemed that medium length side chains were
favorable for enzyme activity, while short side chains abolished it. Leucine and asparagine

might provide the optimal chain length for positioning of the polypeptide backbone.

Although the exact reason for enhanced in vivo characteristics of YciAHI variants F35L and
F35N stays unclear, the higher productivity was proven by application in an alternative system.
Also in E. coli strains engineered for 3HB production, the F35L variant led to substantially
higher product titers compared to unmodified YciAHI and even reached the yields and titers of
the overexpressed native YciAEc homolog (Guevara-Martinez et al. 2019). With currently
available in vitro assay techniques we would not have been able to identify the variants.
Therefore, although it is more laborious, testing new and engineered thioesterases in vivo in

the production host can be a valuable strategy.

Besides providing more productive YciAHI variants, we contributed new insights into the
understanding the structure of TE6 thioesterases. The discussed consensus triplet can be also
found in thioesterases from other families such as TesB from TE4 (Swarbrick et al. 2015) or
Arthrobacter 4-hydroxybenzoyl-CoA from TE11 (Song et al. 2012). A closer examination of this
position by investigation of corresponding mutant enzymes might reveal new insights in
thioesterase mechanisms in general and might also help to develop improved thioesterase

variants for biotechnological applications.
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Figures and figure captions
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Fig. 1 Molecular docking model of (2S)-methylsuccinyl-CoA and YciAHI with targeted amino
acids. The ligand is docking at the interface of two hot dog folded monomers. The shown
protein section consists of parts of monomer A (amino acid 11-125) and monomer B (amino
acid 14-151). Catalytic residue D44 is colored in red, amino acids selected for exchange are
colored in light blue. The respective chain is indicated in brackets. For better illustration, only

one of the two symmetrically equivalent active site channels of the dimer is highlighted
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Fig. 2 Production of 2-methylsuccinic acid and mesaconic acid with YciAHI variants in

M. extorquens AM1 in vivo. a Maximum product titers of 2-methylsuccinic acid, mesaconic acid

and 2-hydroxy-3-methylsuccinic produced by M. extorquens AM1 harboring YciAHI variants.

b Growth kinetics and time-dependent concentration of mesaconic acid, 2-methylsuccinic acid

and 2-hydroxy-3-methylsuccinic in supernatants of M. extorquens AM1 harboring YciAHI,

variant F35W or variant F35L (all untagged). Error bars represent standard deviations from

three independent replicates. Production kinetics for all strains are shown in Online Resource

Fig. S1
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Fig. 3 Semi quantitative detection of C-terminal FLAG-tagged YciAHI and C-terminal FLAG-
tagged YciAHI F35L in cell extracts of M. extorquens AM1. Coomassie stained SDS-PAGE gel
and immunoblot membrane of whole protein extracts (20 ug of total protein per lane) of
M. extorquens AM1 expressing yciaHI FLAG, yciaH! F35L_FLAG or harboring an empty
pCM160 vector control. The PVDF membrane was treated with monoclonal ANTI-FLAG
M2-Alkaline phosphatase antibody and stained with BCIP/NBT. Duplicate samples were
harvested from two individual strains. Growth and dicarboxylic acid production kinetics for all

strains are shown in Online Resource Fig. S2
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Fig. 4 Activity of untagged YciAHI and untagged YciAHI F35L towards EMCP-CoA esters in
crude cell extracts. DTNB assays of crude cell extracts of M. extorquens overexpressing genes
encoding untagged YciAHI or untagged YciAHI F35L or harboring an empty pCM160 vector
as a control. As substrate, 150 uM of either (2S)-methylsuccinyl-CoA, acetyl-CoA or 3-

hydroxybutyryl-CoA was used. The assay was set up at pH 7.5 in a micro cuvette and
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contained 0.4 mM DTNB and 20 ug of total protein. The formation of DTNB-derived 5-thio-2-
nitrobenzoate was measured at 412 nm. Prior to addition of the lysate, the assay mixture
containing all other components was equilibrated to 25 °C. The signal obtained in equilibration
phase was set to zero. Lightly colored areas represent standard deviations from three

independent replicates
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Fig. 5 (2S)-Methylsuccinyl-CoA conversion tests with purified N-terminal His-tagged YciAHI,N-
terminal His-tagged YciAHI F35L thioesterases and without enzyme addition. Values were
determined with a DTNB assay at pH 7.5 and 25°C using 1-150 uM of (2S)-methylsuccinyl-
CoA as substrate (color coded concentrations) and 7.5 uM of purified enzyme. Prior to addition
of the protein, the assay mixture containing all other components was equilibrated to 25 °C.
For blank measurements, no enzyme was added. The formation of DTNB-derived 5-thio-2-
nitrobenzoate was measured at 412 nm. Values were corrected by setting the baseline before
protein addition (not shown) to zero. Uncorrected values can be found in Online Resource

Fig. S3. All measurements were done in triplicates
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Fig. 6 Growth and product formation kinetics during batch cultivations of E. coli AF1000
engineered for production of 3HB in vivo. On the expression vectors used, the untagged
versions of thioesterases were encoded. All cultivations were performed in duplicates and in
parallel. ldentical media composition was used in all reactors. Complete nitrogen depletion
was detected between 8 and 10 hours of cultivation. a Duplicates (A and B) of E. coli AF1000
containing pJBGT3Rx pBAD_zwf_yciAHI b Duplicates (A and B) of E. coli AF1000 containing
pJBGT3Rx pBAD_zwf yciAHI F35L
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Fig. 7 Production of 2-methylsuccinic acid and mesaconic acid with YciAHI F35 variants in
M. extorquens AM1 in vivo. a Maximum product titers of 2-methylsuccinic acid, mesaconic acid
and 2-hydroxy-3-methylsuccinic produced by M. extorquens AM1 harboring untagged YciAHI
F35 variants. b Growth kinetics and time-dependent concentration of mesaconic acid,
2-methylsuccinic acid and 2-hydroxy-3-methylsuccinic in supernatant of M. extorquens AM1
harboring YciAHI, variant F35L or variant F35N (all untagged). Error bars represent standard
deviations from three independent replicates. Production kinetics of all strains are shown in

Online Resource Fig. S4
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e ——{  n-terminal a-helix H1 —

P44886| Acot (YciA) OS=Haemophilus influenzae OX=71421 PDB=1YLI NGDIFGGWIMSQMDMGGAILAKEIAHGRVV 30
QB8WYKO| Acot12 OS=Homo sapiens OX=9606 PDB=3B7K HGNTFGGQIMAWMETVATISASRLCWAHPF 30
AOA656FDES| Acot OS=Yersinia pestis PEXU2 0X=547046 PDB=5DM5 NGDIFGGWLMSQMDIGGAIQAKEIAQGRVV 30
AOA2UOQTN1| Acot OS=Campylobacter jejuni OX=197 PDB=3D6L -GNIFGGWILSQIDLAGAIAARELSPERVV 29
Q81EE4| Acot OS=Bacillus cereus ATCC 14579 OX=226900 PDB=1Y7U --TLFGGKILSEMDMVASISASRHSRKECV 28
AOAOQH3K033| Acot OS=Staphylococcus aureus Mu50 OX=158878 PDB=4NCP --TMFGGTLMANIDEIAAITAMKHAGAQVV 28
Q53VX2| Acot 0S=Thermus thermophilus HB8 0X=300852 PDB=2EIS --TLFGGTVLAWMDQAAFVAATRHARKKVV 28
ADA4Y7WNAS| Acot OS=Alkalihalobacillus halodurans OX=8666 PDB=1VPM --TIFGGKVLAYIDEIAALTAMKHANSAVV 28
RB8GWIO| Acot OS=Bacillus cereus VD196 OX=1053243 PDB=7CZ3 --TLFGGKLLAEIDSIASIAAARHSRKHCV 28
E3D482| Acot OS=Neisseria meningitidis alpha710 0X=630588 PDB=55ZU -GNVHGGELLLLLDQVAYSCASRYSGNYCV 29
Q91V12| Acot7 0S=Mus musculus OX=10090 PDB=6VFY HGFVHGGVTMKLMDEVAGIVAARHCKTNIV 30

Fig. 8 Comparison of CoA binding site of representative TE6 thioesterases YciAHI, ACOT12
(Hs), ACOT (Ah) and ACOT7 (Mm) a Crystal structure of YCiAHI (H. influenzae, PDB number
1YLI) with bound CoA. Phenylalanine 35 at the N-terminus of helix a1 is highlighted in blue. b
Crystal structure of ACOT12 (H. sapiens, PDB number 3B7K) with bound CoA. Phenylalanine
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201 at the N-terminus of helix a1 is highlighted in blue. ¢ Crystal structure of ACOT from
Alkalihalobacillus halodurans (PDB number 1VPM) with bound CoA. Phenylalanine 30 at the
N-terminus of helix a1 is highlighted in blue. d Crystal structure of ACOT7 N-domain (M.
musculus, PDB number 2V10) with bound CoA. Histidine 30 at the N-terminus of helix a1 is
highlighted in blue. e Sequence alignment of CoA-proximal a-helices of TE6 family members
with available crystal structures. Consensus sequence at the N-terminus of the a-helix is
highlighted in blue. Sequences, Uniprot identifiers, protein names, organism names (OS) and
identifiers (OX), as well as PDB accession numbers were acquired through the ThYme

database (https://thyme.engr.unr.edu/v2.0/)
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Tables

Table 1 Strains, plasmids and oligonucleotides used in this work. Bold and underlined letters
indicated introduced mutations in pCM160_RBS_ yciAHI. Oligonucleotides were purchased

from Merck (Darmstadt, Germany)

Name Description Reference

Bacterial strains

E. coli DH5a F~ ¢80/acZAM15 A(lacZY A-argF)U169 recA1 endA1 Hanahan 1985;
hsdR17(rk~, mk*) phoA supE44 A-thi-1 gyrA96 relA1 Grant et al. 1990

E. coliBL21(DE3) fhuA2 [lon] ompT gal (A DE3) [dcm] AhsdS NEB (Frankfurt,
A DE3 = A sBamHIlo AEcoRI-B Germany)
int::(lacl::PlacUV5::T7 gene1) i21 Aninb

E. coli AF1000 MC4100, relA+ Sandén et al. 2003

M. extorquens AM1 (DSM 1338) CmR, Gram-negative, facultative methylotrophic, Peel and Quayle
obligate aerobic, a-proteobacterium 1961

Plasmids

pCM160 KanR, pmxar, oriT, pBR3220ri, Marx and Lidstrom
M. extorquens expression vector 2001

pCM160_RBS_ yciAHI pCM160 containing codon-optimized for M. extorquens Pd&schel et al. 2022

thioesterase gene yciA from Haemophilus influenzae,
optimized RBS

pCM160_RBS_yciAHI_134A pCM160_RBS_yciAHI for production of YciAHI This work
pCM160 RBS_}/C/AH/ 134F variants, modified at positions |34, F35, A48, A51, V59
- - or V60

pCM160_RBS_yciAHI_F35W
pCM160_RBS_yciAHI F35L
pCM160_RBS_yciAHI_F35V
pCM160_RBS_yciAHI A48G
pCM160_RBS_yciAHI A48V
pCM160_RBS_yciAHI A48L
pCM160_RBS_yciAHI A51G
pCM160_RBS_yciAHI_A51V
pCM160_RBS_yciAHI A51L
pCM160_RBS_yciAHI V59G
pCM160_RBS_yciAHI V59L
pCM160_RBS_yciAHI V59
pCM160_RBS_yciAHI V60L
pCM160_RBS_yciAHI_ V60l
pCM160_RBS_yciAHI_F35A
pCM160_RBS_yciAHI_F35D
pCM160_RBS_yciAHI_F35E
pCM160_RBS_yciAHI_F35G
pCM160_RBS_yciAHI_F35H
pCM160_RBS_yciAHI_F35I
pCM160_RBS_yciAHI_F35K
pCM160_RBS_yciAHI_F35M
pCM160_RBS_yciAHI_F35N
pCM160_RBS_yciAHI_F35P
pCM160_RBS_yciAHI_F35Q
pCM160_RBS_yciAHI_F35S
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pCM160_RBS_yciAHI F35T
pCM160_RBS_yciAHI_F35Y

pCM160_RBS_yciAHI _FLAG Vectors for production of C-terminal FLAG-tagged This work

pCM160_RBS_yciAHI F35L_FLAG YCiAHI variants

pET28a_his6_yciAHI Vectors for production of N-terminal his-tagged YciAHI  This work

pET28a_his6_yciAHI F35L variants

pJBGT3Rx t3 and rx from H. boliviensis under piacuvs and lac/ Jarmander et al.
control (p15A/ CmR) 2015

pBAD_zwf yciAHI yciAHI and zwf from AF1000 under control of paraBap This work
(pBR22/KanR)

pBAD_zwf yciAHI_F35L yciAHI_F35L and zwffrom AF1000 under control of This work

ParaBAD (pBR22/KanR)

Oligonucleotides

LPO1_35A_fw CGGCGACATCGCCGGCGGCTGGA This work
LP02_35D_fw CGGCGACATCGACGGCGGCTGGA
LPO3_35E_fw CGGCGACATCGAGGGCGGCTGGATC
LP04_35G_fw CGGCGACATCGGCGGCGGCTGGA
LPO5_35H_fw CGGCGACATCCACGGCGGCTGGA
LP06_35K_fw CGGCGACATCAAGGGCGGCTGGATC
LPO7_35M_fw CGGCGACATCATGGGCGGCTGGA
LPO8_35N_fw CGGCGACATCAACGGCGGCTGGA
LP0O9_35P_fw CGGCGACATCCCGGGCGGCTGGATC
LP10_35Q_fw CGGCGACATCCAGGGCGGCTGGATC
LP11_35S_fw CGGCGACATCICGGGCGGCTGGA
LP12_35T fw CGGCGACATCACCGGCGGCTGGA
LP13_35W_fw CGGCGACATCTGGGGCGGCTGGA
LP14_35_rev TTGGCGTTGGTGTCCGAC
LP15_35_fw CGGCGACATCATCGGCGGCTGGA
LP16_35L_fw CGGCGACATCCTCGGCGGCTGGA
LP17_35V_fw CGGCGACATCGTCGGCGGCTGGA
LP18_35Y_fw CGGCGACATCTACGGCGGCTGGA
LP19_35ILVY _rev TTGGCGTTGGTGTCCGACGG
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Table 2 Synthetic sequences used for plasmid construction. For pCM160 constructs, the

codon optimized sequence of yciaHI (Péschel et al. 2022) for M. extorquens was used. FLAG

tag sequences are written in bold. Restriction sites for subcloning are indicated by underlined
letters (Sphl and Ncol for pPCM160 constructs, Ndel and EcoRI for pET28a constructs)

Name of target construct

Sequence

pCM160_RBS_yciAHI FLAG
(C-terminal tagged)

GCATGCCAACAAGTATCTAAAAGATTAAAGGAGGAATAACAATGTCGGCCA
ACTTCACCGACAAGAACGGCCGCCAGTCGAAGGGCGTCCTCCTCCTCCG
CACCCTCGCCATGCCGTCGGACACCAACGCCAACGGCGACATCTTCGGC
GGCTGGATCATGTCGCAGATGGACATGGGCGGCGCCATCCTCGCCAAGG
AGATCGCCCACGGCCGCGTCGTCACCGTCGCCGTCGAGTCGATGAACTTC
ATCAAGCCGATCTCGGTCGGCGACGTCGTCTGCTGCTACGGCCAGTGCCT
CAAGGTCGGCCGCTCGTCGATCAAGATCAAGGTCGAGGTCTGGGTCAAGA
AGGTCGCCTCGGAGCCGATCGGCGAGCGCTACTGCGTCACCGACGCCGT
GTTCACCTTCGTCGCCGTGGACAACAACGGCCGCTCGCGCACCATCCCGC
GCGAGAACAACCAGGAGCTGGAGAAGGCCCTCGCCCTCATCTCGGAGCA
GCCGCTCGACTACAAGGACGACGACGACAAGTGACCATGG

pCM160_RBS_yciAHI F35L_
FLAG (C-terminal tagged)

GCATGCCAACAAGTATCTAAAAGATTAAAGGAGGAATAACAATGTCGGCCA
ACTTCACCGACAAGAACGGCCGCCAGTCGAAGGGCGTCCTCCTCCTCCG
CACCCTCGCCATGCCGTCGGACACCAACGCCAACGGCGACATCCTCGGC
GGCTGGATCATGTCGCAGATGGACATGGGCGGCGCCATCCTCGCCAAGG
AGATCGCCCACGGCCGCGTCGTCACCGTCGCCGTCGAGTCGATGAACTTC
ATCAAGCCGATCTCGGTCGGCGACGTCGTCTGCTGCTACGGCCAGTGCCT
CAAGGTCGGCCGCTCGTCGATCAAGATCAAGGTCGAGGTCTGGGTCAAGA
AGGTCGCCTCGGAGCCGATCGGCGAGCGCTACTGCGTCACCGACGCCGT
GTTCACCTTCGTCGCCGTGGACAACAACGGCCGCTCGCGCACCATCCCGC
GCGAGAACAACCAGGAGCTGGAGAAGGCCCTCGCCCTCATCTCGGAGCA
GCCGCTCGACTACAAGGACGACGACGACAAGTGACCATGG

pET28a_his6_yciAHI
(N-terminal tagged)

CATATGTCTGCCAATTTTACTGATAAAAATGGTCGCCAATCAAAAGGAGTTC
TTTTACTACGAACTTTGGCGATGCCTTCTGACACCAATGCTAACGGAGATA
TTTTTGGTGGCTGGATTATGTCTCAAATGGATATGGGCGGCGCGATTTTAG
CGAAAGAAATCGCACACGGACGCGTGGTTACTGTCGCCGTTGAAAGTATG
AATTTTATCAAACCAATCTCTGTGGGCGATGTGGTTTGTTGCTACGGTCAAT
GTCTCAAAGTTGGGCGTTCTTCCATTAAAATTAAAGTAGAAGTATGGGTAA
AAAAAGTGGCGAGTGAGCCAATTGGCGAACGTTATTGTGTCACCGATGCG
GTATTTACTTTTGTTGCAGTTGATAATAATGGTCGCTCTCGCACGATTCCCC
GTGAAAATAACCAAGAGTTAGAAAAAGCATTAGCCTTAATTTCAGAACAAC
CCTTGTAAGAATTC

pET28a_his6_yciAHI_F35L
(N-terminal tagged)

CATATGTCTGCCAATTTTACTGATAAAAATGGTCGCCAATCAAAAGGAGTTC
TTTTACTACGAACTTTGGCGATGCCTTCTGACACCAATGCTAACGGAGATA
TTTTAGGTGGCTGGATTATGTCTCAAATGGATATGGGCGGCGCGATTTTAG
CGAAAGAAATCGCACACGGACGCGTGGTTACTGTCGCCGTTGAAAGTATG
AATTTTATCAAACCAATCTCTGTGGGCGATGTGGTTTGTTGCTACGGTCAAT
GTCTCAAAGTTGGGCGTTCTTCCATTAAAATTAAAGTAGAAGTATGGGTAA
AAAAAGTGGCGAGTGAGCCAATTGGCGAACGTTATTGTGTCACCGATGCG
GTATTTACTTTTGTTGCAGTTGATAATAATGGTCGCTCTCGCACGATTCCCC
GTGAAAATAACCAAGAGTTAGAAAAAGCATTAGCCTTAATTTCAGAACAAC
CCTTGTAAGAATTC
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Fig. S1 Growth kinetics and time-dependent concentration of 2-methylsuccinic acid,
2-hydroxy-3-methylsuccinic acid and mesaconic acid in supernatant of M. extorquens AM1
harboring YciAHI variants

Fig. S2 Growth kinetics and time-dependent concentration of 2-methylsuccinic acid and
mesaconic acid in supernatant of M. extorquens AM1 harboring plasmids encoding YciAHI
FLAG, YciAHI F35L FLAG or an empty pCM160 vector

Fig. S3 Uncorrected (2S)-methylsuccinyl-CoA conversion tests with purified YciAHI and
YciAHI F35L thioesterases

Fig. S4 Growth kinetics and time-dependent concentration of 2-methylsuccinic acid,
2-hydroxy-3-methylsuccinic acid and mesaconic acid in supernatant of M. extorquens AM1
harboring YciAHI F35 variants

Fig. S5 Alignment of TE6 family members (a-helix domain)

Fig. S6 Alignment of TE4 family members (a-helix domain)

Fig. S7 Alignment of TE7 family members (presumed a-helix domain)
Fig. S8 Alignment of TE8 family members (a-helix domain)

Fig. S9 Alignment of TE11 family members (a-helix domain)

Fig. S10 Alignment of TE31 family members (a-helix domain)
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Fig. S1 Growth kinetics and time-dependent concentration of 2-methylsuccinic acid,
2-hydroxy-3-methylsuccinic acid and mesaconic acid in supernatant of M. extorquens AM1
harboring YciAHI variants (untagged). EMCP-derived carboxylic acid products with titers

insufficient for quantification (< 5 mg/L) are not displayed. Error bars represent standard
deviations from three independent replicates
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Fig. S2 Growth kinetics and time-dependent concentration of 2-methylsuccinic acid and
mesaconic acid in supernatant of M. extorquens AM1 harboring plasmids encoding C-terminal
FLAG-tagged YciAHI, C-terminal FLAG-tagged YciAHI F35L or an empty pCM160 vector. Red

squares indicate the sampling time points for SDS-PAGE samples. Error bars represent
standard deviations from three independent replicates
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Fig. S3 Uncorrected (2S)-methylsuccinyl-CoA conversion tests with purified N-terminal His-
tagged YciAHI and N-terminal His-tagged YciAHI F35L thioesterases. Values were determined
with a DTNB assay at pH 7.5 and 25°C using 1-150 yM of (2S)-methylsuccinyl-CoA as
substrate (color coded concentrations) and 7.5 uM of purified enzyme. Prior to addition of the
protein, the assay mixture containing all other components was equilibrated to 25 °C. The
formation of DTNB-derived 5-thio-2-nitrobenzoate was measured at 412 nm. All
measurements were done in triplicates
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Fig. S4 Growth kinetics and time-dependent concentration of 2-methylsuccinic acid,
2-hydroxy-3-methylsuccinic acid and mesaconic acid in supernatant of M. extorquens AM1
harboring YciAHI F35 variants (untagged). EMCP-derived carboxylic acid products with titers
insufficient for quantification (< 5 mg/L) are not displayed. Error bars represent standard

deviations from three independent replicates
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Consensus

P44886| Acot (YciAHI) OS=Haemophilus influenzae OX=71421 PDB=1YLI
QB8WYKO| Acot12 0S=Homo sapiens OX=9606 PDB=3B7K
ADA656FDES| Acot OS=Yersinia pestis PEXU2 OX=547046 PDB=5DM5
ADA2UO0QTN1| Acot OS=Campylobacter jejuni OX=197 PDB=3D6L
QB81EE4| Acot OS=Bacillus cereus ATCC 14579 OX=226900 PDB=1Y7U
ADAOH3KO033| Acot 0S=Staphylococcus aureus Mu50 OX=158878 PDB=4NCP
Q53vX2| Acot OS=Thermus thermophilus HB8 0X=300852 PDB=2EIS
ADA4Y7WNAS| Acot OS=Alkalihalobacillus halodurans OX=8666 PDB=1VPM
R8GWIO| Acot OS=Bacillus cereus VD196 OX=1053243 PDB=7CZ3
E3D482| Acot OS=Neisseria meningitidis alpha710 OX=630588 PDB=55ZU
Q91V12| Acot7 OS=Mus musculus OX=10090 PDB=6VFY

QS5REE9| Uncharacterized protein OS=Pongo abelii 0X=9601
H9FHO6| Acot11 isoform 2 (Fragment) OS=Macaca mulatta OX=9544
QBWXI4| Acotll OS=Homo sapiens OX=9606

[2CW57| Acotl1 isoform 2 OS=Macaca mulatta OX=9544
ADA1LBGMI5| Uncharacterized protein OS=Xenopus laevis OX=8355
U3DQ68| Acyl-CoA thioesterase 11 OS=Callithrix jacchus 0X=9483
Q8CAL6| Uncharacterized protein OS=Mus musculus OX=10090
QBVHQY| Acotll 05S=Mus musculus 0X=10090

AOAON9H4L2| Acotll OS=Bos taurus 0X=0913

QBOTTY| Acot11 0S=Mus musculus OX=10090

AZAVRG| Acotll OS=Mus musculus OX=10090

K7BZEO| Acot11 OS=Pan troglodytes OX=9598

ADAGFODEB2| Acotll OS=Phallusia mammillata OX=59560

Q501V4| Acot11l OS=Danio rerio OX=7955

VOK912| Acot11 OS=Callorhinchus milii 0X=7868

QOONB7| Acotl2 OS=Rattus norvegicus OX=10116

QBGM80| Acot12 OS=Xenopus laevis OX=8353

B3DLA1| Acot12 OS=Xenopus tropicalis 0X=8364

Q9DBKO| Acot12 OS=Mus musculus OX=10090

BSDFR9| Acot12 OS=Xenopus tropicalis OX=8364

ADADG2KAUS| Acot OS=Rattus norvegicus OX=10116

Q61QGY| Uncharacerized protein OS=Danio rerio OX=7955

CATFE3| Acot O5=0ryzias latipes OX=8090

AOAGFID5H3| Acot O5=Phallusia mammillata OX=59560
ADA287A7V2| Acot7 05=5Sus scrofa OX=9823

VOL6E3| Acot? OS=Callorhinchus mili 0X=7868

Q64559] Acot OS=Rattus norvegicus OX=10116

ADAS5G20Q9C4| Acot7 OS=Sus scrofa OX=9823

AOA6D2WMB2| Acot? isoform 6 OS=Pan troglodytes 0X=9598
Q21166] Acot OS=Ictalurus punctatus OX=7998

U3F9E4| Acot? isoform 1 OS=Micrurus fulvius OX=8637
AOA287BB59| Acot7 OS=Sus scrofa OX=0823

T1E6N9| Acot7 OS=Crotalus horridus OX=35024

M1EBQ4| Acot7 OS=Mustela putorius furo OX=9669

ABMIZ1| Acot (Fragment) OS=Callithrix jacchus OX=9483

QOVIMS5| Acot OS=Xenopus tropicalis 0X=8364

Q66192| Acot? OS=Danio rerio OX=7955

ADAS5G2QIZ9] Acot7 O5=Sus scrofa OX=0823

UsDTDS5| Acot (BACH) OS=Neogale vison OX=452646

K7EKP8| Acot OS=Homo sapiens OX=9606

ADABD2XQC1| Acot7 isoform 1 OS=Pan troglodytes OX=9598
ADASK1VFS3| Acot? OS=Macaca mulatta OX=9544

Q4R7D6| similar to BACH OS=Macaca fasciculans 0X=9541

Q148I4| Acot? OS=Bos taurus OX=0913

HI9F992]| isoform hBACHa OS=Macaca mulatta 0X=9544

U3EFB3| isoform hBACHb OS=Callithrix jacchus OX=9483

B4DUX0| Acot OS=Homo sapiens OX=9606

K7AYEOQ| Acot? OS=Pan troglodytes 0X=9598

AOA1LSBFMH2| Uncharacterized protein 0S=Xenopus laevis 0X=8355
Q5RET1| Uncharacterized protein 0S=Pongo abeli 0X=9601
F1RIK3| Acot7 0OS=5us scrofa OX=9823

AOA287B8N7| Acot7? OS=5Sus scrofa OX=9823

ADAOF72CS6| Acot? OS=Crotalus adamanteus OX=8729

U3EQUS| isoform hBACHa OS=Callithrix jacchus OX=0483

U3CAAS| isoform hBACHd OS=Callithrix jacchus OX=8483

Q5RCZ6| Uncharacterized protein 0S=Pongo abelii 0X=9601
VIL288| Acot OS=Callorhinchus milii OX=7868

— —
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Fig. S5 Alignment of TE6 family members (a-helix domain). Sequences were acquired from

ThYme (https://thyme.engr.unr.edu/v2.0/). Alignment was done in COBALT (Papadopoulos
and Agarwala 2007) and visualized with SnapGene (GSL Biotech LLC, San Diego, Canada).

Consensus with a threshold of 80% is shown. Amino acids corresponding to consensus are

highlighted in green
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F1KX25]| Acyl-CoA thioesterase 2 OS=Ascaris suum OX=6253 PE=2 SV=1

AS5U5V6| Acyl-CoA thioesterase 11 0S=Mycobacterium tuberculosis H37Ra 0X=419947 GN=tesB2
ADA656FGG1| Acyl-CoA thioesterase Il OS=Yersinia pestis biovar Orientalis str. PEXU2 OX=547046 GN=tesB
ADA3E2MQQ7| Acyl-CoA thicesterase 2 0S=Mycobacterium marinum OX=1781 GN=tesB_2

BOMOL9| Uncharacterized protein OS=Caenorhabditis elegans 0X=6239 GN=C17C3.1

ADAOM3KKU4| Acyl-CoA thioesterase OS=Mycobacterium avium 104 0X=243243 GN=MAV_2540

H2KYT6| Uncharacterized protein OS=Caenorhabditis elegans OX=6239 GN=C17C3.1

POAGG2|TESB_ECOLI Acyl-CoA thioesterase 2 OS=Escherichia coli K-12 OX=83333 GN=tesB

Q732Z74| Uncharacterized protein 0S=Mycobacterium avium subsp. paratuberculosis K-10 OX=262316 GN=MAP_1729¢
A5U2x4| Acyl-CoA thioesterase II 0S=Mycobacterium tuberculosis H37Ra OX=419947 GN=tesB1

QS5FYU1| Acetyl CoA thioesterase like protein OS=Arabidopsis thaliana 0X=3702 GN=CNTE1

ADA178W7C0| Cydlic nucleotide-binding domain-containing protein OS=Arabidopsis thaliana 0X=3702 GN=AXX17_At1g00800
ADA077D5G6| Acyl-CoA thioesterase OS=Camellia oleifera OX=385388

Q9BIA9| Uncharacterized protein OS=Caenorhabditis elegans OX=6239 GN=C17C3.1

Q9U1Q5| Uncharacterized protein OS=Caenorhabditis elegans OX=6239 GN=CELE_Y87G2A.2

Q56XD4| Acyl CoA thioesterase OS=Arabidopsis thaliana 0X=3702 GN=At1g01710

F4JHC9| Acyl-CoA thicesterase family protein OS=Arabidopsis thaliana OX=3702 GN=At4g00520

B7FKP9| Cyclic nucleotide-binding domain-containing protein 0S=Medicago truncatula OX=3880

Q8D151| Acyl-CoA thioesterase 11 OS=Yersinia pestis OX=632 GN=tesB

E4MWI3| mRNA, clone: RTFLO1-11-K11 OS=Eutrema halophilum 0X=98038

Q95Q68| Uncharacterized protein 0S=Caenorhabditis elegans 0X=6239 GN=C37H5.13

B3H522| Acyl-CoA thioesterase family protein OS=Arabidopsis thaliana OX=3702 GN=At4g00520

BYFBX3| Os0490558400 protein OS=0ryza sativa Japonica Group OX=39947 GN=0s04g0558400

Q8GYW7| Acyl-CoA thioesterase OS=Arabidopsis thaliana OX=3702 GN=At1g01710/TIN6_21

Il ' E e
VFGGQ--GQALAAA-KTV------VHS-H-
VYGGLLFAQSLAAAEETVPAQM-RVHAMHS
-FGGHVAGQSLVSAVRTVDPRY-MVHSLHG
VFGGQVVGQAIYAAKQTVPAER-TVHSFHS
-FGGHVAGQSLVSAVRTVDPRY-QVHSLHG
--GGLIFSQALAAAEKTVDEQF-KPHSMHS
IIGSQVAAQALMAAGRTTPGRL--AHSMHM
--BBLIFSQALAAAEKTVDEQF-KPHSMHS
VFGGQVVGQALYAAKETVPEER-LVHSFHS
ILGGHISAQALLAASRTA-AGR-EPHSVHT
-FGGQLMAQSFVASSRTLTRHHLPPSAFSV
VYGGQLVGQALAAASKTVETMK-IVHNFHC
VFGGQFVGQALAAASKTVDFLK-VVHSLHS
VFGGQFIGQALAAASKTVDCLK-VVHSLHC
--GGLIFSQALAAAEKTVDEQF-KPHSMHS
VFGGHVLAQAMSAAYYTAPEGF-YVHAVHC
VFGGQFVGQALAAASKTVDFLK-VVHSLHS
VYGGQLVGQALAAASKTVETMK-IVHNFHC
VFGGQLVGQALAAASKSVDCQK-VVHSLHV
VFGGQVVGQAIYAAKQTVPAER-TVHSFHS
VFGGQFMGQALAAASKTVDFLK-IVHSLHS
VYGGQVIGQALSAATATVEVGF-VPNSLHS
VYGGQLVGQALAAASKTVETMK-IVHNFHC
VFGGQLIGQALAAASKTVDCLK-AVHSLHA
VFGGQFVGQALAAASKTVDFLK-VVHSLHS

Fig. S6 Alignment of TE4 family members (a-helix domain). Sequences were acquired from

ThYme (https://thyme.engr.unr.edu/v2.0/). Alignment was done in COBALT (Papadopoulos
and Agarwala 2007) and visualized with SnapGene (GSL Biotech LLC, San Diego, Canada).

Consensus with a threshold of 80% is shown. Amino acids corresponding to consensus are

highlighted in green
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K7GP14| Acyl-CoA thioesterase 9 OS=Sus scrofa OX=9823 GN=ACOT9

T1PG11| Thioesterase O5=Musca domestica OX=7370

G3MLS1| Uncharacterized protein OS=Amblyomma maculatum 0X=34609

AGA17932.1| TE2 0S=Humulus lupulus OX=3486

Q69MT1| 050990517700 protein 05=0ryza sativa Japonica Group 0X=39947 GN=0s0990517700

Q4v4C3| 1P10924p (Fragment) OS=Drosophila melanogaster OX=7227 GN=CG1638

ADAD90XCAZ| Putative acyl-coa thioesterase ixodes scapularis acyl-coa thioesterase 0S=Ixodes ricinus OX=34613
ADA5G2QT21| Acyl-CoA thicesterase 9 0OS=Sus scrofa OX=9823 GN=ACOTS

ADA131XJ51| Putative acyl-coa thioesterase (Fragment) OS=Hyalomma excavatum OX=257692

H2QYEG| Acyl-CoA thioesterase 9 0S=Pan troglodytes OX=9598 GN=ACOT9

H2L0J4| Uncharacterized protein 0S=Caenorhabditis elegans OX=6239 GN=CELE_T07D3.9

Q9VoW4| GHO8048p 0O5=Drosophila melanogaster OX=7227 GN=Dmel\CG1774

016725| Uncharacterized protein 05S=Caenorhabditis elegans OX=6239 GN=CELE_T07D3.9

F1LA44| Acyl-coenzyme A thioesterase 9 (Fragment) OS=Ascaris suum 0X=6253

F1R961| Acyl-CoA thioesterase g, tandem duplicate 1 OS=Danio rerio OX=7955 GN=acotg.1

T2M353]| Acyl-coenzyme A thioesterase 9,mitochondrial O0S=Hydra vulgaris 0X=6087 GN=ACOT9

Q5F3B4| Uncharacterized protein 0S=Gallus gallus OX=9031 GN=RCIMB04_23c19

ADA7G2F)24| (thale cress) hypothetical protein OS=Arabidopsis thaliana OX=3702 GN=AT9943_LOCUS21625
ADAOKS8TMDO| Putative acyl-coa thioesterase (Fragment) OS5=Tabanus bromius 0X=304241

ADA1R7T311| Thioesterasefthiol ester dehydrase-isomerase OS=Arabidopsis thaliana 0X=3702 GN=At5g48370
Q3SWX2|ACOTI_BOVIN Acyl-coenzyme A thioesterase 9, mitochondrial 0S=Bos taurus OX=9913 GN=ACOT9
M1ECB5]| Acyl-CoA thioesterase 9 (Fragment) OS=Mustela putorius furo OX=9669

AQABFOD548| Acyl-coenzyme A thioesterase 9, mitochondrial-like 0S=Phallusia mammillata 0X=59560 GN=Acot9
ADASG2R7V1| Acyl-CoA thioesterase 9 0S=5us scrofa 0X=9823 GN=ACOT9

131xX9| Uncharacterized protein 0S=Dendroctonus ponderosae OX=77166 GN=D910_10473

Q7T175] Acyl-CoA thioesterase 9, tandem duplicate 1 (Fragment) 0S=Danio rerio 0X=7955 GN=acot9.1
ASNV70| Uncharacterized protein OS=Picea sitchensis 0X=3332

F1L8V2| Acyl-coenzyme A thioesterase 9 OS=Ascaris suum OX=6253

AOA4X1VD32| Uncharacterized protein 0S=Sus scrofa OX=9823 GN=ACOT9

K7DIT8| Acyl-CoA thioesterase 9 0S=Pan troglodytes OX=9598 GN=ACOT9

ADASG2QHL2| Acyl-CoA thioesterase 9 05S=5Sus scrofa 0X=9823 GN=ACOTS

Q503Q9| Acyl-CoA thioesterase 9 0S=Danio rerio 0X=7955 GN=acot9.1

ADA654GOF2| Uncharacterized protein OS=Arabidopsis thaliana 0X=3702 GN=AN1_LOCUS25073

F15Q00| Acyl-CoA thioesterase 9 05=Sus scrofa OX=09823 GN=ACOT9

ADADZ3EV02| Putative acyl-coa thicesterase OS=Aedes albopictus 0X=7160

ADAD23GBK4| Putative acyl-coa thioesterase OS=Amblyomma triste OX=251400

QBAWX1| At2g30720 OS=Arabidopsis thaliana OX=3702 GN=At2g30720

Q95TK5| LD44914p OS=Drosophila melanogaster 0X=7227 GN=Dmel\CG1635

V5HF46] Putative acyl-coa thioesterase 9 (Fragment) OS=Ixodes ricinus 0X=34613

ADAZRS80QMR4| Acyl-CoA thioesterase 9, tandem duplicate 1 OS=Danio rerio 0X=7955 GN=acot9.1

F1R5C2| Acyl-CoA thioesterase 9, tandem duplicate 1 OS=Danio rerio 0X=7955 GN=acot9.1

WBC4Q4| Acyl-coenzyme A thioesterase 9, mitochendrial 0S=Ceratitis capitata OX=7213 GN=ACOT9
AGA17934.1| TE4 OS=Humulus lupulus OX=3486

QOH2R8| CGI16-is0 OS=Homo sapiens OX=9606

H7C5Q2| Acyl-coenzyme A thioesterase 9, mitochondrial (Fragment) 0S=Homo sapiens OX=9606 GN=ACOT9
ADA131XKN3| Putative acyl-coa thioesterase (Fragment) 0S=Hyalomma excavatum OX=257692

Q498L3| MGC114623 protein O5=Xenopus laevis 0X=8355 GN=acot9.5

VOKTS1| Acyl-coenzyme A thioesterase 9, mitochondnal 0S=Callorhinchus mili OX=7868

L7MKP8| Putative acyl-coenzyme a thioesterase 9 mitochondrial (Fragment) OS=Rhipicephalus pulchellus OX=72859
Q32PS1| Acyl-CoA thioesterase 9, tandem duplicate 2 OS=Danio rerio OX=7955 GN=acot9.2

U6DQW3| Acyl-coenzyme A thioesterase 9, mitochondrial (Fragment) OS=Neogale vison OX=452646 GN=ACOT9
K8IS74| Putative acyl-coa thioesterase (Fragment) OS=Desmodus rotundus OX=9430

Q5U2X8]| Acyl-CoA thioesterase 9 0S=Rattus norvegicus OX=10116 GN=Acot9

B7ZUV2| Uncharacterized protein OS=Danio rerio 0X=7955 GN=acot2.1

Q32MW3JACO10_MOUSE Acyl-coenzyme A thioesterase 10, mitochondrial 0S=Mus musculus OX=10090 GN=Acot10
QOROX4|ACOTI_MOUSE Acyl-coenzyme A thioesterase 9, mitochondrial 0S=Mus musculus OX=10090 GN=Acot9
C6T9WS| Uncharacterized protein OS=Glycine max OX=3847

Q94245| Uncharacterized protein OS=Caenorhabditis elegans 0X=6239 GN=CELE_F57F4.1

ADAGA7GC35| HotDog domain-containing protein 0S=Hirondellea gigas 0X=1518452

F2ECL1| Predicted protein (Fragment) OS=Hordeum vulgare subsp. vulgare OX=112509

B1WB36| Acot? protein OS=Xenopus tropicalis 0X=8364 GN=acot9

Q23044| Uncharacterized protein 0S=Caenorhabditis elegans 0X=6239 GN=CELE_T22B7.7

QB8T3X0| AT27044p OS=Drosophila melanogaster OX=7227 GN=CG13771

K8K318| Mitochondrial acyl-coenzyme A thioesterase 9-like protein (Fragment) OS=Equus caballus OX=9796
ADAOF7ZE06| Acyl-coenzyme A thioesterase 9, mitochondrial-like OS=Crotalus adamanteus OX=8729

BOJZK4| Acot9 protein OS=Danio rerio 0X=7955 GN=acot9.1

G7KSH7| Acyl-CoA thioesterase, putative 0S=Medicago truncatula 0X=3880 GN=11442552

«==IC-P--RN=-==-= FGGFLMR-A-EL--

SLDICHPQERNIFNRIFGGFLMRRAYELGW
...... PENRNAHNKVFGGFLMRNASEISW
ICQPESENLYNKVFGGFLMRNAFELAW
---ICQPQQRNIHGRIFGGFLLHRAFELAF
---ICQPQQRNLHGRIFGGFLMHRAFELAF
---PEHRNQNNTVFGGFLMRSALEISW
---ICQPEFENLYNKVFGGFLMRSAYELAW
SLDICHPQERNIFNRIFGGFLMRRAYELGW
-=-=-ICQPEFENLYNKVFGGFLMRNAFELAW
SLEICHPQERNIFNRIFGGFLMRKAYELAW
--EICFPEYQNMYGKIFGGFLMRKALELAH
—————— PENRNAQNTIFGGYLMRQAVEISF
EICFPEVQNMYGKIFGGFLMRKALELAH
---ICFPSQRSVYNKVFGGYIMRIAFELAW
~LEICHPQERNIFNRIFGGFLMRKAYELGW
NLIICHPQSRNWYNKIFGGFLMRVAYELAW
-LQICHPQERNIFNRIFGGFLMRKAFELGW
---ICQPQQRNIHGRIFGGFLMHRAFELAF
--HPENRNAHNTVFGGFLMRNALEVSW
---ICQPQQRNIHGRIFGGFLMHRAFELAF
SLDICHPQERNIFNRIFGGFLMRKAYELGW
SLEVCHPQERNIFNRIFGGFLMRKAYELGW
---ICFPEQRNIHNKVFGGFLMRKAFELAW
SLDICHPQERNIFNRIFGGFLMRRAYELGW
---LAQPEDRNLHNTVFGGFIMRHATELSW
-LEICHPQERNIFNRIFGGFLMRKAYELGW
---ICQPQQRNLHGRIFGGFLMHRASELAF
---LCFPVDRNVYNKIFGGYLMRLAFELAW
SLDICHPQERNIFNRIFGGFLMRRAYELGW
SLEICHPQERNIFNRIFGGFLMRKAYELAW
SLDICHPQERNIFNRIFGGFLMRRAYELGW
-LEICHPQERNIFNRIFGGFLMRKAYELGW
---ICQPQQRNIHGRIFGGFLMHRAFELAF
SLDICHPQERNIFNRIFGGFLMRRAYELGW
----- HPEDRNAHNKVFGGFLMRNALELSW
---ICQPESENLYNKVFGGFLMRNAFELAW
---ICQPQQRNIHGRIFGGFLMRKAFELAF
---PEHRNHHNRVFGGFLMRSALEISW
---ICQPEFENLYNKVFGGFLMRSAYELAW
-LEICHPQERNIFNRIFGGFLMRKAYELGW
~-LEICHPQERNIFNRIFGGFLMRKAYELGW
------ PDONRNAHNTVFGGFLMRLALENSW
---ICQPQQRNIYGRIFGGFLMRRAVELAF
SLEICHPQERNIFNRIFGGFLMRKAYELAW
SLEICHPQERNIFNRIFGGFLMRKAYELAW
---ICQPEFENLYNKVFGGFLMRNAFELAW
~-LEICHPQERNIFNRIFGGFLMRKAYELGW
-LEICHPQERNIHNKIFGGFLMRKAFELGW
---ICQPESENLYNKVFGGFLMRNAFELAW
-LEICHPQERNIFNRIFGGFLMRKAYELGR
SLEVCHPQERNIFNRIFGGFLMRKAYELGW
SLEICHPQERNIFNRIFGGFLMRKAYELGW
SLDICHPQERNIFNRIFGGFLMRKAYELAW
-LEICHPQERNIFNRIFGGFLMRKAYELGW
SLDICHPQERNVFNRIFGGFLMRKAYELAW
SLDICHPQERNVFNRIFGGFLMRKAYELAW
---ICQPQQRNIHGRIFGGFLMRRAFELAF
--EICFPEYQNMYGKIFGGFLMRKALELAY
SILMTQPQANNAQDKIFGGYLMRKAFELGR
---ICQPQQRNLYGRIFGGFLMHRAFELAF
-LEICHPQERNIFNRIFGGFLMRKAYELGW
---IAQPEHENPYGSVFGGFLVRKGLETAE
------ PENRNESNTIFGGFIIRKAIEISY
SLEICHPQERNIFNRIFGGFLMRKAYELGW
~-LEICHPQERNIFNRIFGGFLMRKAYELGW
~-LEICHPQERNIFNRIFGGFLMRKAYELGW
---ICHPQQRNIHGRIFGGFLMNRAFELAF

Fig. S7 Alignment of TE7 family members (presumed a-helix domain). Sequences were

acquired from ThYme (https://thyme.engr.unr.edu/v2.0/). Alignment was done in COBALT

(Papadopoulos and Agarwala 2007) and visualized with SnapGene (GSL Biotech LLC, San

Diego, Canada). Consensus with a threshold of 80% is shown. Amino acids corresponding to

consensus are highlighted in green
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Q18187| 4HBT domain-containing protein 0S=Caenorhabditis elegans OX=6239 GN=C25H3.3 FNTLHGGCTSTLIDIFTTGALLLTKP--AR 28
T2M4G7| Acyl-coenzyme A thioesterase 13 (Fragment) OS=Hydra vulgaris OX=6087 GN=ACOT13 ~-GTLHGGYTSFLADYTTSIALAA-IN-NKN 27
ADADSSDNTS| Putative hgg motif-containing thioesterase (Fragment) OS=Panstrongylus megistus OX=65343 ~-GSLHGGFTSTLVDILSGVALCTHKY-YPP 28
ADA1E1WZGS| Putative paai thicester (Fragment) OS=Amblyomma aureolatum OX=187763 ~NTLHGGMATALIDICTCVLMSTAYE-ERL 28
Q9VZZ5| GEO12033p1 0S=Drosophila melanogaster 0X=7227 GN=Dmel\CG16986 ---LHGGYIMTLVDLITTYALMS-KP--CH 29
ADA131Y5D2| 4HBT domain-containing protein OS=Ixodes ricinus OX=34613 ~-GTLHGGMASTLVDLYTATATIPAYE-TDK 28
ADAD23F245| Putative hgg motif-containing thioesterase (Fragment) OS=Triatoma infestans 0X=30076 -GSLHGGLTSTLVDVLSGVALCTHKY-YPP 28
Q4QPUg| IP04554p (Fragment) OS=Drosophila melanogaster OX=7227 ---LHBGBYIMTLVDLITTYALMS-KP--CH 24
ADADC9SAMS| Putative paai thioester 0S=amblyomma americanum 0X=6943 ~NTLHGGMATTLIDICTCVLMSTAYE-EKM 28
H2QSD9| Acyl-CoA thioesterase 13 05=Pan troglodytes 0X=9598 GN=ACOT13 IGTLHGGLTATLVDNISTMALLC-TE-RGA 28
Q6DERS| Acyl-CoA thioesterase 13 OS=Xenopus tropicalis OX=8364 GN=acot13 -GTLHGGLTATLVDTVSTVALLH-TE-RGA 27
I3SFW7| 4HBT domain-containing protein OS=Lotus japonicus OX=34305 --SLHGGATATLVDVVGSAAIPTVGYSSAS 28
QONPI3| Acyl-coenzyme A thioesterase 13 OS=Homo sapiens OX=0606 GN=ACOT13 IGTLHGGLTATLVDNISTMALLC-TE-RGA 28
ADA178W7W7| (thale cress) hypothetical protein OS=Arabidopsis thaliana 0X=3702 GN=At1g04290 ---LHGGATATLVDLIGSAVIYTAG--ASH 25
F6P1Y9] Acyl-CoA thioesterase 13 OS=Danio rerio OX=7955 GN=acot13 -GTLHGGMTATLVDMISTMAIMY-SE-RGA 27
ADABFSDSW1| Acyl-coenzyme A thioesterase 13-like 0S=Phallusia mammillata OX=59560 GN=Acot13 ~-GNLHGBFTATLVDVVSTYALGT-LD-DPR 27
ADAOF7ZEO0S8| Acyl-coenzyme A thioesterase 13-like 05=Crotalus adamanteus OX=8729 ~-GTLHGGLTATLVDIVSTAALMY-SE-RGA 27
A6QQ83| THEM2 protein 0S=Bos taurus 0X=9913 GN=THEM2 MGTLHGGMIATLVDVISSLALLC-TE-RGI 28
USEIX5| 4HBT domain-containing protein 0S=Corethrella appendiculata 0X=1370023 -GGLHGGFTATLVDVVTTYALMT-KD-NCL 27
ADADUZ2IG14| Acyl-coenzyme A thioesterase 13 (Fragment) OS=Pseudodiaptomus poplesia OX=213370 MGTLHBBGFSAHLVDTVTTMALMS-NP-EGR 28
G712N8| Acyl-CoA thioesterase, putative 0S=Medicago truncatula OX=3880 GN=11419954 --SLHGGATAALVDVVGSAAIPASGYLGRN 28
W5UTES| Acyl-coenzyme A thioesterase 13 0S=Ictalurus punctatus OX=7998 GN=Acot13 ~-GTLHGGLTATLVDVISTTAFLY-TE-RGA 27
F1LEU7| Acyl-coenzyme A thioesterase 13 OS=Ascaris suum 0X=6253 -GTLHGGCTATLVDIVTTTALMA-TE-RAH 27
A9ULWS| LOC100137631 protein OS=Xenopus laevis OX=8355 GN=acot13.5 ~GTLHGGLTATLVDTVSTVALLH-TE-RGA 27
T1PG86| Thicesterase 0S=Musca domestica O¥X=7370 GN=101888219 LGGLHGGFTATLVDMVTTYALMS-KP--CH 27
Q5R833| Acyl-coenzyme A thioesterase 12 0S=Pongo abelii 0X=9601 GN=ACOT13 IGTLHGGLTATLVDNISTMALLC-TE-RGA 28
ADADKSTRVS| 4HBT domain-containing protein OS=Tabanus bromius OX=304241 -GGLHGGFTATLVDNVTTYALMT-KD--CP 26
G8G915| Acyl-coenzyme A thioesterase 13 OS=Epinephelus coioides OX=94232 ~-GTLHBGBMTATLIDDISTLAIMY-SE-RGA 27
1359K1| 4HBT domain-containing protein OS=Lotus japonicus OX=34305 --SLHGGATATLVDVVGSAAIPTVGYSSAS 28
Q1HPGS| Thioesterase superfamily member 2 0S=Bombyx mari OX=7091 ~-GTLHGGFIAHLVDAISTYALTT-NENVDT 28
M1EB28| Acyl-CoA thioesterase 13 (Fragment) OS=Mustela putorius furo OX=9669 LGTLHGGMTATLVDNISTIALLC-TE-RGA 28
D32A93| Acyl-CoA thioesterase 13 O5=Rattus norvegicus 0X=10116 GN=Acot13 FGTLHGGLTATLVDSISTMALMC-TE-RGA 28
P34419| Putative esterase F42H10.6 0S=Caenorhabditis elegans 0¥X=6239 GN=F42H10.6 -GTLHGGQTATLTDVITARAVGV-TV-KDK 27
F71QA2] Acyl-CoA thioesterase 13 0S=Callithrix jacchus 0X=9483 GN=ACOT13 LGTLHGGLTATLIDSISTFALLC-TE-RGA 28
A9NZ49| 4HBT domain-containing protein OS=Picea sitchensis OX=3332 ---LHGGATAAFVDIIGSAAIFTTG--AKS 25
GOZRI5| Thioesterase superfamily member 2 OS=Penaeus chinensis OX=139456 ~-GTLHGGBLTATLVDIVSTMALMT-TE-KAV 27
Q9CQR4| Acyl-coenzyme A thioesterase 13 05=Mus musculus OX=10090 GN=Acot13 LGTLHGGLTATLVDSISTMALMC-TE-RGA 28
F1RUEO| Acyl-CoA thioesterase 13 OS=Sus scrofa 0X=9823 GN=ACOT13 MGTLHGGMTATLVDCVSTYALLC-TE-RGA 28
I0FTD2| Acyl-coenzyme A thioesterase 13 isoform 1 OS=Macaca mulatta OX=9544 GN=ACOT13 LGTLHGGLTATLVDNISTMALLC-TE-RGA 28
F1QXQ9| Acyl-CoA thioesterase 13 OS=Danio rerio OX=7955 GN=acot13 ~GTLHGGMTATLVDMISTMAIMY-SE-RGA 27
F1LBY5| Esterase OS=Ascaris suum OX=6253 --TLHGGQTAALVDMITARAAGI-TI-KDR 26
C6TBG1| 4HBT domain-containing protein 05=Glycine max OX=3847 --SLHGGATAALVDVAGSAATIPTVGYSAPN 28
ADAZREQNUS| Acyl-CoA thioesterase 13 0S=Danio rerio OX=7955 GN=acot13 -GTLHGGMTATLVDMISTMAIMY-SE-RGA 27
B5FXY0| Putative thioesterase superfamily member 2 OS=Taeniopygia guttata OX=59729 -GTLHGGLTATLVDVVSTAALLY-TE-RAV 27
AOAOQ23EF73| Putative cpij016740 conserved protein OS=Aedes albopictus OX=7160 -GGLHGGFTATIVDVVTTYALMT-KD-NCL 27
T1PI6GO| Thioesterase OS=Musca domestica OX=7370 GN=101897518 -GTLHGGFIATIVDHVTSYALMS-TD--SH 26
T1E7Z8| 4HBT domain-containing protein OS=Anopheles aquasalis 0X=42839 ~-GGLHBGBYTATIVDVVTTYALMT-KE-NAV 27
ADAD23EGG4| Putative cpij016740 conserved protein (Fragment) OS=Aedes albopictus OX=7160 -GGLHBGGFTATIVDVVTTYALMT-KD-NCL 27
Q9VZZ6| CG16985 protein 0S=Drosophila melanogaster OX=7227 GN=BcDNA:RE30174 -GTLHGOGLTATIVDNCTTYALMS-KG--SH 26
ADAOPSIXR1| 4HBT domain-containing protein 0S=Aedes aegypti OX=7159 -GGLHGGFTATIVDVVTTYALMT-KE-NCL 27
ADAD23EFU9| Putative cpij016740 conserved protein (Fragment) OS=Aedes albopictus OX=7160 -GGLHGGFTATIVDVVTTYALMT-KD-NCL 27
K4G0B5| Thioesterase superfamily member 2 0S=Callorhinchus milii OX=7868 GN=acot13 ---LHGGLIATIVDVVSTTALLN-TE-RAT 25
Q9ASQ1| At1g04290/F19P19_27 OS=Arabidopsis thaliana OX=3702 GN=At1g04290 ---LHGGATATLVDLIGSAVIYTAG--ASH 25
B9ELN1| Thioesterase superfamily member 2 0S=5almo salar OX=8030 GN=THEM2 -GTLHGGLTATLVDVISTTAIMY-TE-RGA 27
A9PCWS5| 4HBT domain-containing protein OS=Populus trichocarpa 0X=3694 GN=POPTR_004G134066 ---LHGGATATLVDLVGSAAIFTVG--APA 25
Q8IG45| 4HBT domain-containing protein 0S=Caenorhabditis elegans 0X=6239 GN=C25H3.14 --TLHGGCTAALIDCFTTGALLLTKE--AR 26
ADAOKSRLE0| 4HBT domain-containing protein OS=Ixodes ricinus 0X=34613 MGSLQGGMAATLVDVISTYALLT--L-RDV 27
V5IGAS| Putative hgg motif-containing thioesterase 0S=Ixodes ricinus OX=34613 -GSLQGGMAATLVDIISTYALLT--L-RDV 26
ADA131Y6M6E| 4HBT domain-containing protein OS=Ixodes ricinus OX=34613 MGSLQBGMAATLVDVISTYALLT--L-RDV 27
V5GWES| Putative hgg motif-containing thioesterase 0S=Ixodes ricinus 0X=34613 MGSLQGGMAATLVDVISTYALLT--L-RDV 27
ADAOKSRL72| 4HBT domain-containing protein 05=Ixodes ricinus 0X=34613 -6SLQGGMAATLVDVISTYALLT--L-RDV 26
ADAD23G703| 4HBT domain-containing protein OS=Amblyomma triste OX=251400 LGTMQGSFSASLVDVISTYALLT--L-RDV 27
ADA131X954| 4HET domain-containing protein OS=Hyalomma excavatum OX=257692 LGTLQBSFSASLVDVISTYALLT--L-RDV 27
ADA1E1WXB2| 4HBT domain-containing protein (Fragment) OS=Amblyomma aureolatum OX=187763 LGTMQGSFSASLVDVISTYALLT--L-RDV 27
L7LYQ5| 4HBT domain-containing protein 0S=Rhipicephalus pulchellus 0X=72859 LGTMQGSFSASLVDVISTYALLT--L-RNV 27
AOA023GSPS5| 4HET domain-containing protein OS=Amblyomma triste OX=251400 LGTMQGSFSASLVDVISTYALLT--L=-RDV 27
Q7XV63| 0s0490436100 protein OS=0ryza sativa Japonica Group 0X=39947 GN=0s0490436100 ~-GYLLSGVTATLADQLGSGVFLSSG--IGT 27
ADABISYOMO| Acyl-coenzyme A thioesterase 13 0S=Zea mays OX=4577 GN=Acot13_1 VGYLRSGVTATLADQLGSAVFFCSG--IPS 28
B6UFQ3| Thioesterase superfamily member 2 05=Zea mays 0X=4577 GN=100286193 -GYLRSGVTATLADQLGSAVFFCSG--LPS 27
F2DNV6| Predicted protein OS=Hordeum vulgare subsp. vulgare OX=112509 -GYLLSDVTASLADQLGSAVFFSSG--VGT 27

Fig. S8 Alignment of TE8 family members (a-helix domain). Sequences were acquired from
ThYme (https://thyme.engr.unr.edu/v2.0/). Alignment was done in COBALT (Papadopoulos
and Agarwala 2007) and visualized with SnapGene (GSL Biotech LLC, San Diego, Canada).

Consensus with a threshold of 80% is shown. Amino acids corresponding to consensus are

highlighted in green
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Consensus ---LHGG-8S----E-=-=-8---cccoooon-
B4XYA6| Azi13 OS=Streptomyces sahachiroi OX=285525 GN=azi13 HGILHGGVHCAVVESVASAAADRWLG--DR
B6U112| 4HBT domain-containing protein 0S=Zea mays OX=4577 --VLNGGVSALVAESTASVGAFMASG----
AAF76242.1| FcbC2 OS=Arthrobacter sp. TM1 OX=75752 -GLVHGGAYCALAEMLATEATVAVV--HEK
C6T4X8| 4HBT domain-containing protein OS=Glycine max OX=3847 GN=100527631 -KVLHGGVSALVAESLASIGAHMASG----
Q6AVS57| 0s03g0691400 protein 0S=0ryza sativa Japonica Group 0X=39947 GN=LOC_0s03g48480 -KVLHGGVSALIAEGLASMGAHMASG- - - -
QOIFI76|DNAT2_ARATH 1,4-dihydroxy-2-naphthoyl-CoA thioesterase 2 OS=Arabidopsis thaliana OX=3702 GN=DHNAT2 -KVLHGGVSALIAEALASLGAGIASG-- -~
A9NTP7| 4HBT domain-containing protein OS=Picea sitchensis 0X=3332 --VLHGGISAFLAESLGSLGAITIASG----
B7FMY5| 4HBT domain-containing protein OS=Medicago truncatula 0X=3880 -KVLHGGVSAMISESLASIGAHIACG----
A9NKEO| 4HBT domain-containing protein OS=Picea sitchensis 0X=3332 --VLHGGISAFLAESLGSLGAFITSG----
1Q4T|B crystal structure of 4-hydroxybenzoyl CoA thioes..ith 4-hydroxyphenyl CoA OS=Arthrobacter sp. SU OX=71255 -GLVHGGAYCALAEMLATEATVAVV--HEK
ADAOH2WYZ8| ComA2 family protein OS=Staphylococcus aureus subsp. aureus COL OX=93062 GN=SACOL0947 FGYLHGGASIALGETACSLGSANLID--TT
A0A178U9Y4| DHNAT2 OS=Arabidopsis thaliana 0X=3702 GN=At5g48950 -KVLHGGVSALIAEALASLGAGIASG----
A9POMS| 4HBT domain-containing protein OS=Picea sitchensis 0X=3332 --VLHGGVSAFLAESLGSLGAYMASG----
F2E6E2| Predicted protein OS=Hordeum vulgare subsp. vulgare OX=112509 -KMLNGGVSALIAESSASIGGYMASG----
B4F943| 14-dihydroxy-2-naphthoyl-CoA thioesterase 1 0S=Zea mays 0X=4577 GN=100191529 ---LNGGVSALMAETTASIGGYVASG----
COP6C4| 4HBT domain-containing protein OS=Zea mays 0X=4577 -KVLHGGVSALVAEALASMGAHMASG- - - -
Q04416|4HBT_ARTSP 4-hydroxybenzoyl-CoA thioesterase OS=Arthrobacter sp. OX=1667 GN=fcbC -GLVHGGAYCALAEMLATEATVAVV--HEK
AGNTZ2| 4HBT domain-containing protein OS=Picea sitchensis OX=3332 -KVLHGGVSSLISEGLASMGAHIASG----
CA)77823.1| 4-chlorobenzoyl CoA thioesterase OS=Arthrobacter sp. FG1 OX=405744 -GLVHGGAYCALAEMLATEATVAVV--HEK
QCOPDS6| 14-dihydroxy-2-naphthoyl-CoA thioesterase 1 0S=Zea mays OX=4577 GN=100383169 -KVLHGGVSALVAEALASMGAHMASG- - --
COPCH8| 4HBT domain-containing protein OS=Zea mays 0X=4577 ---LNGGVSALMAETTASIGGYVASG----
C6T483| 4HBT domain-containing protein OS=Glycine max 0X=3847 GN=100527403 -KVLHGGVSALIAESLASMGAHMASG- - - -
F2D112| Predicted protein OS=Hordeum vulgare subsp. vulgare 0X=112509 -KVLHGGYSALVSEGLASMGAHMASG- - - -
135G93| 4HBT domain-containing protein OS=Lotus japonicus 0X=34305 -KVLHGGVSAMIAESLASMGAHMASG-- - -
F2D139| Predicted protein OS=Hordeum vulgare subsp. vulgare OX=112509 -KVLHGGVSALIAEGLASMGAHMASG- - - -
G71QD5| Acyl-CoA thioesterase OS=Medicago truncatula 0X=3880 GN=11441252 ~-KVLHGGVSAMISESLASIGAHIACG--~-~
POABYS|ENTH_ECOLG Proofreading thioesterase EntH OS=Escherichia coli CFT073 OX=199310 GN=entH FGLLHGGASAALAETLGSMAGFMMT--RD-
AOA2P1CQE3| Thioesterase 2 OS=Petunia x hybrida 0X=4102 ~QVLHGGVSALIAESLASMGAHVACG- -~ -
P9WIM3|Y1847_MYCTU Putative esterase Rv1847 OS=Mycobacterium tuberculosis H37Rv 0X=83332 GN=Rv1847 ~-GVVHGGVYCAMIESIASMAAFAWLNSHGE
Q9SX65|DNAT1_ARATH 1,4-dihydroxy-2-naphthoyl-CoA thioesterase 1 OS=Arabidopsis thaliana 0X=3702 GN=DHNAT1 ~-KVLHGGVSALIAESLASMGAHMASG- - - -
B6TL)7| Acyl-CoA thioesterase/ catalytic/ hydrolase, acting on ester bonds OS=Zea mays OX=4577 -QVLHGGYSALVAEGLASMGAHMASG- - - -
135426| 4HBT domain-containing protein 0S=Medicago truncatula OX=3880 --VLHGGVSAVIAEALASIGAHVACG----
AOAZP1CQD7| Thioesterase 1 OS=Petunia x hybrida OX=4102 -KVLHGGISALIAESLASMGAHIASG----
BSLQG2| 4HBT domain-containing protein OS=Picea sitchensis OX=3332 -KVLHGGVSSLISEGLASMGAHIASG- - -~
QOI3A4|Y1618_PSEAE Putative esterase PA1618 OS=Pseudomonas aeruginosa PAO1 OX=208964 GN=PA1618 FGLLHGGASVVLAESLGSMASYLCVD--TS
BAB40578.1| 4-HBA-CoA thioesterase OS=Arthrobacter sp. FHP1 OX=121606 -GLVHGGTYCALAEMLATEATVAVV--HEK
COP6T7| 14-dihydroxy-2-naphthoyl-CoA thioesterase 1 0S=Zea mays 0X=4577 GN=100283760 -QVLHGGVSALVAEGLASMGAHMASG----
P45083|Y1161_HAEIN Putative esterase HI_1161 OS=Haemophilus influenzae Rd KW20 OX=71421 GN=HI_1161 FGVLHGGVSVALAETIGSLAGSLCLE---E
ADA6A7GEHO| Esterase OS=Hirondellea gigas OX=1518452 FGVLHGGASVVLAETLGSVAGNMAID--ED
P77781|MENI_ECOLI 1,4-dihydroxy-2-naphthoyl-CoA hydrolase OS=Escherichia coli K-12 0X=83333 GN=menI FGLLHGGASVVLAESIGSVAGYLCTE--GE
F2CSG6| Predicted protein OS=Hordeum vulgare subsp. vulgare 0X=112509 -KVLHGGYVSALVSEGLASMGAHMASG- - - -

Fig. S9 Alignment of TE11 family members (a-helix domain). Sequences were acquired from
ThYme (https://thyme.engr.unr.edu/v2.0/). Alignment was done in COBALT (Papadopoulos
and Agarwala 2007) and visualized with SnapGene (GSL Biotech LLC, San Diego, Canada).

Consensus with a threshold of 80% is shown. Amino acids corresponding to consensus are

highlighted in green

—‘ a-helix I—

Consensus -6-AHGG-LF-L-D----L---8-6---V-
P76084|PAAI_ECOLI Acyl-coenzyme A thioesterase Paal OS=Escherichia coli K-12 0X=83333 GN=paal HQSCHGGQLFSLADTAFAYACNSQGLAAVA 30
ADA219QEY9| Paal family thioesterase OS=Streptococcus mutans OX=1309 GN=A6]86_007130 YGFAHGGYIFTLCDQISGLVSISTGFDAVT 30
AOAOH2URFO| 4HBT domain-containing protein OS=Streptococcus pneumoniae TIGR4 OX=170187 GN=SP_1851 YGNAHGGYLFTLCDQISGLVVISLGBLDGVT 30
Q551P3| Phenylacetic acid degradation protein Paal 0S=Thermus thermophilus HB8 0X=300852 GN=TTHA0965 HGTAHGGFLYALADSAFALASNTRG-PAVA 29
ADAOM3KL39| Hypothetical Thioesterase Protein SP_1851 OS=Streptococcus pneumoniae TIGR4 OX=170187 GN=5P_1851 YGNAHGGYLFTLCDQISGLVVISLGLDGVT 30
AOAOM3KLO7| Hypothetical Thioesterase Protein SP_1851 OS=5treptococcus pneumoniae TIGR4 OX=170187 GN=5P_1851 YGNAHGGYLFTLCAQISGLVVISLGLDGVT 30
ADAOM3KLO8| Hypothetical Thioesterase Protein SP_1851 OS=Streptococcus pneumoniae TIGR4 0X=170187 GN=SP_1851 YGNAHGGYLFTLCDQISGLVVISLGLDGVA 30

Fig. S10 Alignment of TE31 family members (a-helix domain). Sequences were acquired from
ThYme (https://thyme.engr.unr.edu/v2.0/). Alignment was done in COBALT (Papadopoulos
and Agarwala 2007) and visualized with SnapGene (GSL Biotech LLC, San Diego, Canada).

Consensus with a threshold of 80% is shown. Amino acids corresponding to consensus are

highlighted in green
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1 | INTRODUCTION
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Abstract

Plasmids are one of the most important genetic tools for basic research and
biotechnology, as they enable rapid genetic manipulation. Here we present a novel
pBBR1-based plasmid for Methylorubrum extorquens, a model methylotroph that is
used for the development of C1-based microbial cell factories. To develop a vector
with compatibility to the so far mainly used pCM plasmid system, we transferred the
pBBR1-based plasmid pMiS1, which showed an extremely low transformation rate
and caused a strong growth defect. Isolation of a suppressor mutant with improved
growth led to the isolation of the variant pMis1_1B. Its higher transformation rate
and less pronounced growth defect phenotype could be shown to be the result of a
mutation in the promotor region of the rep gene. Moreover, cotransformation of
pMisl_1B and pCM160 was possible, but the resulting transformants showed
stronger growth defects in comparison with a single pMisl1_1B transformant.
Surprisingly, cotransformants carrying pCM160 and a pMis1_1B derivative contain-
ing a mCherry reporter construct showed higher fluorescence levels than strains
containing only the pMis1_1B-based reporter plasmids or a corresponding pCM160
derivative. Relative plasmid copy number determination experiments confirmed our
hypothesis of an increased copy number of pMisl_1B in the strain carrying both
plasmids. Despite the slight metabolic burden caused by pMis1_1B, the plasmid
strongly expands the genetic toolbox for M. extorquens.

KEYWORDS

cotransformation, expression system, Methylorubrum extorquens AM1, plasmid, plasmid copy
number, Rep gene

biotechnological production of various products including
1-butanol, 3-hydroxypropionic acid, mono- and dicarboxylic

Methylorubrum extorquens has great potential to become a
universal production strain for the C1-based bioeconomy (Chen
& Lan, 2020; Ochsner et al., 2014; Zhang et al., 2019). In the
last decade, several M. extorquens strains with heterolo-

gously expressed metabolic pathways were described for the

acids, mevalonate or a-humulene (Hu & Lidstrom, 2014; Liang
et al,, 2017; Lim et al,, 2019; Schada von Borzyskowski et al.,
2018; Sonntag et al., 2014, Sonntag, Kroner, et al., 2015; Sonntag,
Miiller, et al., 2015; Yang et al, 2017). The development of

production strains, however, is limited by the organism's

This is an open access article under the terms of the Creative Commons Attribution License, which permits use, distribution and reproduction in any medium,

provided the original work is properly cited.
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restricted genetic accessibility. Although the bacterium has
served as a model organism for methylotrophy for many decades
and is therefore well described, only a few genetic tools have
been developed. Plasmids are a key tool for the biotechnological
applicability of a strain. The simultaneous use of two independent
plasmids provides experimental flexibility and simplifies screen-
ings and production strain developments. The compatibility of
two or more plasmids in a single bacterial cell requires not only
different selection markers but, more importantly, different
origins of replication and partitioning systems (del Solar et al.,
1998; Novick, 1987). As part of their characterization, plasmids
are divided into Inc groups: plasmids from the same group are
usually incompatible.

For M. extorquens AM1, besides a recently described set of
mini chromosomes (Carrillo et al., 2019), derivatives of the pCM
plasmid system (Marx & Lidstrom, 2001) were used almost
exclusively as episomal vectors for heterologous gene expression.
The expression vectors pCM80 (tc®) and pCM160 (kan®) are based
on pDN19, a small IncP vector (Marx & Lidstrom, 2001). The
authors of the respective study isolated the derivative pDN19X
from M. extorquens AM1 transformed with pDN19. This derivative
could be efficiently maintained and retransferred in M. extorquens
AM1 and was used as a basis for the development of the pCM
system (Marx & Lidstrom, 2001). In their work, the authors also
showed that pBBR1MCS-2, a vector derived from Bordetella
bronchiseptica pBBR1, could be transferred into M. extorquens
with very low transformation efficiency and a significantly
reduced transformant growth rate. Since this vector is known to
be compatible with IncP group plasmids (Antoine & Locht, 1992;
Kovach et al., 1994, 1995), we chose it as a starting point for the

TABLE 1 Plasmids and bacterial strains used in this study

Name Relevant features
Bacterial strains

Escherichia coli DH5a
supE44, N, thi-1 gyrA%6 relAl

Methylorubrum extorquens AM1
a-proteobacterium

F~ 80lacZAM15, AllacZYA-argF)U169, recAl, endAl, hsdR17 (rx", mk") phoA,

CcmR, gram-negative, facultatively methylotrophic, obligate aerobic

development of a plasmid with compatibility with the pCM vector
system. The GC content of 64.6% seems to be applicable to
M. extorquens AM1 (overall GC content of 68.5% [Vuilleumier
et al.,, 2009]) and its diverse usability as a broad range vector can
be also useful for certain applications. Here, we describe a
pBBR1-derived plasmid with a mutation upstream of the rep gene
that confers suitability for cotransformation with established

pCM plasmids.

2 | MATERIALS AND METHODS

2.1 | Plasmids and bacterial strains

A list of all used plasmids and bacterial strains is given in Table 1.
Reporter gene plasmids were constructed by subcloning synthesized
DNA fragments (BioCat) into plasmid backbones. Used sequences
and restriction enzymes are listed in Table 2. Analysis of sequences
and creation of plasmid map was done with SnapGene (www.
snapgene.com). Transformation of M. extorquens AM1 with plasmid
DNA was performed as previously described (Toyama et al.,, 1998).
If not stated differently, 100ng of plasmid DNA was used for
transformations.

2.2 | Media and culture conditions

Escherichia coli DH5a (NEB) was used for plasmid amplification
and cloning. E. coli cultures were grown in LB (lysogeny broth)
medium (Bertani, 1951). M. extorquens AM1 (Peel & Quayle, 1961)

Reference

ATCC

Peel and Quayle (1961)

Plasmids
pCM160 Constitutive expression vector for M. extorquens; Kan®, pmxaF (IncP) Marx and Lidstrom (2001)
pCMB80 Constitutive expression vector for M. extorquens; TcR, pmxaF (IncP) Marx and Lidstrom (2001)
pMisl Pseudomonas putida expression vector, Kan® Mi et al. (2014)
pMis4 P. putida expression vector; pMis1 derivative with mutated rep gene, Kan® Mi et al. (2016)
pBBR1MCS-2 broad-host-range expression vector, Kan® Kovach et al. (1995)
pMis1_1B pMis1 derivative, Kan® This study

(GenBank OP441404)
pCM160_mCherry pCM160-based mCherry reporter plasmid This study
pMis1_1B_P.ar_mCherry pMis1_1B based mCherry reporter plasmid, promoter rhaPgap Was exchanged This study

with Prar

183



Manuscripts and publications

,W[ LEY‘w

MicrobiologyOpen

POSCHEL €t AL

09TINDd

ar 1siind

auogpeg

SuluojD Joj S3}IS UOIIDLIISAL HIEW SapI0ajINu paullapun (Aueuuan ‘SiaqaplaH) 1810lg AQ pazisayjuAs sem yNQ ‘spiwseld Jaliodas jo Sujuopd Joj pasn saduanbas oayuAs  z 319V L

10GX + 14023

Pasn S3WAZUS uoldL}SAY

J2LVIOVVYLIOVVIVLIDLODOVO

-OVOD1VI9D9D29DI0VIILIVIIDIIDDDVOIIDIDIVYOIIVLOVIVVIDLDD LVIIVIVIOVIOVOIVVIVIIDLIDVILVIVOOLLOVVD
~LVOVVIL92VVIV.LD2929922239109VIDLDIIIDVVIOVYIIDDVVIVLIIVIOVIVYILOOVILIDIVIIVLIVIOIODIDDIVD
“OVVOLOOVVOILIDOVOVIOVVILVIVIIDDDVYDILIDDDIDDIVIIVIIIIIVLID LVIIIOVIIILII122D9VIIDLIDDDLVIOVO
“VVOVVOVIOLVVY.LIDD2329D0VDID1LII33DL1OVVIIVIDIIODIDLIDVYILODVYIVLILVILLOVOIDDIVOIVIODLIIILOD1DVIOVD
-00VO1922VOL1DD19299293DVOIVIILLIVYO LV LDD9IDVIDDLOVYILIIODDVOIIIILLID1D1IOVVILLIVIIVOIDIILVD
-V92292222VIOVVI LIV 12099VVIILI9DIVIOLVILLIOVILIIID1D1I321VIVIOD L2921 1332D12222299199DVVI

-0V L19DVVOLIDVVIIDIIVOVIOIVIDIDVIIVLIIDIDIIDDDVIIDDDVIIDIIVIILVOVIILLOVIIVIIDIIVYD

1yds -192212999V991VIVID199VYIL1D9ID LYILLOVIIVYILYILYIIDDLVIVVLYOOVIOVIIDDDVVIOVI LD LVIDLVID
Aayow 09T INDd

VOVLO1VV1OVVIOV1O109VOIVOOLVYIDDI299IIVIILOVIIDII9DOVIIDIDIDDVYOIIVL
-OVIVYOOLODLVIOVIVLIOVOOVOIVVYIVIDDLDDVILVIVIOLIOVYILVIVYILOOVYIVLDD92992209129VI9192009VVOVYD
-299VVYIVLIOVIOVOVVYILOOVODL1D9IVOIVLIIVIOODIDDIVIOVVOLIOVYOLIDOVOVIOVVYILYOVOIODOOVYOLIIIDIDDIVOOVO
-2220V191VO929VYDID122123099VDD9109991VIIVOVVYOVVYOVIOLVY.LD9D222990VOIILD2D2L1IVVYIIVIODIDIDO1LD9VVO
-199VVOVLD1VIL119VOD990VOOVIOLID212010VOOVIDIVIL922VOLDD19099299IVIOVIILLIOVYILYOLDDDDOVO
-9919VVI110999v92220110219100VVOLLOV.IOVDIIIDLVIVOIDDI220VIOVYOLODVLIDD99VVYIILD99IVLIOLVILLIOVD
-12222191321V¥IVO9910292112232912320223991999VVIIVO199VVOLDOVYIIDIDVOVIIIVIOIOVYOIVLIIDID9II909VO
-2999V90999VOILVOVOILLOVIIVIOODDIVVOLIDIDLD999VIDLVYIVIDLOOVYILLDDDDLIVILIOVOOVVYILVYILVIDODLIVOVVYL
“YOOVOOVOIODOVYIOVOLODLYILIDODVOVOIIDIDVLVOVOVI LD LODVVYVYYVYOVILIDVVYOODL1DD0OVOIOVOIDLLDOVOLVODILLDVD
-99291VODVILLVYOVLIDDIVIVYVYVYVLD1LVVYIDDOIDVOVVLIVILLIDIOVVIVY.LODODVOOOVYOIOOVLIVIVYYYOVLIDDOVVYVYD
-1¥V221909D1VIOVOVYV.LDOVIIVODDLOIVYVOVYLIVOLIDIODIVIIDDOLIVYOVLLIIOVIODL1DD9DVIOVIVOIOLIDDVL

Auayyw™UgT g TsING

“VV229L1VOOVOVVYILDD222239922219991vI2391990VVIVIOVILLDDD2999VI29211393299901990112920021L1VVD

sasuanbag/spiwse|d

184



Manuscripts and publications

POSCHEL et AL

40f9 s
4LWI LE Y—MicrobiologyOpen

Name Sequence

LPoe144_qPCR_fw_ref GATCAGCGTGACGTACTG
LPoe145_qgPCR_rev_ref CCGGTTCTTCTCGTGATC
LPoe150_gPCR_fw_pMis CGAGGATCTCGTCGTGACC
LPoe151_gPCR_rev_pMis =~ TATCACGGGTAGCCAACGC

(a) of inﬁhhation of ir?czuﬂb:tion of i‘::ljut):ﬁon

M. extorquens AM1
+ pCM160

M. extorquens AM1
+pMis1_1B

M. extorguens AM1 |
+ pMis1

(b)
5' GTGCGGCACCCCTACCGCATGGAGATAAGCATG 3'
rep

FIGURE 1 Growth of Methylorubrum extorquens AM1 after
transformation with pCM160 or pBBR derivatives and DNA
sequence differences between the used pBBR derivatives pMis1 and
pMis1_1B. (a) Transformation plates after transformation of M.
extorquens AM1 with 30 fmol of pMisi1, pMis1_1B, or pCM160.
Transformation plates were photographed after 96, 120, and 240 h
of incubation. (b) Mutation in the sequence of pMis1_1B. The
inserted nucleotide (cytosine) is located 22 bp upstream of the rep
gene, whose start codon is indicated by italic letters.

cultivations were performed in a liquid minimal medium (Peyraud
et al, 2009) with 123mM methanol and a final concentration of
12.6 uM CoClI2 (Kiefer et al., 2009; Sonntag et al., 2014). Solid
medium contained 1.5% [w/v] agar-agar. Antibiotics were used in
concentrations of 50 pg/ml for kanamycin or 10 pg/ml for tetracy-
cline hydrochloride. All media components were purchased from Carl
Roth or Merck. M. extorquens AM1 main cultures were inoculated to
an ODggo value of 0.1 with precultures grown for 48 h at 30°C and
180 rpm on a rotary shaker.

2.3 | Growth monitoring and fluorescence assays

For the high-resolution monitoring of growth and mCherry

fluorescence signals, M. extorquens AM1 cultures were grown in

TABLE 3 Primers used for real-time
polymerase chain reactions

Target of amplification

Parts of gene kgtP
(genomic DNA = "Ref”)

Parts of Kan® cassette on pMis
(plasmid DNA = “target”)

a BioLector® microbioreactor system (m2p-labs GmbH). Main
cultures were grown in Flowerplate® wells at 30°C, 1000 rpm,
and 85% humidity. The final cultivation volume was 1ml. The
level of mCherry reporter protein was measured via its fluores-
cence signal at 580/610 nm [ex/em]. Growth was monitored via
scattered light signals.

2.4 | Determination of relative plasmid copy
numbers

The relative plasmid copy number (PCN) of pMis1_1B_mCherry
was determined by comparing plasmid-specific real-time PCR
fluorescence signals in strains containing two plasmids (=sample)
to strains containing one plasmid (=control). The main cultures of
respective strains were inoculated and cultivated as described
above. Cells were harvested in the mid to late exponential growth
phase after 45 h of cultivation. DNA was isolated with a QlAamp®
DNA Mini kit (Qiagen) following the manufacturer's instructions
for bacterial cells. Real-time PCR primers pairs (Table 3) were
designed for amplification of a specific region of the resistance
markers on the plasmids (=target) as well as for amplification
of a genomic reference sequence (=Ref), all yielding amplicons
of 140-143 nucleotides in length. Real-time PCR experiments
were performed using QuantiTect® SYBR® Green PCR Kit in
a PikoReal™ System (Thermo Scientific) according to the
manufacturer's instructions. The following PCR protocol was
used: 15 min at 95°C followed by 45 cycles of 94°C/15s, 50°C/
30s, and 72°C/30s. The specificity of primers was confirmed by
melting curves and gel electrophoresis. The dynamic range of
reaction was validated by testing a tenfold serial dilution of DNA
template ranging from 50ng to 5pg. The efficiency (E) was
subsequently calculated with Equation (1) (Higuchi et al., 1993;
Rasmussen, 2001).

E = 10-1/slope (1)

The amount of starting material for the final experiments was
500 pg of template DNA. All reactions were performed in biological
triplicates. The relative ratio (R) was calculated with the Pfaffl
efficiency-corrected model with averaged controls (Equation 2):
(Pfaffl, 2004).

(Etarget)ACP target(MEAN  control-sample)

(EREf)ACp Ref(MEAN  control-sample) (2)
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FIGURE 2 Compatibility of pMis1_1B and pCMB80. (a) Transformation efficiencies of pCM80 and pMis1_1B for single and double
transformations. Transformation mixtures contained 30 fmol plasmid DNA for single plasmid transformations and 30 fmol plasmid DNA of each
plasmid in double transformations. Transformation mixtures were plated on a solid medium with antibiotics for the corresponding plasmid(s).
Antibiotics used are indicated by the bar pattern. Colonies of single transformants were counted after 144 h of growth, while colonies of
cotransformants were counted after 192h of growth. (b) Growth of Methylorubrum extorquens AM1 in a microbioreactor system containing no
plasmid, pCM160, pMis1_1B, or pMis1_1B and pCM80 in combination, respectively. Selective antibiotics were used as follows: w/o plasmid:
none; pCM160 or pMis1_1B: kanamycin; pMis1_1B + pCMB80: kanamycin + tetracycline. Three independent biological replicates were measured.

Colored areas indicate the standard deviation (SD).

3 | RESULTS AND DISCUSSION

3.1 | Increased transformation efficiency of pMis
variant pMis1_1B

We tested different variants of pBBR1 (Antoine & Locht, 1992) for
transformability in M. extorquens AM1, as pBBR1MCS-2 was
transferred into M. extorquens AM1 already, albeit with very low
efficiency (Marx & Lidstrom, 2001). Plasmids pMis1 and pMis4 are
derivatives of pBBR1MCS-2 carrying a rhamnose-inducible promoter
(Mi et al., 2016). In pMis4, a mutation in the rep gene leads to a
G159S modification in the Rep protein. This mutation prevented the
plasmid burden caused by pMis1 in Pseudomonas putida (Mi et al.,
2016). The named plasmids and a pCM160 control were transferred
into M. extorquens AM1, and an aliquot of 100 pl of the transforma-
tion mix was spread on selective agar plates. Although transformation
of M. extorquens AM1 with pCM160 vyielded almost a lawn of
colonies after 96h of incubation, other plasmids yielded a low
number of transformants after 192h of incubation: On the
pBBR1MCS-2 transformation plate, only 2 very small colonies
were visible, indicating a severe growth defect of the respective
transformants. Transformation with pMisl yielded in a sole, big

colony, and transformation with pMis4 in a small number of big

186

colonies. The respective plasmids of these colonies were isolated and
30 fmol of pDNA was retransformed into M. extorquens AM1 along
with pCM160 as a control. Only the plasmid isolated from the pMis1
transformant showed a clear increase in transformation efficiency
compared to pMis1l and was named pMis1_1B (Figure 1a). Colonies
of pMisl_1B transformants were clearly visible after 96h of
incubation, with inconsistent colony size, whereas colonies of pMis1
transformants were not visible even after 240h of cultivation.
Complete sequencing of pMis1_1B revealed an insertion of one
cytosine residue 22 bp upstream of the rep gene (Figure 1b). This
insertion upstream of the rep region has likely altered the plasmid
copy number (PCN). For pBBR1-based plasmids, the Rep protein is
known to play a crucial role in PCN control by binding to the origin of
replication (ori) (Antoine & Locht, 1992; del Solar et al., 1998).
Consequently, modifications in the rep gene region have been shown
to influence the PCN (Mi et al., 2016; Tao et al., 2005; Wadood et al.,
1997). Interestingly, the currently used pCM system is based on a
similar experiment with the plasmid pDN19 (Marx & Lidstrom, 2001).
pDN19 was transferred into M. extorquens AM1 with low efficiency,
but a mutated derivative (pDN19X) could be isolated from a
transformant. pDN19X was efficiently maintained and showed
enhanced transformation efficiency. The described single-point

mutation in traJ led to changes in transformability even though all
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FIGURE 3

mCherry + pCM80

Investigation of phenotypes for Methylorubrum extorquens AM1 strains carrying pCM160 and pMis1_1B_P,,..r_mCherry. (a)

Growth and mCherry fluorescence signal of M. extorquens AM1 containing pCM160, pMis1_1B_P....r_mCherry, or both plasmids in combination.
Three independent biological replicates were investigated in a microbioreactor system. Colored areas indicate the standard deviation (SD).
(b) Ratio of relative PCN of pMis1_1B_P.ar_mCherry in M. extorquens AM1 + pMis1_1B_P,..r_mCherry + pCMB80 to the same plasmid in M.
extorquens AM1 + pMis1_1B_P,.r_mCherry. The chromosomal housekeeping gene was used as a reference. The mean value of relative
pMis1_1B_P,.xar _mCherry PCN of the control strain (= 1) is shown by a dashed line. For each strain, three independent transformants (I-111) were

measured.

traJ functions were provided by helper plasmids. The authors,
therefore, speculated that transformability was not enhanced by
changes inTraJ but by a change in PCN. This confirms that the PCN is
an extremely important factor for M. extorquens plasmids.

3.2 | Compatibility of pMis1_1B with the
established pCM plasmids

For testing the compatibility of pMis1_1B with the pCM system, M.
extorquens AM1 was transformed with pMis1_1B and pCM80
simultaneously, The cotransformation did lower the transformation
efficiency by 2-fold compared to transformation of pMis1_1B alone
(Figure 2a). Furthermore, colonies of cotransformants were only
clearly visible after 8days of growth, indicating an increased
metabolic burden caused by the presence of both plasmids. Detailed
growth monitoring in liquid growth medium confirmed these results:
While M. extorquens AM1 harboring pMis1_1B already showed a
reduced growth rate compared to the pCM160-containing strain or
the plasmid-free strain, cotransformation with both plasmids strongly
reduced the growth rate (Figure 2b). Plasmid-induced reduction of
growth rates under methylotrophic growth conditions due to
metabolite limitations have already been described for M. extorquens
AM1 (Kiefer et al., 2009). We, therefore, tested increased amounts of

several media components but were unable to identify any medium-
related limitation (data not shown). Only a reduction in the kanamycin
concentration resulted in an increased growth rate, but most
probably reduced plasmid maintenance stability or copy number, as
revealed by fluorescence quantification experiments using an
mCherry reporter derivative of pMis1_1B (Figure A1l). Mutations in
the rep-gene region were already successfully used to increase the
copy number of pBBR-based broad host range plasmids and the
growth rate of corresponding transformants (Mi et al., 2016; Tao
et al., 2005). A more directed screening of rep gene expression level
variants might identify a more suitable expression level associated
with less plasmid burden.

3.3 | Characterization of pMis1_1B as pCM
coexpression vector

Despite the lower growth rates of the cotransformants, pMis1_1B is
nevertheless a promising candidate for simultaneous gene expression
from two plasmids in M. extorquens AM1. To investigate the plasmid
stability and general expression levels from pMisl_1B, we used
pMisl_Pxar_mCherry containing the reporter gene under the control
of the strong native constitutive promotor P...r. Expression of

mCherry did not change the growth behavior of the respective strains
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(Figure A2). We investigated the mCherry expression levels from
respective pCM and pMis1_1B constructs in strains with one or two
plasmids, respectively. The previously described growth defect of the
cotransformants was also visible in this experiment (Figure 3a).
However, there was a clear synergistic effect in terms of expression:
The mCherry signal originating from pMis1_1B_P,.r_mCherry was
substantially increased if pCM80 was additionally present. The
maximal mCherry fluorescence signal of the cotransformants even
exceeded the values from pCM160_mCherry single transformants.
One explanation for this finding could be an increased PCN. We,
therefore, determined the relative PCN of pMisl_1B_mCherry for
strains containing two plasmids and strains containing only a single
plasmid by real-time PCR. Since the efficiency of the used primer
pairs varied from 1.73 to 1.96, the E-corrected Pfaffl-method was
used (Pfaffl, 2004). Although the values determined for each of the
three replicate strains containing two plasmids showed a strong
variation, a clear increase in PCN was detectable when both plasmids
are present in M. extorquens AM1 (Figure 3b). Thus, the presence of

pCMB8O led to a strong increase in the pMis1_1B copy number.

4 | CONCLUSIONS

The pBBR1 derivative pMis1_1B, which we characterized in this
study represents a novel plasmid for M. extorquens, which is
compatible with the widely used pCM system. Even though the
growth rate of M. extorquens AM1 was affected when both plasmids
were present in the cells, pMis1_1B could be a powerful tool for
certain applications. For example, it provides enormous facilitation
for the combinatorial testing of multiple enzymes during the
development of synthetic pathways. Moreover, a new plasmid
system that is not as stably maintained as pCM could be useful for
applications where an expression plasmid is only needed transition-
ally as for the expression of Cre-recombinase in a Cre/loxP
recombination system or for CRISPR gene editing. With pMis1_1B,
a new useful tool has been added to the expanding genetic toolbox

for M. exterquens.
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APPENDIX
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6.4 Expression of toxic genes in Methylorubrum extorquens with a tightly

repressed, cumate-inducible promoter
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Abstract

Methylorubrum extorquens is an important model methylotroph and has enormous potential
for the development of C1-based microbial cell factories. During strain construction, regulated
promoters with a low background expression level are important genetic tools for expression
of potentially toxic genes. Here we present an accordingly optimised promoter, which can be
used for that purpose. During construction and testing of terpene production strains harbouring
a recombinant mevalonate pathway, strong growth defects were observed which made strain
development impossible. After isolation and characterisation of suppressor mutants, we
discovered a variant of the cumate-inducible promoter Pa214s used in this approach. Deletion
of 28 nucleotides resulted in an extremely low background expression level, but also reduced
the maximal expression strength by about 30 %. This tightly repressed promoter version is a

powerful module for controlled expression of potentially toxic genes in M. extorquens.

Keywords

Inducible Promoter
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Introduction

Methylotrophs are organisms which use reduced one carbon compounds as sole carbon and
energy source. Methylorubrum extorquens AM1 serves as model organism for bacterial
methylotrophy research since its isolation in 1961 (Peel and Quayle 1961). Furthermore, the
organism has gained importance in recent years as a platform organism for C1-biotechnology.
Hence, several production routes for bulk and fine chemicals as 1-butanol, 3-hydroxypropionic
acid, dicarboxylic acids, mevalonate and a-humulene have been described (Sonntag et al.
2014, 2015a, b; Hu and Lidstrom 2014; Liang et al. 2017; Yang et al. 2017; Schada von
Borzyskowski et al. 2018; Lim et al. 2019). Nevertheless, the full potential of M. extorquens
AM1 as a production platform has not yet been reached (Ochsner et al. 2015). The
implementation of new synthetic production routes requires a broad set of molecular tools for
DNA introduction, genome manipulation and recombinant gene expression. For many years,
only Pmxar-based expression vectors were used for gene overexpression in M. extorquens AM1
(Marx and Lidstrom 2001). The mxaF gene, encoding the methanol dehydrogenase in
M. extorquens, is highly expressed during methylotrophic growth (Liu et al. 2006) and Pmxar is
among the strongest known native promoters of M. extorquens (Choi et al. 2006). Besides
Pmxar, @ variety of synthetic constitutive promoters with different expression strengths have
been described (Schada von Borzyskowski et al. 2015). Yet, constitutive expression is not
always useful during construction of highly efficient production strains. Inducible and adjustable
expression can be necessary to separate growth and production phases or to express toxic
genetic constructs. Different inducible promoters with the possibility of tuning the expression
level have been described for M. extorquens (Choi et al. 2006; Chubiz et al. 2013;
Kaczmarczyk et al. 2013; Carrillo et al. 2019; Sathesh-Prabu et al. 2021). In two of the
developments, expression levels comparable to or even exceeding those of Pmxar were
achieved (Carrillo et al. 2019; Sathesh-Prabu et al. 2021). However, the development of
promoters which are suitable for fine-tuned low expression of toxic genes in M. extorquens

AM1, has not been the subject of studies so far.
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In this study, we report on the use of inducible promoters for expression of a gene cluster for
cis-abienol production in M. extorquens AM1. The organism has been described to be
especially suited for production of terpenoids via the mevalonic acid (MVA) pathway due to the
occurrence of the MVA pathway starting intermediate acetoacetyl-CoA in its primary
metabolism (Sonntag et al. 2015a). While in this publication the sesquiterpene a-humulene
was the target product, we now aimed at construction of a strain able to synthesise the
diterpene alcohol cis-abienol. This compound serves as a valuable bioproduct material for the
fragrance industry. For production of cis-abienol with M. extorquens AM1 we planned on using
Pas derivative Pq21ss (Kaczmarczyk et al. 2013). The original cumate-inducible promoter
system Pqs was designed for expression in Sphingomonas species (Kaczmarczyk et al. 2013).
For this synthetic promoter, Psyn2 was combined with control elements of the
Pseudomonas putida F1 cym/cmt system to make it responsive to cumate induction (Eaton
1997; Kaczmarczyk et al. 2013). In the original study, Psyn2 -32 and -10 regions were
exchanged with M. extorquens specific sequences. This yielded in Pq2148, that can be used to
drive gene expression in M. extorquens. Surprisingly, in our study Pa2148 was not tight enough
for using it with the cis-abienol synthesis gene cluster and caused strong growth inhibition.
Hence, we present Pq2ias-derivative Pss, which is tightly repressible and whose activity is
tuneable with different inducer concentrations. With this optimised promoter, we expand the

genetic toolkit of M. extorquens to promote its use as platform organism for C1 biotechnology.
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Results and discussion

Terpene production with Pa21ss-based plasmids

Inducible expression of toxic genes or pathways with toxic intermediates can be essential
during the implementation of novel production routes. For instance, previous studies have
shown that it is beneficial for terpene production in M. extorquens AM1 to increase IPP supply
as a metabolic substrate of FPP synthases (Sonntag et al. 2015a). Thereby, constitutive
expression of the heterologous MVA pathway had a lethal effect on the cells, and no
transformants carrying the corresponding expression plasmid could be isolated in the named
study. To overcome this problem, the authors chose the cumate-inducible expression plasmid
pQ2148. Although transformation of the construct was successful and product concentrations
of the product a-humulene could be increased, the cells still showed a growth defect in the
absence of the inducer, which indicates a certain leakiness of the Pq214s promoter (Sonntag et

al. 2015a).

When we attempted to replicate the experiments of the corresponding study (Sonntag et al.
2015a), the amount of a-humulene production surprisingly varied strongly between the
different pFS62b-transformants of the AM1 strain (Figure 1). These strong differences in
productivity might be the result of toxic effects of the terpene production gene cluster, which
probably caused a strong selection pressure against high carbon flux through the pathway. A
non-induced control strain produced 8.7 % of the a-humulene titer from the original study
(Sonntag et al. 2015a). Another clone showed the same level of production even when
induced, probably due to early occurrence of a suppressor mutation. These results indicated
that the MVA pathway-encoding plasmid pFS62b exerts some toxic effect on the host strain in

the absence of the inducing agent cumate.

196



111

112

113

114

115

116

117

118

119

120

121

122

123

124

125

126

127

Manuscripts and publications

AM1_pFS62b a
AM1_pFS62b b
set A
AM1_pFS62b ¢
AM1_pFS62b d
AM1_pFS62b e
AM1_pFS62b f setB
AM1_pFS62b g
0 10 20 30 40 50 60 70 80 90
a-humulene concentration [mg a-humulene I'] | induced
[ not induced

Fig. 1 Two datasets (set A and set B) demonstrating a-humulene production with
M. extorquens AM1 + pFS62b. Different clones, designated a-g, were used in the experiment.
All cultures except the one using clone d were induced with 100 uM cumate. The dashed line
marks the previously observed product concentration of 58 mg a-humulene I' reported by

Sonntag et al. (2015a)

These effects became even more evident during an approach to further broaden the terpene
product spectrum of M. extorquens AM1. The introduction of a cis-abienol synthesis operon
on plasmid ppjo16 resulted in a very poor transformation efficiency. After transformation of 400
ng of plasmid DNA and six days of incubation, only two colonies appeared on agar plates with
medium containing tetracycline, but no cumate, whereas a control transformation of vector
pQ2148F yielded over 3000 colonies. This low transformation efficiency rate and the fact that
some small colonies appeared on the transformation plates after eight days of incubation led
us to the conclusion that the promoter Pq214sr does not tightly regulate the expression of the
obviously toxic cis-abienol synthesis operon. Striking out some of the small colonies on a new
agar plate resulted in the formation of faster growing strains, which probably contained

suppressor mutations and were isolated.
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Investigation of suppressor mutants

In order to gain knowledge about the underlying cause for growth inhibition mediated by the
plasmid ppjo16, the suppressor mutants were thoroughly analysed. First, their sensitivity
towards fosmidomycin was tested. Fosmidomycin inhibits the DXP pathway (Shigi 1989;
Jomaa et al. 1999), which represents the native terpenoid biosynthesis route of M. extorquens.
Since IPP and DMAPP supply is crucial for growth of the cells, the suppressor clones were
tested for a functional, alternative mevalonate pathway with this assay (Figure 2A). To further
characterise the suppressor mutants, terpene production yields were determined (Figure 2A),
the respective plasmids were isolated and the genes encoding the cis-abienol production
pathway were sequenced (Figure 2B). As positive control, an M. extorquens AM1 strain

harbouring the a-humulene synthesis plasmid pFS62b was used.

The two suppressor mutants unable to grow on fosmidomycin and to produce cis-abienol
(AM1_ppjo16s1 and AM1_ppjo16s4) were probably able to overcome the plasmid-imposed
toxicity by deletion of MVA pathway genes. Additionally, the cis-abienol synthase gene AbCAS
and GGPP synthase gene ERG20F96C were partly or completely deleted on the respective
plasmids, leading to the inability to produce cis-abienol. Only three of the suppressor strains
tested were resistant to fosmidomycin, namely AM1_ppjo16L1, AM1_ppjo16s3 and
AM1_ppjo16s6. In AM1_ppjo16L1 AbCAS and ERG20F96C were partly deleted and no cis-
abienol production was detectable for the respective strain. As the deletion can also affect
mRNA stability or translation efficiency of the MVA pathway genes, reduction of MVA pathway
flux might be the suppression mechanism also in this mutant. This assumption is supported by
the fact that cis-abienol itself was found to be not toxic for M. extorquens AM1 (Figure S1,
Online Resource 1). No plasmid could be isolated from strain AM1_ppjo16s3, so we assume
that genomic integration of the entire gene cluster or at least of genes indispensable for cis-
abienol production has occurred. AM1_ppjo16s6 in fact was able to produce 5.3 mg cis-abienol
I and was resistant to fosmidomycin. The isolated plasmid showed no mutations in any of the

genes necessary for cis-abienol production or the MVA pathway-encoding genes.
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a b AbCas ERG20F96C  hmgs fni hmgr mvak mvaD mvak2

Resistantto  Terpene DD - - - D - D - D - -

fosmidomycin  production
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hardly

AMI_ ppjo16s3 + detectable

Not possible to isolate plasmid

AM1_ ppjol6sd - - *————————————
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(a-humulene
production)

Fig. 2 Phenotypes and genotypes of suppressor strains. a) Phenotypes of suppressor strains
regarding fosmidomycin resistance and terpene production. b) Schematic sequence of terpene
synthesis gene cluster (cis-abienol synthase gene AbCAS and GGPP synthase gene
ERG20F96C) and MVA gene cluster on plasmid ppjo16 and positions of deletions observed in

the plasmid sequences isolated from suppressor mutants

The original cumate-dependent promoter system Pq214s Was already used for inducible gene
expression in M. extorquens (Kaczmarczyk et al. 2013). In our experiments, expression of the
genes encoding the toxic cis-abienol production pathway was not tightly repressed by CymR,
which is supposed to bind to CuO operator sites as long as no cumate is present.
AM1_ppjo16s6 overcame the toxicity of the plasmid while harbouring an intact synthesis
operon (Figure 2B). Sequencing the upstream region of the gene cluster on ppjo16s6 revealed
a deletion of 28 nucleotides in the promoter region (Figure 3). This promoter variant (henceforth

Pse) lacks parts of the Ppia-mutit -35 and the adjacent CuO operator sequence. This modification
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170  probably leads to higher expression of the CymR repressor protein or enhanced binding

171  efficiency to the repressor site.

172
Plasmid ppjo16 Terpene synthesis Mevalonate
cymR RBS -10 -35 Cu0 =35 10 Cu0 genes pathway operon
'_,,--‘ _:—"n‘_“
e ga—— Paaiss el
P pra-mut1T Pastag -
caTTceGGGTCTBIBERTGCTAGCATCAGGGTTHIIRT CATGAGCGGATACATATGTGARTG TACCG GAACAAACAGACAATETEBTCTGTT
RBS -10 -35 CuO
Paa1as
TGTACAcCAMBABE GGCcCooCCACccoc MM oCoc AACARACAGACARTETGTCTGTTGTAACTAGT
CuO -35 -10 CuO
‘ 28 bp deletion in P, ,,.u1 -35 and adjacent CuO-region
Plasmid ppj°1 6s6 Terpene synthesis Mevalonate
cymR RBS -10  CuO -35 -10 Cu0 genes pathway operon
__,,»-’ A EEEEEEEEE————) - S
e P pa.mutiT-s6 Pqoa14s-s TTeeel
T ) P pra-mutiT-s6 Pa214s.56 el
CATTCGGGGTCHEIGEETGCTAGCATCAGGGT TINIGIRT CATGAGCGGATACATACTGGTCTGTTTGIACAGCATIGAGEGGCCCGGCCACC
RBS -10 CuO -35
Pa21as-se
CCoCCRBRRE o0 A AACAMACAGACARTCTGGTCTGTITGTACAG T
-10 CuO
173

174  Fig. 3 Schematic illustration of cymR, the two promoter regions (Ppiamutzt1 and Pa2148) and the
175  terpene synthesis genes on ppjo16 and ppjo16s6. Sequences of coding DNA strands are given
176  in detail for promoter regions. Important features are marked with coloured boxes. Ppiamutet1
177  and Pq2148 are indicated by arrows. In ppjo16s6, 28 nucleotides within Pyamuet1 and the close
178  operator region (CuO) in Pa214g are deleted, yielding Poiamutot1-s6 and Pq214sss, in this study

179  collectively referred to as Pss
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Characterisation of Psgs

To further characterise Ps, we conducted reporter assays with different cumate
concentrations. Therefore, we designed mCherry-reporter constructs pQ2148 _mCherry and
pQ2148-s6_mCherry and monitored fluorescence of respective M. extorquens AM1
transformants in a microbioreactor system. The cumate concentrations we used (up to 150
MM) did not affect cell growth (Figure 4). A high mCherry signal was already detectable at the
begin of cultivation of AM1_pQ2148_mCherry and showed a linear increase in strength even
before induction with cumate (Figure 4A). This confirms that Pq214s in its original confirmation
is not as tight as assumed. Induction at 3 yM cumate did not affect fluorescence. Addition of
higher inducer levels resulted in induction, although a tuneability with different cumate
concentrations was not distinctly evident. In comparison, when investigating AM1_pQ2148-
s6_mCherry, the initial fluorescence signal was 5-fold lower (Figure 4B). The signal remained
nearly stable until induction (at to: 0.38 + 0.01; at ti.1: 0.45 £ 0.1) and did quickly respond to
cumate addition, while tunability was evident. With addition of the highest tested cumate
concentration of 150 uM a 40-fold enhanced signal (determined at tmax = 33.2 h) compared to
the non-induced control could be reached. Moreover, the maximum mCherry fluorescence
signal at this high inducer concentration was 54-fold higher (tmax = 33.2 h) than immediately

before induction (ti.1 = 18.3 h).
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Fig. 4 Promoter study of cumate inducible promoter on plasmid pQ2148_mCherry (a) and
pQ2148 mCherry-s6 (modified promoter Pss) (b) in a microbioreactor system. M. extorquens
AM1 cultures containing respective plasmids were induced with cumate after 17.5 h in early
exponential growth phase. Top graphs represent cell density measured via scattered light
signal at 700 nm, bottom graphs represent mCherry fluorescence signal. Shown datasets are

representative for three independent experimental replicates

Pa214¢ was shown to be tight and inducible in M. extorquens AM1 in previous studies
(Kaczmarczyk et al. 2013). Our reporter plasmids carried a different reporter gene, a different
selection marker (Tc"instead of Km") and a different linker sequence between promoter and
reporter gene due to distinct genesis of the constructs. To validate our observations made with
Pa214s and to assure that the sequence differences in the inter-promoter-gene region did not
change promoter characteristics, we constructed plasmids pQ2148L_mCherry and pQ2148L-

s6_mCherry with the according linker sequence (Figure 5A). The monitored mCherry
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fluorescence signals for the new constructs were nearly identical to the previous results.
Whereas Pq214s on pQ2148L_mCherry was leaky and promoted mCherry expression even
before induction (Figure 5B), Pss on pQ2148L-s6_mCherry repressed expression without
inducer and exhibited quick response to cumate addition with induction at various levels

(Figure 5C).

a
>pQ2148_mCherry and pQ2148-s6_mCherry
CTGTTTGTAACTAGTATGGTG. ..

Cu0 mcCherry
>pQ2148L_mCherry and pQ2148L-s6_mCherry

=CTGTTTGTAACTAGAGGGCCGGATCCCGGTACCTGCAGGATCCGAATTCAGGCTTGGAGGATACGTATGGTG. .
Cu0 mCherry

o
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Fig. 5 Investigation of Pss promoter variant with the originally described linker region between
promoter and controlled gene. a) Linker region from Paqz14s-luxCDABE (Kaczmarczyk et al.
2013), that was introduced in pQ2148_mCherry and pQ2148-s6_mCherry to yield
pQ2148L_mCherry and pQ2148L-s6_mCherry, respectively. Introduced nucleotides are in
bold. b) and c¢) Fluorescence study of cumate inducible promoter from plasmid
pQ2148L_mCherry (b) and pQ2148L_mCherry-s6 (modified promoter Pss) (€¢) in a

microbioreactor system. Cultures were induced with cumate after 15.5 h in early exponential

203



226

227

228

229

230

231

232

233

234

235

236

237

238

239

240

241

242

243

244

245

246

247

248

Manuscripts and publications

growth phase. Shown datasets are representative for three independent experimental

replicates. Growth was monitored with scattered light signal at 620 nm (data not shown)

In either version of the reporter gene constructs, the overall mCherry expression driven by the
Pss promoter was considerably lower than with Pqziae (=30 % of the maximal pQ2148
expression strength). Testing Pss in a-humulene synthesis plasmid led to similar results.
Production experiments with the according construct pFS62b-s6 only yielded 28 + 4 mg
a-humulene I (three replicates), which is a lower titer compared to experiments with the
original plasmid pFS62b. Nevertheless, in the case of cis-abienol production, this property of
Pss was highly beneficial. The avoidance of pathway-encoding operon expression under non-
induced conditions only enabled plasmid transformation and strain cultivation without strong
selection for terpene synthesis pathway destruction. Pss furthermore allowed production of cis-
abienol and will facilitate metabolic engineering approaches towards a more balanced

pathway.

Conclusion

Here, we provide Pss, a modified version of the Pq214s promoter (Kaczmarczyk et al. 2013) for
cumate inducible gene expression in M. extorquens. While Psg is less efficient with regard to
strong overexpression, it is a powerful tool for controlled expression of potentially toxic genes
or pathways. We successfully demonstrated its application for the development of a cis-abienol
production strain. Confirmatively, reporter experiments detected essentially no background
expression for uninduced constructs. This property makes Pss a valuable addition to the

emerging genetic toolbox for M. extorquens.
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Material and methods

Bacterial strains and growth conditions

Escherichia coli DH5a (Gibco-BRL, Rockville, USA) was used for cloning and amplification of
all plasmids. E. coli cultures were grown in LB medium (Bertani 1951) at 37 °C. Liquid minimal
medium for M. extorquens AM1 (Peel and Quayle 1961) was prepared using 123 mM
methanol as previously described (Peyraud et al. 2009) with a CoCl, concentration of 12.6 yM
(Kiefer et al. 2009; Sonntag et al. 2014). For preparation of solid growth medium, 1.5 % [w/v]
agar-agar was added. If necessary, tetracycline was added at a concentration of 10 ug
tetracycline hydrochloride ml" for both E. coliand M. extorquens AM1 cultures. For cultivation
of M. extorquens AM1, precultures were grown in test tubes for 48 h at 30 °C and main cultures
were subsequently inoculated to an ODego of 0.1. If not stated differently, gene expression was
induced after 16 h of cultivation by cumate addition. Cumate (4-isopropylbenzoic acid) was
prepared as a 100 mM stock solution in ethanol and diluted prior to use. Fosmidomycin
sensitivity of suppressor mutants was tested by striking out cells on solid medium containing
20 mg fosmidomycin I'. All chemicals used for media preparation were purchased from Carl

Roth (Karlsruhe, Germany) or Merck KGaA (Darmstadt, Germany).

Plasmid construction

All standard cloning procedures were performed in E. coli DH5a. Plasmids (see Table S1,
Online Resource 1) were constructed as follows. For ppjo16, cis-abienol synthase gene
AbCAS (Zerbe et al. 2012) and GGPP synthase gene ERG20F96C (Ilgnea et al. 2015) were
codon optimised and a new RBS sequence was calculated (Salis 2011) and inserted. For the
detailed sequence information of genes see international patent WO 2016/142503 (Schrader
et al. 2016). Plasmids ppjo16s1, ppjo16s3, ppjo16s4, ppjo16s6 and ppjo16L1 were isolated
from AM1_ppjo16 suppressor mutants. To construct pFS62b-s6, a fragment containing Pss

was subcloned from ppjo16s6 into pFS62b using Nhel and Spel restriction sites. Reporter
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plasmids were constructed via Gibson assembly (Gibson et al. 2009): Assembly of PCR
product of primers EGe119 and EGe121 on template pTE105_mCherry (Schada von
Borzyskowski et al. 2015) and Spel/EcoRl linearised backbone pQ2148F or ppjo16s6 yielded
pQ2148 mCherry or pQ2148-s6_mCherry, respectively. pQ2148L_mCherry was constructed
by assembly of PCR products of primers LPoe1 and LPoe2 on template pQ2148 and product
of primers LPoe3 and LPoe4 on template pQ2148_mCherry. Accordingly, assembly of PCR
products of primers LPoe6 and LPoe7 on template pQ2148_mCherry and product of primers
LPoe5 and LPoe8 on template pQ2148 mCherry yielded pQ2148L-s6_mCherry. The
sequences of final genetic constructs were confirmed by Sanger sequencing at Eurofins
Scientific (Luxembourg, Luxembourg). All used oligonucleotides were purchased from Merck
KGaA (Darmstadt, Germany) and are listed in Table S2 (Online Resource 1). PCRs were
performed with Q5 Polymerase from NEB (Frankfurt, Germany) according to the
manufacturer’s instructions. Subsequently, PCR products were purified with the DNA Clean &
Concentrator Kit from Zymo Research Europe (Freiburg, Germany). Transformation of final

constructs in M. extorquens AM1 was performed as previously described (Toyama et al. 1998).

Terpene production and analysis

Terpenes produced by M. extorquens AM1 strains harbouring respective terpene synthesis
plasmids, were extracted in situ with a dodecane overlay as described before (Sonntag et al.
2015a). The analysis of the extracted terpenes was performed on a GC-MS (GC17A with
Q5050 mass spectrometer, Shimadzu, Kyoto, Japan) equipped with an Equity 5 column
(Supelco, 30 m x 0.25 mm x 0.25 uM) as previously described (Sonntag et al. 2015a). For cis-
abienol analysis the split ratio was reduced from 1:8 to 1:1 and the overall measuring time was
prolonged to 17.5 minutes. Retention time for cis-abienol was 14.1 minutes. The cis-abienol

analytical standard was purchased from Toronto Research Chemicals (Toronto, CA).
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Fluorescence assisted promoter studies

For high-resolution measurements of growth curves and mCherry fluorescence signals, cells
were cultivated in a BioLector® microbioreactor system (m2p-labs GmbH, Baesweiler,
Germany). First, precultures of M. extorquens AM1 containing respective reporter plasmids
were grown in MeOH minimal medium with 10 ug tetracycline-hydrochloride ml" for 48 h at
30 °C. Subsequently, 1 ml of fresh medium was inoculated to an OD of 0.1 in 48-well
Flowerplates® in the microbioreactor and incubated at 30 °C, 1000 rpm and 85 % humidity.
The growth was monitored via scattered light signal intensity at 700 nm. The fluorescence
signal of mCherry was measured at 580/610 nm [ex/em]. Gene expression was induced by
adding 20 pL of cumate stock solutions (solved in ethanol, the final ethanol concentration in

the medium was 51 mM).

Supplementary tables and figures (uploaded as Online Resource 1)

Table S1 Bacterial strains and plasmids used in this work

Table S2 Oligonucleotides used in this study

Figure S1 Tolerance of M. extorquens AM1 towards cis-abienol dissolved in aqueous phase
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Table S1 Bacterial strains and plasmids used in this work.

Name Relevant features/Cloning strategy Application/Source Reference
Bacterial strains
E. coliDH5a F- ¢80/acZAM15, A(lacZY A- Standard cloning ATCC
argF)U169, recA1, endA1, hsdR17(rk-, applications
mk*) phoA, supE44, \-, thi-1 gyrA96
relA1
M. extorquens AM1 CmR, gram-negative, facultative Peel and
methylotrophic, obligate aerobic, Quayle 1961

a-proteobacterium

Plasmids
pFS62b pQ2148F-zssl-ERG20-hmgs-MVA Expression vector for Sonntag et al.
M. extorquens AM1 for 2015
a-humulene synthesis
pFS62b-s6 pQ2148-s6-zssl-ERG20-hmgs-MVA  a-humulene synthesis This work
under Pse-control
pTE105_mCherry TetR mCherry expression Schada von
vector for M. extorquens  Borzyskowski
AMA1 etal. 2015
ppjo16 pQ2148F-AbCAS-ERG20F96C-MVA, cis-abienol production This work
AbCAS (Zerbe et al. 2012) and plasmid
ERG20F96C (Ignea et al. 2015) were
codon optimized and a new RBS? was
inserted. For detailed sequence
information see international patent
WO 2016/142503 (Schrader et al.)
ppjo16s1 pQ2148F_AbCAS(mut.)_MVA(mut.) Isolated from ppjo16- This work
suppressor mutant
ppjo16s3 pQ2148F _AbCAS ERG20F96C MVA Isolated from ppjo16- This work
suppressor mutant
ppjo16s4 pQ2148F _AbCAS(mut.) Isolated from ppjo16- This work
suppressor mutant
ppjo16s6 pQ2148F_AbCAS_ERG20F96C_MVA Isolated from ppjo16- This work
(mutated Pa214s) suppressor mutant
ppjo16L1 pQ2148F _AbCAS(mut.) ERG20F96C Isolated from ppjo16- This work
(mut.)_MVA suppressor mutant
pQ2148 Pa214s, TetR, oriT, pBR3220ri Expression vector for Kaczmarczyk
M. extorquens harboring et al. 2013
cumate inducible
promoter
pQ2148F pQ2148 with adapted multiple cloning Expression vector for Sonntag et al.

pQ2148_mCherry

pQ2148-
s6_mCherry

214

site, TetR, oriT, pBR3220ri

Pa214s, mCherry, TetR, oriT, pBR3220ri

Pss, mCherry, TetR, oriT, pBR3220ri

M. extorquens harboring
cumate inducible
promoter

mCherry reporter plasmid
for Paz14s

mCherry reporter plasmid
for Pse

2015

This work

This work
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pQ2148L_mCherry Pa214s, mCherry, TetR, oriT, mCherry reporter plasmid This work
pBR322ori, contains linker region of  for Pa214s with same GOI-
pQ2148-lux (Kaczmarczyk et al. 2013) upstream sequence like

pQ2148-lux
(Kaczmarczyk et al. 2013)
pQ2148L- Pss, mCherry, TetR, oriT, pBR3220ri, mCherry reporter plasmid This work
s6_mCherry contains linker region of pQ2148-lux  for Pss with same GOI-
(Kaczmarczyk et al. 2013) upstream sequence like
pQ2148-lux

(Kaczmarczyk et al. 2013)

a Optimization of RBS sequences was done with the RBS Calculator (Salis 2011)

Table S2 Oligonucleotides used in this study?.

EGe119 ACAATCTGGTCTGTTTGTAACTAGTATGGTGAGCAAGGGCGAG Construction of
pQ2148F _mCherry
and pQ2148F-

EGe121 TTGTAAAACGACGGCCAGTGAATTCTTACTTGTACAGCTCGTCCA (5 1ch erry

TGCC

LPoe1 AGCCTGAATTCGGATCCTGCAGGTACCGGGATCCGGCCCTCTAG Construction of
TTACAAACAGACCAGATTGTCTGTTTGTTGTGGCGCGCTTCTAC  pQ2148_mCherry

LPos2  CATGGACGAGCTGTACAAGTAAGAATTCACTGGCCGTCGTTTTAC o0 yhcramy
AACGTCGTGACTGG -

LPoe3  CGGTACCTGCAGGATCCGAATTCAGGCTTGGAGGATACGTATGG
TGAGCAAGGGCGAGG

LPoe4  GTAAAACGACGGCCAGTGAATTCTTACTT

LPoe5  GTATCATGAGCGGATACATACTGGTCTGTTTGTACAGCATTGACG

LPoe6  TATGTATCCGCTCATGATACAATAACCCTGATGC

LPoe?7  GCCTCGCGCGGGATTTTCTT

LPoe8  CTGTTCACCACGCGCAACAAG

PJo113 TTCGGCGACATGATGAC Sequencing of

constructs

8 For oligonucleotides and PCR templates used for construction of ppjo16, see international patent WO
2016/142503 (Schrader et al.)
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1000 mg/L
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200 mg/L
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H/umax

Fig. S1 Tolerance of M. extorquens AM1 towards cis-abienol. Maximum growth rates (Hmax) in
medium without cis-abienol were compared to growth rates (u) with different cis-abienol
concentrations dissolved in aqueous phase. Three to four independent replicates were
measured. Error bars represent standard deviations
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