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Summary

Looming climate change, the depletion of many species' habitats, and the scarcity of fossil
resources as demand and population increase are prompting us to think about how we need to
adapt the production of chemicals and food in the future, and how we can shift our polluting
lifestyles toward sustainability, recycling, and climate-friendly living. Biocatalysis is a
powerful tool based on the properties of enzymes that catalyze all kinds of chemical reactions
and could replace or complement conventional chemical synthesis for fine chemicals, platform
chemicals, and food and feed. It has always been considered environmentally friendly and
sustainable, since the reactions mostly take place in aqueous solvents at ambient temperature,
the substrates for the enzymes can be based on renewable sources, and there is the possibility
to extend the range of substrates to different waste streams and to recycle them. While enzymes
and multi-enzyme cascades are already used in the production of pharmaceuticals, their use in
the production of low-cost bulk chemicals is still in development. Enzymatic cascades are being
developed for the production of biofuels, food additives and other platform products, but high
cost, low titers and small scale make them uncompetitive with cheap fermentative or chemical
routes. Nevertheless, proof-of-principle systems are gradually going through a transition phase
in which process parameters are optimized and these systems are prepared for the leap into the
industrial phase with high scale and high product titers. A new “megatrend” is the use of cell-
free multi-enzyme cascades for the direct production of various chemicals from C1-compounds
such as methanol, formaldehyde or formic acid and CO,. Carbon elongation reactions as C-C
bond coupling by key enzymes such as formolase play a crucial role in the synthesis of higher
carbon precursor molecules such as dihydroxyacetone.

In this thesis, this trend was taken up and an enzymatic cascade was designed for the production
of the amino acid L-alanine as a potential food and feed additive or nutritional supplement from
the Cl-compound methanol. The design of the cascade is based on the formolase-driven
formose reaction for carbon elongation, lower glycolysis for cofactor regeneration and the
natural L-alanine synthesis pathway for L-alanine production. With an intrinsic ATP and NAD"
regeneration system, the entire cascade is cofactor neutral and can be separated into three
modules to provide variability in product output. To optimize this system for L-alanine, all
cascade enzymes were characterized based on their kinetic properties and their interaction with
cascade compounds. The toxic effects of formaldehyde as well as the inactivating effects of
cascade additives were investigated and the findings implemented in the system. A final
addition of extra oxygen could increase the final L-alanine titer up to 3.9 g L'!, corresponding
to a yield of 88%. To further exploit Cl1-compounds as a resource in the second part of the

studies, a cascade for the production of the most common biofuel ethanol and the biofuel
v



alternative or drop-in biofuel isobutanol was designed and brought to proof-of-concept. This
system combined two waste streams and added the Cl-compound methanol to the CS5
compound xylose, one of the major components of lignocellulosic biomass. In this way, an
enzymatic cascade based on the natural xylulose monophosphate pathway, lower glycolysis
and the natural valine pathway was designed. This system also demonstrated modularity that
was used to produce ethanol instead of isobutanol. Similar to the L-alanine cascade, cofactor
neutrality could be generated for an intrinsic NADP" and ATP recycling system. To optimize
the system, the key enzymes transketolase, dihydroxyacetone kinase and alcohol
dehydrogenase were characterized and the most suitable candidates in terms of activity and
cascade compatibility were used in the final system. In addition, pH and buffer optimization of
the cascade was used to increase conversion and final yield. Once the optimal cascade
conditions were established, a final titer of 2 g L'! isobutanol and 3 g L! ethanol could be

produced.
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Zusammenfassung

Zusammenfassung

Der sich abzeichnende Klimawandel, die Zerstorung der Lebensrdume vieler Arten und die
Verknappung fossiler Rohstoffe einhergehend mit einer steigenden Nachfrage und
Bevolkerungszahl veranlassen uns, dariiber nachzudenken, wie wir die Produktion von
Chemikalien und Lebensmitteln in der Zukunft anpassen konnen und wie wir unseren
umweltbelastenden Lebensstil in Richtung Nachhaltigkeit, Recycling und klimafreundliches
Leben dndern konnen. Die Biokatalyse ist eine Technologie, die auf der Umsetzung von
verschiedenen Ausgangssubstanzen zu einer breiten Produktpalette auf der Basis von Enzymen
beruht, die alle Arten von chemischen Reaktionen katalysieren und die herkdmmliche
chemische Synthese fiir Feinchemikalien, Plattformchemikalien sowie Lebens- und
Futtermittel ersetzen oder ergénzen konnte. Sie gilt seit jeher als umweltfreundlich und
nachhaltig, da die Reaktionen meist in wéssrigen Losungsmitteln bei Umgebungstemperatur
ablaufen, die Substrate flir die Enzyme auf erneuerbaren Quellen basieren konnen und die
Moglichkeit besteht, die Palette der Substrate auf verschiedene Abfallstrome auszudehnen und
diese zu recyceln. Wihrend Enzyme und Multienzymkaskaden bereits bei der Herstellung von
Arzneimitteln eingesetzt werden, befindet sich ihr Einsatz bei der Produktion von
kostengiinstigen Platformchemikalien noch in der Entwicklung. Enzymkaskaden werden fiir
die  Herstellung von  Biokraftstoffen, Lebensmittelzusatzstoffen und  anderen
Plattformprodukten entwickelt, sind aber aufgrund der hohen Kosten, der niedrigen Titer und
des kleinen Mafstabs nicht konkurrenzfihig mit kostengiinstigeren fermentativen oder
chemischen Verfahren. Dennoch durchlaufen die Proof-of-Principle-Systeme allméhlich eine
Ubergangsphase, in der die Prozessparameter optimiert und diese Systeme auf den Sprung in
die industrielle Phase mit hohem Maf3stab und hohen Produkttitern vorbereitet werden. Ein
neuer ,,Megatrend* ist der Einsatz von zellfreien Multienzymkaskaden zur direkten Herstellung
verschiedener Chemikalien aus Cl-Verbindungen wie Methanol, Formaldehyd oder
Ameisensdure  sowie COz.  Kohlenstoffverldngerungsreaktionen wie die C-C-
Bindungskopplung durch Schliisselenzyme wie die Formolase spielen eine entscheidende Rolle
bei der Synthese von kohlenstoffreicheren Vorldufermolekiilen wie Dihydroxyaceton.

In dieser Arbeit wurde dieser Trend aufgegriffen und eine enzymatische Kaskade zur
Herstellung der Aminosdure L-Alanin als potenzieller Lebens- und Futtermittelzusatzstoff oder
Nahrungsergidnzungsmittel aus der Cl1-Verbindung Methanol konzipiert. Das Design der
Kaskade basiert auf der Formolase-getriebenen Formosereaktion zur Kohlenstoffverlingerung,
der unteren Glykolyse, gekoppelt mit dem natiirlichen L-Alanin-Syntheseweg. Mit einem
intrinsischen ATP- und NAD*-Regenerationssystem ist die gesamte Kaskade kofaktorneutral

und kann in drei Module aufgeteilt werden, um eine Variabilitdt der Produktausgabe zu
vii



Zusammenfassung

ermoglichen. Um dieses System fiir L-Alanin zu optimieren, wurden die Kaskadenenzyme auf
der Grundlage ihrer kinetischen Eigenschaften wund ihrer Interaktion mit
Kaskadenverbindungen charakterisiert. Die toxische Wirkung von Formaldehyd sowie die
inaktivierende Wirkung von Kaskadenadenzusétzen wurden untersucht und die Ergebnisse in
das System implementiert. Eine abschlieBende Zugabe von zusétzlichem Sauerstoff konnte den
endgiiltigen L-Alanin-Titer auf bis zu 3,9 g L erhohen, was einer Ausbeute von 88 %
entspricht. Zur weiteren Nutzung der C1-Verbindungen als Ressource wurde im zweiten Teil
der Studien eine Kaskade zur Herstellung des gebrauchlichsten Biokraftstoffs Ethanol und der
Biokraftstoff-Alternative bzw. des Drop-in-Biokraftstoffs Isobutanol konzipiert und zum
Proof-of-Concept gebracht. In diesem System wurden zwei Abfallstrome kombiniert und die
C1-Verbindung Methanol mit der C5-Verbindung Xylose, einer der Hauptbestandteile der
lignozellulosehaltigen Biomasse, umgesetzt. Auf diese Weise wurde eine enzymatische
Kaskade auf der Grundlage des natiirlichen Xylulosemonophosphatwegs, der unteren
Glykolyse und des natiirlichen Valinwegs erstellt. Dieses System zeigte auch eine Modularitit,
die zur Herstellung von Ethanol anstelle von Isobutanol verwendet wurde. Ahnlich wie bei der
L-Alanin-Kaskade konnte Kofaktorneutralitit fiir ein intrinsisches NADP*- und ATP-
Recycling-System erzeugt werden. Zur Optimierung des Systems wurden die Schliisselenzyme
Transketolase, Dihydroxyacetonkinase und Alkoholdehydrogenase charakterisiert und die
hinsichtlich Aktivitdt und Kaskadenkompatibilitit am besten geeigneten Kandidaten im
endgiiltigen System verwendet. Dariliber hinaus wurden pH-Wert und Puffer der Kaskade
optimiert, um den Umsatz und die endgiiltige Ausbeute zu erhéhen. Sobald die optimalen
Kaskadenbedingungen festgelegt waren, konnte ein Endtiter von 2 g L~ ! Isobutanol und 3 g L~

! Ethanol hergestellt werden.
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Introduction

1. Introduction

1.1. Future resources for chemistry and energy supply
In recent years, the unsustainable lifestyle of industrialized nations has exceeded the earth’s
capacity, leading to the depletion of fossil resources. A simplified representation of how Earths
population overuses Earths resources is the Earth Overshoot Day. This day was calculated by
the Global Footprint Network based on ecological footprint and bio-capacity data since 1961
and is intended to be a measure of the day on which the population has used all the resources
that should last for an entire year. Since the beginning of recording, this day has been moved
forward and is already dated the 2nd of August for 2023 ! (Figure 1). However, in certain
countries such as Germany, this date is even earlier than calculated for the Earth. If the world's
population lived the way Germans do, resources for 2023 would have been exhausted by the
4™ of May 2023 2. Nevertheless, the German Overshoot Day tends to be shifted backward since
1971 in contrast to the Earth Overshoot Day. To counteract this overuse and with that shortage
of resources, a rethink must take place, and sustainable as well as resource-saving alternatives
are needed that not only replace fossil raw materials and energy sources but also have to be

significantly more climate-friendly in order to be able to mitigate climate change.
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Figure 1: Comparison of Earth Overshoot Days and German Overshoot Days continuous
between 1971 and 2018 plus the dates for 2022 and 2023. Thereby the dates for the German
Overshoot Days were calculated based on day numbers extracted from the public data package
of National Footprint and Bio-capacity Accounts 2022 Public Data Package” and the data for
2023. Earth Overshoot Days were extracted from overshootdays.com based on National
Footprint and Bio-capacity Accounts 2022 dataset” and the data for 2023 ',

In the following chapters, various available sources that could act as future resources are
reviewed and possible ways to lead the chemical industry to a more sustainable and bio-based
future are discussed. By evaluating different concepts of biomanufacturing, the focus will be
on the valorization of different waste streams and sustainable resources through the application

of cell-free enzymatic cascades for the sustainable and ecological production of chemicals and

to what extent they can be a substitute for the previous fossil-based methods.

1.1.1. Chemicals and fuels from lignocellulosic biomass
Lignocellulosic biomass is the most abundant biomass resource on Earth and has an enormous
potential as a renewable alternative to fossil resources for producing sustainable chemicals and
fuels ©. Lignocellulose is seen as second-generation feedstock and mainly consists of the two
main polysaccharides cellulose (30-50%) and hemicellulose (25-30%) as well as the aromatic
polymer lignin (15-20%). Thereby, cellulose consists of glucose subunits that are connected via
a beta-1,4-glycosidic bond. Hemicellulose is a mixture of glucose, xylose and other sugars, with
a complex branched arrangement 7-1°. To release the monomeric sugar units, lignocellulosic
biomass is first pretreated, whereas the lignocellulosic structure is destroyed using biological,
chemical, mechanical and thermal processes ' 2. Afterward, the resulting cellulose and
hemicellulose need to be hydrolyzed. The main methods for hydrolyzation of cellulose and

2
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hemicellulose are acid hydrolysis and enzymatic treatment. Hemicellulose can easily be split
into its monomeric composition, whereas cellulose needs harsher treatments due to its highly
cross-linked structure 3.

After the degradation of these polymers, the sugar units are usually further processed by
fermentation. Since ethanol is one of the most common biofuels used as a substitute for
gasoline, intensive research is being conducted to produce ethanol from lignocellulosic biomass
14, High yields from lignocellulosic biomass for ethanol range between 23- and 24 g L*! from
different biomass sources like pinewood, timothy grass, or wheat straw '>. Besides ethanol,
more valuable chemicals and fuels can be derived from lignocellulosic biomass. Higher
alcohols as butanol or isobutanol have a higher energy density, higher octane number and lower
hygroscopicity and more similar properties to gasoline 6. Isobutanol is seen as an advanced
biofuel and together with that, is used in industry for perfumes, lubricants, coatings, antiseptics,

17. 18 Elevated 1-butanol titers have previously been obtained with

or drug precursors
Clostridium tyrobutyricum and various carbon sources such as cassava bagasse hydrolysate,
soluble starch, or paper mill sludge and ranged from 15- to 17 g L' 1°. While the highest
reported titer for isobutanol using Escherichia coliis 22 g L' on glucose, only lower yields are
reported for other carbon sources such as glycerol (0.75 g L) or xylose (3.1 g L! from
Saccharomyces cerevisiae strain) '°. While glucose is the most abundant sugar in nature and is
already used in various approaches, xylose, the second most common sugar, is not yet used as
intensively 2.

Glucose can easily be taken up from common industrial microorganisms like Saccharomyces
cerevisiae or Zymomonas mobilis ?!. However, these organisms are inefficient at converting
xylose and other pentoses to ethanol 22, Different approaches are being pursued to find a
solution for the more difficult xylose utilization. Naturally, xylose can be converted by pentose-
fermenting yeasts such as Scheffersomyces stipites, Kluyveromyces marxianus Candida
shehatae or Pachysolen tannophilus, but also bacteria such as Clostridium strains or
Lactobacillus pentoses **21-2%-24, However, natural xylose-consuming strains lack genetic tools
and require a more sophisticated environment than classical fermentation strains 2!,

One way to utilize xylose is to adapt common fermentative hosts to utilize xylose. Therefore,
two different pathways are mainly integrated, the xylose isomerase pathway (XI pathway) and
the xylose reductase/xylose dehydrogenase pathway (XR/XDH pathway) 2°. Unlike ethanol,
producing higher alcohols such as isobutanol or n-butanol from xylose is challenging and
besides the need to adapt the host to utilize xylose, the higher toxicity of these alcohols

compared to ethanol significantly reduces the final yield 26.
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As alternative cell-free enzyme cascades are applied to utilize xylose for the production of

various chemicals and biofuels.
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Figure 2: Natural pathways of xylose utilization adapted from Zhao et al. '°. The gray arrow
indicates the metabolism of xylose via the pentose phosphate pathway. The red arrow indicates
the metabolism of xylose via the phosphoketolase reaction. The green arrow indicates the
metabolism of xylose via the xylulose monophosphate pathway (XuMP) involving
formaldehyde. The blue arrow indicates the metabolism of xylose via the Dahms pathway and
the yellow arrow indicates the metabolism of xylose via the Weimberg pathway.

Xylose is utilized by several different pathways (Figure 2). One possibility is an analogous
pathway to the non-phosphoylative Entner-Dourdoroff pathway 2728, Xylose is first oxidized
to xylonolactone by xylose reductase. Xylonolactonase converts xylonolactone to xylonate,
which is then dehydrated by xylonate dehydratase. The resulting 2-keto-3-deoxy-xylonate is
cleaved by aldolase to glycolaldehyde and pyruvate. Glycolaldehyde and pyruvate can then be
further processed into chemicals via different pathways. Alternatively, different
phosphorylation pathways can be used to utilize xylose to produce different chemicals. Xylose
is either isomerized to xylulose by xylose isomerase or first reduced to xylitol by xylitol
reductase and then oxidized to xylulose by xylose reductase. Xylulose is further phosphorylated
to xylulose-5-phosphate by xylulokinase. Xylulose-5-phosphate is an intermediate of the

pentose phosphate pathway and can be further utilized. Alternatively, xylulose 5-phosphate can
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be converted directly to glyceraldehyde-3-phosphate and acetyl phosphate and enter the TCA
cycle #. In addition to these common pathways, other natural or synthetic xylose degradation
pathways are used as entry points for xylose into the metabolism. By introducing xylulose-1-
phosphate (X1P) kinase and X1P aldolase, xylose can be converted to dihydroxyacetone
phosphate, which enters glycolysis and glycolaldehyde. Mainly, these pathways or parts of
these pathways are used to produce various chemicals, including alcohols such as butanediol
or ethylene glycol, organic acids such as glycolic acid, or even other biochemicals such as myo-
inositol from xylose or mixed sugars in vitro >3, These examples of cell-free xylose utilization
demonstrate the high flexibility of cell-free cascades with different types of platform chemicals

as products with high yields and titers.

1.1.2. Carbon dioxide as a resource

Carbon dioxide (COz) is considered as the strongest driving force of climate change and its
emission from energy and industrial processes increases steadily. Projection from the
International Energy Agency (IEA) shows that from the year 1990 energy and industrial
processes related CO, emission increased by 14.8 Gt to 36.2 Gt in the year 2021 3¢. For this
reason, not only the reduction of CO> emissions, but also its use as a building block for the
production of chemicals or fuels could have a direct impact on achieving climate change
mitigation goals.

Biological carbon sequestration directly binds CO; and couples it to various chemical
compounds. Plants and algae can fix carbon dioxide, for example, through the Calvin cycle,
which produces triose phosphates that can enter glycolysis and be further processed into

chemicals *7.

Alternatively, bacterial pathways as the reverse TCA cycle or 3-
hydroxypropionate pathway fix CO; directly and produce acetyl-CoA or glyoxylate as
important building blocks, which can then be further metabolized 3849

Furthermore, CO; can be fixed indirectly via formaldehyde by methylotrophic organisms.
There are several formaldehyde assimilation pathways that use formaldehyde to produce
important metabolites, such as glyceraldehyde-3-phosphate or acetyl-CoA, which can be
further processed into chemicals #!. Here the main pathways are the xylulose monophosphate
pathway (XuMP) in methylotrophic yeast, the ribulose monophosphate pathway (RuMP), and
the serine cycle in methylotrophic bacteria. In the XuMP and RuMP pathways, formaldehyde
is added to a sugar phosphate, whereas in the serine cycle, formaldehyde is added to glycine as

methylene tetrahydrofolate *43

. Together with these natural pathways, synthetic formaldehyde
fixation pathways open the way to produce even more chemicals from CO>. Here prominent

examples are based either on the serine cycle 4, the RuMP pathway *° or even novel synthetic
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pathways as the formolase pathway “6, where the key enzyme formolase can condensate three
formaldehyde molecules to dihydroxyacetone, a precursor of glycolysis intermediate
dihydroxyacetone phosphate, without carbon loss. Nevertheless, formaldehyde is a toxic
compound and can harm organisms already at millimolar (mM) concentrations 7.

As a promising usage of CO, recently the production of methanol from CO> gained a lot of
attention #8, Methanol has emerged as an attractive carbon feedstock for biotechnological
applications, because it is abundant, inexpensive, less toxic than formaldehyde, and cannot be
used as a food or feed #°. For the reduction of CO» to methanol different routes were developed
(Figure 3). Among them are the reduction via electro catalysis, chemical hydrogenation
(heterogeneous-/homogenous catalysis), photo catalysis and biocatalysis >°. The enzymatic
reduction of CO> to methanol is a challenging multi-enzymatic process in which COx is first
converted to formate, then formate is reduced to formaldehyde, and finally formaldehyde is
reduced to methanol °! 32, However, low methanol yields and a high cofactor demand make

these systems cost intensive and unsuitable for larger applications. 3.
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Figure 3: Schematic representation of concepts of biocatalysis, electrocatalysis,
photocatalysis, homogenous- and heterogenous-catalysis for the production of methanol from
CO:. Adapted from Navarro-Jaén et al. *°.

In heterogeneous-catalysis, CO2 is commonly hydrogenated with Cu-ZnO catalysts. This type
of catalyst was developed in the mid-20™ century and relies on the activity of Cu in conjunction

with the important ZnO promoter to enhance system activity °*. These catalysts are already on
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the market and have high stability and good performance. *°. Together with that, a direct
coupling to renewable energy sources is possible . However, further development of these
catalysts regarding CO to methanol conversion have the potential to increase their
sustainability and applicability *’.

Alternatively to the two methods described above and among others, electrochemical reduction
of CO: to methanol gains attention due to its possible direct coupling to renewable energy

sources 8

. Depending on the catalyst material and the reaction medium, many different
products can be formed, such as CO, formate, methanol or formaldehyde, as well as oxalate,
methane, ethylene or ethanol. Due to the large variety of products, the main challenge is to
efficiently and unambiguously convert CO; to methanol and to find a selective and active
catalyst material capable of performing the specific reduction of CO> to methanol % 7,
Although much research is still needed to further develop methanol production processes from
CO; and make them more scalable and sustainable, methanol's versatile properties as a fuel,
fuel additive, energy source or chemical precursor offer an opportunity for the next step towards

a non-fossil resource dependent economy.
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1.2. Chemical industry of the future: transformation from petroleum

based to bio-based processes
To lead industry into a renewable and sustainable future, the German government proposed a
biological transformation of manufacturing. To achieve this transformation in manufacturing,
three key elements have been introduced: bio-inspiration, bio-integration and bio-intelligence.
60, Miehe et al. describe these key elements as modes of evolution, where inspiration transfers
a natural phenomenon and creates a bioinspired value chain; the integration mode uses existing
processes and extends, complements, modifies, replaces, or even completely renews them. The
third mode is the final evolution to bio-intelligent manufacturing by combining information,
technical and biological systems to create self-sufficient and new production technologies and

structures 6163

. In the chemical industry, a potential shift to sustainable chemical production
will require the integration of various biologically based concepts, such as whole-cell
fermentation and biocatalysis, but also electrobiocatalysis and photobiocatalysis. The
integration of these processes will transform petrochemical refineries into biorefineries. In these
biorefineries, the hydrocarbon feedstocks from petroleum or methane used so far will have to
be replaced by more renewable feedstocks in the future . Furthermore, the switch to
biotechnological or biocatalytic processes brings significant changes in terms of process design.
Biocatalytic approaches are usually performed under mild reaction conditions regarding
temperature, pressure and solvents and are dependent on the biocatalyst or microorganism.
Fermentative in vivo processes use sugars derived from biomass or even syngas or CO: as
feedstock for various chemicals. Together with that , biocatalysis with cell-free enzymes is

gaining momentum due to its ability to catalyze a wide variety of chemical reactions that

generate various complex molecular structures %.

1.2.1. Comparison of in vitro and in vivo enzyme cascades as tools for

industrial chemical production
Although new approaches, such as combining benefits from in vitro and in vivo systems, are
emerging , there are still significant differences between these two systems (Table 1). Whole-
cell based systems use the intracellular metabolism of the particular host organism to produce
products of choice. To set up a system, a microorganism must be found that naturally produces
a specific product of interest, fermentation conditions must be established, and then the host
must be able to produce the product from cheap substrates such as sugars 7. To broaden the
scope of the host to the utilization of various substrates and the production of different products,
different strategies were investigated and applied. Through genetic and metabolic engineering,

the flux from a substrate to the product of choice can be manipulated by switching specific
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genes on or off, introducing artificial enzymes, or overexpress certain genes %. However, this
approach can often be tedious and requires a deep understanding of the microorganism and
specific engineering tools. When metabolic engineering is used, there is an overlap between the
newly created metabolic pathways and the intrinsic metabolism, which can lead to imbalances
in the organism and thus lower productivity. However, the main advantage of in vivo
biocatalysis is the low cost of production. Due to the intrinsic protein production and cofactor
regeneration of the microorganisms, expensive purification of enzymes and cofactors is
avoided. In addition, the cell membrane is an intrinsic barrier between the enzymes and the
external environment. This barrier protects, for example, enzymes that are unstable or sensitive
to oxygen ®. However, together with all the positive effects, the biggest challenge in whole-
cell biocatalysis is product purity and downstream processing '°. As mentioned earlier, due to
natural metabolism, flow to a specific product is problematic, and intermediates can be diverted
to different cellular products. Also, the substrates are consumed not only to produce the product
but also to secure the viability of the microorganism itself, leading to a loss of efficiency in
product production 7!. Since toxic intermediates or end-products occur in several pathways, the
efficiency of those processes is harmed by growth inhibition, cell viability, or detoxification
routes, which might interrupt the pathway 7> 7. In contrast to the whole-cell approach, cell-free
enzyme cascades need to be created from scratch. All enzymes and compounds for a pathway
are artificially applied to the system and in the optimal case, intrinsic cofactor regeneration
systems need to be created. However, this is still associated with high cost 7*. Nevertheless, the
artificial nature of cell-free systems gives freedom to the pathways used to produce a specific
product from substrates. Enzymes derived from different metabolic pathways of different
microorganisms can be easily combined, resulting in shorter and more efficient pathways 7> 7°,
While most enzymes can operate in aqueous buffer solutions, site reactions and their optima in
terms of pH and temperature might hamper the construction of these cascades 7> 7®. The
concentration of enzymes can be easily varied, and computational tools can guide and calculate
which parts of the system need to be changed to generate high efficiency and product yield 7
81, In contrast to whole cell systems, cell-free enzymatic systems are prawn to have high product
titers without loss in substrate to the microorganism. All substrates, which are used, can directly
be channeled to the product of choice #2. Together with that, a broad variety of conditions can
be applied as different temperatures, buffer systems, pH, solvents, or metabolite concentrations
33.83.84 With this variability, reactions and pathways are possible that cannot be established in
a microbial system. Finally, toxic compounds, which would harm the viability of the host, can

be applied in higher concentrations due to the higher tolerance of cell-free enzymatic systems.
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Table 1: Differences between in vitro and in vivo enzymatic cascade reactions

In vitro enzyme cascade In vivo enzyme cascade

Qe

Reaction host Qs
Precise control over all % Predefined conditions due to the
Reaction components (enzymes. microorganism of choice (Media
environment temperature, buffer, salts, composition, temperature, oxygen
cofactor, additives) supply, pH)
Flexible design with the
possibility of shortcut Already established pathways through
pathways without metabolism as the backbone
Pathway design interference with metabolism Intrinsic cofactor supply
% Cofactor balance through % Interference of pathways through
intrinsic or exogenous metabolism

regeneration systems

High titers

) % Byproducts through metabolism
. No byproduct formation . o
Yield and i } % Branching off substrates for viability
. High efficiency and o
Productivity . % Boundaries in substrate and product
productivity )
channeling through membranes

Immobilization for ease of

enzyme separation Easy separation of cells
Downstream o o .
. Application of in situ X Problem to purify single compounds
processing .
product removal through out of the fermentation broth

phase separation

Higher tolerance towards

toxic compounds Protection of labile enzymes through
Tolerance to . .
. Broad range of metabolite a barrier
toxicity, . L
Lo concentrations Natural compartmentalization
inhibition, ) o .
. L Enzyme immobilization for % Low tolerance towards toxic
inactivation .
stabilization compounds
% Enzyme stability
% Need for enzyme purification
c or lysate preparation Intrinsic cofactor supply
ost
x External cofactor supply Low production cost

% Costly scale up

1.1.1. Enzymes in industrial application

Nowadays, enzymes are well established as biocatalysts in the chemical industry and are

applied in various industries such as the food, pharmaceutical, cosmetic, and agricultural
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industries 3°. However, to establish a sustainable biocatalytic process, several requirements
must be fulfilled. The economic potential of a process is often determined by the difference in
value between the substrate and the product. For example, a high concentration of a cheap
substrate can lead to a low titer of a valuable product, that requires subsequent separation.
Woodley describes this problem in terms of the downstream process, where low product
concentrations make the downstream process uneconomic due to higher purification and waste
costs %, With this in mind, reasonable product titers required for industrial application are
between 10- and 50 g L*! for high priced products and above 100 g L™! for low priced products
8. 87 Besides a decent activity and tolerance to a substrate and product inhibition, enzyme
stability is a major property needed to drive enzymatic conversion in the above-mentioned
range. Here different stabilities such as thermal stability or solvent stability can be addressed.
Several methods, including enzyme engineering, immobilization, or the use of thermostable
enzymes, were developed to raise the reusability of a biocatalyst, its solvent stability and
volumetric activity 87-%°. One measure of enzyme performance is the total turnover number
(TTN), which gives the expected yield in moles of a given product in relation to the moles of
catalyst required over its lifetime. Industrially relevant TTNs range from 1 to 10 million *°.
When developing an industrial process, it is necessary to identify the above factors and evaluate
whether the enzymes used meet these criteria and could be of interest to industry. Today,
enzymes can be engineered more and more easily for industrial applications. However, the
application of complex multi-enzyme cascades is still under development, but the number of
developed cascades is increasing °!. These complex cascades may have a bright future in
industrial applications thanks to new technologies such as machine learning-guided enzyme
engineering, reaction modeling, and pathway discovery tools °>. However, due to the brief
nature of this introduction, a detailed analysis of the development of enzyme cascades and how
these cascades manage the transition phase from laboratory scale to industry would be beyond

the scope. This will be explored in more detail in Section 3.1.
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1.3.Cell-free multi-enzyme cascades as proof of concept for the

production of platform chemicals

1.3.1. The concept of in vitro multi-enzymatic cascade systems

In contrast to single enzymatic systems, multi-enzymatic systems with at least two reaction

steps can be classified as enzymatic cascade reactions *3

. Enzymatic cascades can be
distinguished in their appearance and are divided into linear, orthogonal, parallel, and cyclic
cascades **. A major advantage common to all these cascades is the avoidance of stepwise
synthesis with isolation and purification of sometimes unstable intermediates to achieve greater

atom economy, higher yields, and a reduction in cost and waste *°.
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Figure 4: Concepts of enzymatic cascade systems adapted from Benitez-Mateos et al. **,
whereby S is the substrate, I is an intermediate, P is the product and E is an enzyme. A: Linear
cascade. B: Cyclic cascade. C: Parallel cascade. D: Orthogonal cascade. E: Triangular
cascade

Linear cascades consist of a sequence of reaction steps that convert a substrate to an
intermediate that directly serves as the substrate for the next reaction step. Using this principle,
thermodynamically unfavorable reactions can be combined with favorable reactions to direct
the reaction to a product of choice °¢. Orthogonal and parallel cascades are designed for product
formation in the presence of a co-substrate that is converted to a specific by-product. The

difference between these two concepts lies mainly in the value of the by-products. Whereas in
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orthogonal cascades, a relevant reaction is coupled with another to facilitate the production of
the main product, the by-product tends to be discarded. In parallel concepts, valuable by-
products are produced and both the by-product and the main product are purified °-°8. Concepts
of parallel cascade design often address the problem of cofactor regeneration. Parallel cascades
achieve redox neutrality by combining two reactions. Typical examples are the combination of
a kinetic resolution of an alcohol coupled to asymmetric reduction *°. Orthogonal cascade
designs can be used to shift the equilibrium of a desired reaction efficiently. This concept is
often used in the case of transaminase reactions whereby the byproduct, e.g. pyruvate can be
withdrawn from the reaction in situ to reach higher conversion to the main product . In
contrast, cyclic cascade designs form either a by-product through a reaction that reenters the
cascade as a substrate of the cascade. A common application of this system is the
deracemization for preparing enantiopure amines or alcohols. In this process, one enantiomer
is selectively converted to an intermediate, which is then converted back to the racemic
substrate, enriching the unreacted enantiomer and yielding the pure final product ° 101,
Together with the classical concepts described above also, more rare concepts are possible as a

102

triangular cascade design '*°. Here, an intermediate product is usually recycled either in

combination with a substrate to produce a new product or as a substrate *°.

1.3.2. From scratch to trial: Enzymatic pathway design
Since cell-free enzyme cascades are artificial systems that do not have access to the metabolism
of an organism, the first step in their construction is to carefully evaluate the key parameters
required for an efficient cell-free enzyme cascade. The product and substrate of choice, a
cofactor regeneration system, and operating conditions play a critical role in the initial
assessment of whether naturally occurring pathways are available that already meet the
requirements or whether a de novo approach leading to non-natural pathways is needed to
produce a specific product. In addition, chemoenzymatic cascade approaches are possible in
which chemical catalysts are used to catalyze a specific reaction in a multi-enzyme cascade 1.
When using parts of an existing pathway as a blueprint, primary metabolism or secondary
metabolic pathways can be considered. Primary metabolic pathways often start with low-cost
initial substrates, whereas secondary pathways often produce high-value products ”7. These
concepts have existed for more than three decades, with an early example by Welch and Scopes
describing the in vitro reconstruction of the Saccharomyces cerevisiae Embden-Meyerhof
pathway for the production of ethanol from glucose by the use of 13 purified enzymes ', As
alternative tailor-made synthetic pathways can be developed de novo, which brings the benefit

of producing a specific compound that may not be easily accessible through known pathway.
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However, creating such a metabolic pathway is a challenging process. Recently, computational
synthesis planning tools, already used by organic chemists or in synthetic biology, are gaining
attention for cell-free enzymatic metabolic planning. A prominent example is the RetroBioCat
tool provided by Finnigan et al., which supports the user with knowledge about enzyme-
catalyzed reactions or usable metabolic modules '®°. This tool considers pathways to target
products from suitable starter substrates, using both native and modified enzymes. In addition,
different pathways are analyzed and the most effective ones are selected. However, due to the
novelty of this program, the range of reactions and enzymes is still limited to a small subset of
enzymatic reactions.

Nowadays, many cell-free enzymatic pathways are based on combinations of primary and
secondary metabolism and consist of different enzymes derived from different host organisms.
This concept of chimeric enzyme cascades can often lead to advantages such as cofactor
regeneration, inhibition prevention, or shortening of naturally occurring pathways 7. Attempts
to combine primary and secondary pathways are shown by various research groups which

designed pathways up to 54 enzymes in one pot 80 106-108

. However, demonstrating that an
enzymatic system can produce the product of choice does not mean that it already shows the
efficiency and yields which are aimed as stated before (Section 1.2.1). Different parameters
need to be addressed and optimized to tune a cascade to be attractive for industrial applications.
The success and efficiency of a multi-enzymatic system, thereby, is affected by mostly enzyme
activities, the reaction mixture, and the reaction conditions 7. It is important to note that these
parameters are not just affected by the properties of one enzyme and its interaction with the
environment but by interactions of many different enzymes with supposedly very different
optimal conditions with the cascade enzymes and the system %% !0, Therefore, for the cascade
to function, a tolerable environment must be created, which is most likely a compromise.
Finding this "window" requires a detailed study of the individual enzymes, evaluating the
effects of, e.g., temperature, pH, metal ions, intermediates, or cofactors for each individual
enzyme. After assessing the effect on individuals, the most promising parameters’ impact needs
to be evaluated in the whole reactions system 77- 111112 T optimize their in vitro systems, many
different research groups went through a set of optimization steps to improve their productivity,
titer, or efficiency. Many of the above key parameters are varied in elaborate experiments 12,
To reduce the workload, especially in systems with a large number of enzymes, more and more
data-driven model-based tools have been developed recently 4116, Unlike kinetic modeling,
these models do not require a sophisticated understanding of each individual enzyme in the
cascade. They can capture the complexity and synergistic effects of dynamically acting enzyme
cascades with multiple components involved, because they model the relationship between

independent variables (e.g., concentrations or pH).
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An important parameter in addition to the parameters described above is the cofactor
regeneration. Because cofactor regeneration is critical in in vitro systems and sometimes
intrinsic cofactor regeneration is not possible due to the characteristics of the pathway, an
additional cofactor regeneration system can be added to the cascade as described above. It is
important to note that a second product or substrate needed to balance the cofactor supply, such
as NAD(P)"/NAD(P)H, ATP, or the provision of S-adenosyl-methionine (SAM) or coenzyme
A (CoA), does not interfere with the system itself 17120, A prominent NAD(P)H regeneration
system is glucose dehydrogenase, with the cheap substrate glucose and a high stability and
activity 121, Still, a difficulty of using glucose dehydrogenase is the production of gluconate and
with that, a shift in pH which need to be regulated '?2. Other elegant systems using NADH
oxidase or hydrogenases to balance NAD*/NADH ratios by producing hydrogen or water as
by-product 2% 124, To balance the reverse reaction, one option used frequently is formate
dehydrogenase, which can balance NAD*/NADH ratios by producing CO> from formate 2.
Several ATP regeneration systems can regenerate ATP by using by-products such as
phosphoenol pyruvate (PEP), creatine phosphate, or polyphosphate 2. However, in all cases,
issues occur, e.g., due to the cost of the co-substrate for PEP but also inhibition by using

polyphosphate 7.

1.3.3. Enzyme specificity vs. promiscuity

Enzymes are widely known for their high substrate specificity, enantioselectivity and mild
working conditions, making them highly suitable for white biotechnology '?%. However, this
ideal image of enzymes is contradicted by the fact that enzymes are not always specific and can
be highly promiscuous. Promiscuous biocatalysts can lead to more by-products and thus lower
yields of the target product. In addition, it makes the downstream process more difficult to
remove unwanted products. However, promiscuity can also provide a greater degree of
flexibility in biocatalytic systems, which, if properly exploited, can be valuable in
biotechnology '%°.

Enzyme promiscuity can be classified as substrate, condition, or catalytic promiscuity.
Conditional promiscuity represents enzyme activity under different reaction conditions, with
varying pH, temperature, or media. Substrate promiscuity describes enzymatic activity for a
wider range of substrates, and catalytic promiscuity describes a variety of chemical
transformations performed by an enzyme !3°,

In multi-enzymatic cascade reactions, enzyme promiscuity can have both beneficial and
detrimental effects on the success of the cascade. On the one hand, substrate-specific enzymes

are needed to prevent side reactions that can lead to the accumulation of unwanted or toxic by-
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products, cofactor imbalances, and thus a sudden stop of the cascade. On the other hand,
substrate promiscuity can be a critical factor in the process. Assuming that a single enzyme can
catalyze similar reactions with different intermediates in the cascade, intelligent cascade design
can reduce the number of enzymes and thus costs and variables. In addition, greater flexibility
in substrates and intermediates can be achieved since unnatural substrates or intermediates can
be converted due to promiscuity. The concept of targeted use of substrate promiscuity in a
cascade has been demonstrated for several enzyme cascades *>7°. However, the final step must
be specific to produce one product rather than lead to product mixtures. This means that having
promiscuous enzymes in a multi-enzymatic system can be very advantageous, but these

reactions must be controlled to direct the intermediates to a single product.
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1.4.Aim of this work

The utilization of waste streams and renewable and sustainable compounds from biomass will
be the challenge of the chemical industry in the coming decades. In order to drive the biological
transformation of the chemical industry, new concepts need to be developed that will be the
starting point for a sustainable future. Biocatalysis can play a crucial role in this transformation
as it encompasses many aspects to support this transformation, being clean, versatile and bio-
based. Recently, biocatalytic utilization of cheap renewable substrates into chemicals has
received new impetus, with important work involving the production of biofuels from sugar
and starch from CO,. To expand the biocatalytic production of biofuels and chemicals using
CO; and biomass, new cascades need to be developed to expand the scope and use of this

greenhouse gas.
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Figure 5: Schematic representation of the production of biofuels from CO; and lignocellulosic
biomass (A) as well as L-alanine production from CO: (B).
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1.4.1. Development of an enzymatic cascade for the utilization of xylose

and CO; for biofuel production
Cell-free production of ethanol and isobutanol as biofuels from glucose from biomass has been
enabled in several experiments by using different cascades inspired by the blueprints of natural
glucose utilization pathways. These pathways show impressive titers of up to 275 g L-! 131,
However, no in vitro cascade addresses the production of biofuels from xylose. Since xylose is
the second most abundant sugar in nature, sustainable biofuel production is only possible if not
only glucose but also xylose is converted. To expand the biocatalytic production of biofuels, an
enzymatic cascade capable of efficiently utilizing xylose and producing biofuels should be
developed as an extension of the already developed pathways. To realize this cascade, first
biosynthetic xylose utilization pathways should be investigated and suitable pathways should
be examined for implementation and possible combination of already existing biofuel
production modules. One focus by the valorization of xylose should be on methylotrophic C1-
fixation pathways using xylose to fix a molecule of formaldehyde via the key enzyme
dihydroxyacetone synthase. As a possible “drop in solution”, formaldehyde, which can be
derived from CO2, could be added to a xylose-containing system to artificially mimic a glucose
or C6-molecule. The conversion of formaldehyde as a Cl-molecule and xylose as a C5-
molecule thus creates two C3-molecules, which are essential for the efficient production of
biofuels from xylose. This C3-molecule to biofuel route could be similarly applied to glucose
as by its degradation via glycolysis also two triose phosphates are derived. Together with that
the utilization of an additional carbon derivable from CO; offers the possibility of the
valorization of two different waste streams to one specific product. After developing a cascade
based on a blueprint, suitable enzyme candidates for the sugar guided formaldehyde fixation
should be screened for the realization of the key reaction. In a final stage the cascade should
run as a proof-of-principle cascade to produce biofuels from xylose and CO> derived

formaldehyde in small scale.

1.4.2. Development of an enzymatic cascade for the utilization of CO> for

L-Alanine production
Amino acids are the building blocks of proteins and have wide-ranging applications, e.g. as a
health product or as a dietary supplement for animals 3% 133, Recently, the biocatalytic synthesis
of L-alanine based on glucose has been demonstrated !**. However, considering the loss of
biodiversity due to agriculture and land reclamation, new resources need to be developed to
produce amino acids sustainably and ecologically. Due to the new possibilities of using CO»-

derived green methanol as a carbon source for the production of longer chain molecules, there
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are new opportunities for the use of methanol for the production of chemicals. The production
of dihydroxyacetone from methanol could be shown recently via the oxidation of methanol and
the formolase guided formose reaction of formaldehyde #¢. Using this initial carbon expansion
reaction, dihydroxyacetone should serve as the starting point for a newly developed enzyme
cascade for the amino acid L-alanine, with the goal of producing L-alanine directly from
methanol. To realize this project, the dihydroxyacetone assimilation from the already developed
pathway to biofuels from xylose and formaldehyde should be adapted and reformed for L-
alanine. To generate a knowledge of the enzymes of the system, all enzymes from
dihydroxyacetone to L-alanine should be kinetically characterized. Based on these data, the
proof-of-principle system should be optimized with respect to the L-alanine titer. Due to the
complexity of the system, further optimizations should be determined and optimized based on

the interactions between the metabolic pathways.
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Materials and Methods

2. Materials and Methods

The materials and methods used in the context of the dissertation are presented in this chapter.

The methods used were taken from the literature, the standard operating procedures (SOP) of

the Chair of Chemistry of Biogenic Resources at TUM, or adapted based on the SOPs.

2.1.Materials
2.1.1. Devices

Devices used for the studies are listed below (Table 2)

Table 2: List of devices

Device category Device Manufacturer
Autoclave Varioklav 135S Thermo Fischer
Scientific
Thermo Fischer
Sorvall Lymx 6000 Scientific
F9-6x1000 LEX Thermo Fischer
Scientific
F12-6x500 LEX Thermo Fischer
Scientific
A27-8x50 Them}O Elscher
Scientific
Sorvall RC 6 Plus Themp Elscher
Scientific
Centrifuges and rotor Rotor F10-6x500y Piramoon Ilr“lichnologles
Rotor F9-4x1000y Piramoon Technologies
Inc,
Rotor SS-34 TheITr}O ElSCher
Scientific
Galaxy MiniStar VWR
Heraus Frisco 21 Thermo Elscher
Scientific
Heraus Pico 17 Thermo F}SChGI"
Scientific
Rotanta 460R Hettich Lab Technology

Freezer -20 °C
Freezer -80 °C Forma 906 -

Liebherr-Hausgerite
Thermo Fischer

Freezer 86°C ULT Scientific
Freezer -80 °C CryoCube
F740hi Eppendorf®
Gel documentation Gel iX Imager Uiz Beieiis B i

Instruments GmbH
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Device category

Device

Manufacturer

Transilluminator

Gel electrophoresis

Biological safety cabinets

Sonicator and sonotrode

Incubation cabinets

Incubation shakers and
general shakers

Thermoblock and
thermoshakers

Fast protein liquid
chromatography (FPLC)

DR 46B
Mini-sub® cell GT system

Wide Mini-Sub® Cell GT Cell

SDS electrophoresis chambers

Mini-PROTEAN®-Tetra Cell
casting
Mini-Protean®-3Multi-Casting
Chamber

Power supply PowerPac™
Basic

MSC-Advantage™

Ultrasonic processor UIS 250
\Y%

LS24d10
LS24d3
VialTweeter

Climate chamber KBF 240
E5.1/C

Heraus B12

Heraus Kelvitron kp

HAT Minitron

New Brunswick™ Innova®
44/44R

IKA KS 4000 ic central
MaxQ 2000
TiMix 5 control
Rocking platform

Tmix

Eppendorf ThermoMixer® C
SLG digital dry bath

AKTA™ purifier UPC 900

Clara Chemical Research
Bio-Rad Laboratories
GmbH
Bio-Rad Laboratories
GmbH

Bio-Rad Laboratories
GmbH
Bio-Rad Laboratories
GmbH
Bio-Rad Laboratories
GmbH
Bio-Rad Laboratories
GmbH

Thermo Fischer
Scientific

Hielscher Ultrasonics

Hielscher Ultrasonics
Hielscher Ultrasonics
Hielscher Ultrasonics

BINDER GmbH,

Thermo Fischer
Scientific
Thermo Fischer
Scientific, Heraeus
Infors AG,

Eppendorf AG

IKA Laboratory
Equipment
Thermo Fischer
Scientific
Edmund Biihler GmbH,
Hechingen

VWR International
GmbH

Analytik Jena

Eppendorf®
Siid-Laborbedarf GmbH

GE Healthcare Europe
GmbH
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Device category Device Manufacturer
GE Healthcare Europe
Pump P-900 GmbH
GE Healthcare Europe
Sample pump UP-960 GmbH
Control unit UPC-900 GE Healtheare Europe
GmbH
HisTrap FF Crude 1 mL, 5 mL Cytiva
FPLC Columns . HisTrap FF 5 mL Cytiva
HiTrap Desalting HiPrep Cviiva
26/10 Desalting y
UltiMate 3000 RS and LC Thermo Fischer
System Scientific, Dionex

High-performance liquid
chromatography (HPLC)

HPLC detectors

Columns

Gas chromatography (GC)

GC-Detector

Degasser SRD 3400
Pump module 3400RS
Pump module 3400 RD

Autosampler WPS 3000TRS

Autosampler WPS 3000TSL

Column compartment
TCC3000RS

Ultimate 3000 Photodiode
Array Detector

Refractive Index Detector

DAD 3000RS Diode Array
Detector

Evaporative light scattering
detector (ELSD), Varian 380-
LC

RezexROA-Organic Acid
H*(8%)
Triat Diol-Hilic 1,9 um 100
mm 2 mm

GromSil OPA-3 3 pum, 125
mm, 4.0 mm

Trace GC 2000 with Ultra
Trace

GC-autosampler TriPlus
Autosampler

Flame ionization detector
(FID)

Thermo Fischer
Scientific, Dionex

Thermo Fischer
Scientific, Dionex
Thermo Fischer
Scientific, Dionex
Thermo Fischer
Scientific, Dionex
Thermo Fischer
Scientific, Dionex

Thermo Fischer
Scientific, Dionex

Thermo Fischer
Scientific, Dionex

Shodex

Thermo Fischer
Scientific, Dionex

Varian

Phenomenex
YMC

Dr. Maisch

Thermo Fischer
Scientific

Thermo Fischer
Scientific

Thermo Fischer
Scientific
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Device category Device Manufacturer
GC-Columns Stabilwax Restek
Heidolph Instruments
Magnetic stirrer MR GmbH & CO'KG’
VMS-C7 VWR International
GmbH
Transferpette® S -8 electronic BRAND GmbH & Co.
L ) . 10-200 pL KG
Microliter pipets, electric Research pro 8x 1200 pL Eppendorf®
Research pro 12x 300 pL Eppendorf®
Transferpette® S : 0.1-10,000 BRAND GmbH & Co.
Microliter pipets, manual pL KG
Microliter syringe, 25 pL Hamilton AG
MJ Mini™ Personal Thermo Bio-Rad Laboratories
Cycler GmbH
MyCycler™ Thermal Cycler B10-Racélr;la];b}01ratorles
PCR thermocyclers CFX96 Touch Real-Time PCR Bio-Rad Laboratories
Detection System GmbH
C1000 Touch Thermal Cycler 0 Re¢ Laboratories
Dual 48/48 Fast Reaction Bio-Rad Laboratories
Module GmbH
Q-POD Milli-Q Merck Millipore
Waterbath ED-33 JULABO Labortechnik
GmbH
Water systems, Water bath
and ultrasonic devices CC1 Compatible Control Huber
Microprocessor Control MPC Huber
. VWR International
Ultrasonic Cleaner GmbH

pH meter and electrodes

Balances

Plate reader,
spectrophotometer

FiveGo™

FiveEasy™
pH Elektrode LE438
InLab® Micro Pro pH 0-14 ; 0-
100 °C
Microscales Pioneer™

TE6101

TE1502S

AW320

Epoch 2

Varioskan

NanoPhotometer® P-Class

Mettler-Toledo GmbH,

Mettler-Toledo GmbH,
Mettler-Toledo GmbH,

Mettler-Toledo GmbH,

Ohaus Europe GmbH,
Sartorius AG
Sartorius AG

Shimadzu Corporation

BioTek Instruments,
Inc.
Thermo Fischer
Scientific
Implen,
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Device category Device Manufacturer
Vacuum pump Vacuum pump PC 2004 VACUUBRAND
VARIO GmbH & Co. KG
Vortex mixer Vortex Genie Scientific Industries Inc,
Microwave Microwave MH 25 ED ECG
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2.1.2. Software and Databases

Software and databases used during studies are listed in Table 3

Table 3: Software and databases used in this study

Version number/

Software Supplier
Reference
European Bioinformatics Institute, UK;
UniProt Schweizer Institut fiir Bioinformatik, Schweiz; =
Protein Information Ressource, US
Braunschweig Technische Universitdt Braunschweig, Institut
Enzyme Database fiir Biochemie und Biotechnologie, 136
(BRENDA) http://www.brenda-enzymes.info/
National Center for Biotechnology
NCBI . ' . 137
Information, http://www.ncbi.nlm.nih.gov/
Basic Local
Alignment Search  National Center for Biotechnology Information 138
Tool BLAST
Benchling
: . [Biology
Benchling Benchling, Inc (benchling.com)
software] (2020 -
2023)
Expasy translate ) ) L )
Swiss Institute of Bioinformatics 139
tool
Expasy ProtParam Swiss Institute of Bioinformatics 140
Multalin Plateforme Bioinformatique Genotoul 5.4.1 1141
Clone Manager 9 Scientific & Educational Software 9.5.1
eQuilibrator Weizmann Institute in Rehovot, Israel 3.0 142
eQuilibrator ) ) )
Weizmann Institute in Rehovot, Israel =
pathway analysis
Bio-Rad CFX ) )
Bio-Rad Laboratories GmbH 3.1
Manager
Intas Intas Science Imaging Instruments|GmbH 393
YASARA YASARA Biosciences GmbH 15.11.18
Chromeleon Thermo Fischer Scientific 6.8

25



Materials and Methods

Version number/

Software Supplier
Reference
ChemDraw PerkinElmer 17.0
Chem3D PerkinElmer 17.0
OriginPro Originlab 2021b
PyMol Schrodinger, LLC 252
CopasiUl Copasi.org 4.4
Clustal Omega Conway Institute, UCD 1.2.4
Xcalibur™ Thermo Fisher Scientific 2.0.7
Unicorn GE Healthcare 7.3
Gen BioTek 5.3.1 and 2.09.1
Skanit Thermo Fisher Scientific 243
Professional Plus
Office 2016 Microsoft
2016
2.1.3. Chemicals
Chemicals used in the studies are listed in Table 4
Table 4: Chemicals used in this study
Catalogue
Chemicals Supplier/Manufacturer
number
Tris(hydroxymethyl)aminomethane
(hy y ¥h Carl Roth AE15.2
(Tris Base)
Ethylenediaminetetraacetic acid
Carl Roth 8040.2
(EDTA)
Acetic acid Carl Roth 6755.1
Glycerol 99.5% Fisher Bioreagents 12144481
Sodium hydroxide (NaOH) Carl Roth 6771.2
Xylene cyanol VWR(Serva) SERA38505.01
Bromophenol blue Merck 108122
Agarose Biozym 840004
DNA Stain Clear G VWR(Serva) SERA39804.02
Agar-Agar Carl Roth 52104
Yeast extract Carl Roth 2363.5
Peptone/Tryptone Carl Roth 8952.5

26



Materials and Methods

Catalogue
Chemicals Supplier/Manufacturer
number
Sodium chloride (NaCl) Carl Roth P029.3
Potassium chloride (KCI) Carl Roth 6781.2
Magnesium chloride hexahydrate
(MgCl * 6H;0) Carl Roth 2189.1
Magnesium sulfate heptahydrate
(MgSO4 * TH;0) Carl Roth 8283.2
a-D-glucose monohydrate Carl Roth 6887,5
4-(2-hydroxyethyl)-1-
piperazineethanesulfonic acid (HEPES) Carl Roth HN78.3
Calcium chloride (CaCl) Carl Roth 52391
Potassium hydroxide (KOH) Carl Roth 6751.1
Manganels\f:[ ;gllgrj(zegfgahydrate Merck M3634
Dimethyl sulfoxide (DMSO) Carl Roth 4720.1
DMSO for molecular biology Sigma D8418
Liquid nitrogen (Nz) Linde
Monopotassium phosphate (KH2PQO4) Carl Roth 3904.3
Dipotassium phosphate (K HPQ4) Carl Roth P749.3
Ammonium sulfate (NH4)2S04) VWR A1032.5000
Disodium phosphate (Na;HPQ4) VWR 1.065.862.500
a-Lactose monohydrate Carl Roth 6868.1
Isopropyl p-D-1-thiogalactopyranoside
(IPTG) Carl Roth CNO08.3
Ampicillin sodium salt Carl Roth K029.2
Kanamycin sulfate Carl Roth T832.3
Imidazole Merck 1047161000
Hydrochloric acid (HCI) Carl Roth 46252
Glycine Carl Roth 3790.2
Sodium dodecyl sulfate VWR (Serva) SERA20760.02
Tris(hydroxymethyl)aminomethane
(Tris-HCI) Carl Roth 9090.3
Ammonium persulfate VWR 1.01201.0500
Coomassie G250 VWR (Serva) (0472)
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Catalogue
Chemicals Supplier/Manufacturer
number
B-Mercaptoethanol Merck 805740
Rotiphorese® Gel 30 (37,5:1) Carl Roth 3029.1
Tetramethylethylenediamine
(TEMED) Carl Roth 2367.3
Sulfuric acid (H2SOy) Carl Roth 4623.4
Acetonitrile VWR 83640.320
Formic acid Sigma (Fluka) 06440
Monosodium phosphate (NaH,POy4 *
H:0) Sigma Aldrich 71496
Boric acid Sigma B7901
OPA-Reagent Dr-Maisch 9800600
Fluorescamin VWR 43749.MB
L-norvaline Dr-Maisch 9041901
L-Alanine Sigma-Aldrich A7627
Acetylacetone VWR 8.000.230.005
Ammonium acetate Carl Roth 7869.2
37% Formaldehyde Carl Roth 4979.2
Diphenylamine Merck 8205280100
Dihydroxyacetone VWR 8204820025
Methanol VWR 83638320
Acetaldehyde Carl Roth 3004.1
Ethanol Sigma 32221-M
Isobutanol Sigma 1.00984
2,2'-Azino-di(3-ethylbenzthiazolin-6- . 10102946001
sulfonsiure), ABTS SFI Sigma (Roche)
SYPRO™ OQOrange protein gel stain Sigma S5692
B-Nicotinamidadenindinucleotid
(NAD") Carl Roth AEIl1.2
B-
Nicotinamidadenindinucleotidphosphat Carl Roth AE13.1
(NADP")
B-Nicotinamidadenindinucleotid
(NADH) Carl Roth AEI2.1
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Catalogue
Chemicals Supplier/Manufacturer
number
B-
Nicotinamidadenindinucleotidphosphat Carl Roth AE14.2
(NADPH)
Adenosine-5'-triphosphate (ATP) Carl Roth HN35.4
Adenosine-5'-diphosphate (ADP) VWR (Serva) SERA10800.02
Thiamine pyrophosphate (TPP) Sigma C8754-5G
Glucose-1-Phosphate Alfa Aesar A12064.06
Glyceraldehyde D/L Sigma G5001
Dihydroxyacetone phosphate Santa Cruz sc-214896A
Glyceraldehyde 3-phosphate Sigma G5251
3-Phosphoglycerate Santa Cruz sc-214793A
2-Phosphoglycerate Sigma 79470
Phosphoenolpyruvate (VWR) Alfa Aesar B20358.06
Pyruvate Carl Roth 8793.1
Xylose Carl Roth 5537.3
Fructose-1.6-bisphosphate Sigma F6803
Xylulose Cayman Chemicals Cay20830-50
Xylulose S-Phosphate Carbosynth MX29090
2,3-Dihydroxyisovalerate Sigma 39693
2-Ketoisovalerate Sigma W386901
Isobutyraldehyde Sigma 418110

2.1.4. Buffers and Media

Media compounds were weight in and diluted in Milli-Q water. Afterward, heat-stable media
were sterilized through an autoclave for 20 minutes at 121 °C and ~200 kPa. Heat-unstable
media, buffers and solutions were sterilized through a syringe with a 0.2 pm sterile filter
(VWR). Buffers for HPLC were prepared in 1- or 2 L volumetric flasks for precise preparation.
All buffers were filtered before usage with a 0.2 um filter membrane (regenerated

Celluloseacetat Labsolute®).

2.1.5. Kits

Commercial kits used for the studies are listed in Table 5
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Table 5 Commercial Kits

Catalog
Kit Manufacturer
number
DNeasy® Ultra
Clean® Microbial Qiagen 12224-50
Kit
GeneJET Plasmid Therrpo Eisher K0503
Miniprep Kit Scientific
NucleoSpin Gel and
PCR Clean-up Mini  Macherey-Nagel 740609.250
Kit

2.1.6. Commercial enzymes used for enzymatic assays

Commercial enzymes used in this study for assays or in the cascades are listed below (Table 6).
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Table 6: Commercial enzymes for assays used in this study

Catalog
Enzyme Origin Application Manufacturer
number
Enzymatic assays
for activity
determination of
Pyruvate ATP, dependent
Kinase/Lactate Rabbit muscle  reactions or activity Sigma P0294
dehydrogenase mix determination of
enzymes from
lower glycolysis
(2.2.3)
Activity
Lactate Rabbit muscle deterrmnatl‘on of Carl Roth 6060.1
dehydrogenase pyruvate kinase
(2.2.3.9)
Methanol oxidation
Alcohol oxidase Pichia pastoris  in cascade reactions Sigma A2404
(2.2.9)
Corynebacterium .H202 detoxiﬁca.tion .
Catalase . in cascade reactions Sigma 02071
glutamicum (2.2.9)
Glyceraldehyde 3- deteljl‘rxl(l:it;\a]lltti}(])n of
Phosphate Rabbit muscle . hospha Sigma G2267
dehydrogenase . triose phosphate
1somerase (2.2.3.5)
Activity
determination of
Aldolase Rabbit muscle ~ O1yecraldehyde 3- Sigma A2714
phosphate
dehydrogenases
(2.2.3.4)
Activity
3 determination of
Phosphoglycerate- Yeast . Sigma P7634
. triose phosphate
phosphokinase

isomerase (2.2.3.5)

2.1.7. Commercial enzymes used for molecular biology and purification

Enzymes which were used for molecular biology applications as gene cloning, polymerase

chain reaction etc. are listed in Table 7.
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Table 7: Commercial Enzymes used in this study

Catalogue
Enzyme Manufacturer Application
number
DNasel  AppliChem  A37780500 1 uwification,
ppit-he ’ DNA cleavage
Taq DNA
Polymerase Promega MI166A Molecular
Phusion High- biology, PCR
Fidelity DNA- NEB MO0530L reaction
Polymerase
Hydrolyzation
CIP, Alkaline of free
Phosphatase NEB M02505 phosphate
groups
T4. DNA NEB M0203S DNA ligation
Ligase
Ndel NEB RO111S Restriction
enzyme
Sacl-HF NEB R3156S Restriction
enzyme
BamHI-HF NEB R3136S Restriction
enzyme
Xhol NEB RO146S Restriction
enzyme

2.1.8. Bacterial strains
Escherichia coli NEB Turbo (NEB) and Escherichia coli DH5a. (DH5a™ F-$80lacZAM15
A(lacZY A-argF) U169 recAl endA1 hsdR17 (rK-,mK+) phoA supE44 A- thi-1 gyrA96 relAl)
(Invitrogen/ Thermo Fisher Scientific) were used as cloning strains. Escherichia coli BL21
(DE3) (F— ompT gal dcm lon hsdSB(rB- mB-) AM(DE3 [lacl lacUV5-T7 gene 1 ind1 sam7 nin5])
(Novagen) was used as the expression strain.
Microorganisms carry genes of interest and are used for cloning genes of interest for usage in

the studies are listed in Table .
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Table 8: Microorganisms carry genes of interest

Microorganism Strain Origin
Escherichia coli TOP10 Invitrogen
Geobacillus ATCC
Merk Kit Sterikon® plus Bioindikator
stearothermophilus 7953
Meiothermus ruber 21 DSMZ 1279
Clostridium cellulovorans 743B DSMZ 3052
Kozakia baliensis SR-745 Chair of Chemistry of Biogenic Resources
Variovorax paradoxus EPS RUB - LS fiir Biologie der

Mikroorganismen
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2.1.9. Oligonucleotides
Oligonucleotides used to amplify genes via PCR were purchased from Eurofins Scientific and

are listed in Table 9.

Table 9: Oligonucleotides used in this study. The highlighted segment represents the cutting
site for the restriction enzymes used. The annealing temperature (T,) of oligonucleotides was
calculated via the NEB Tm Calculator web application for Phusion® High-Fidelity DNA
Polymerase with Phusion® High-Fidelity DNA Polymerase buffer (HF-Buffer) and an
oligonucleotide concentration of 500 nM.

Name Sequence Application Ta
GAATTG Colony PCR standard primer and
Mut_fw-lac_2 TGAGC ) .
T T amplification of flsm3 full gene 64
CTTTGT Colony PCR standard primer and
Mut_rev_2 TféggéG _ .
AT amplification of flsm3 full gene
AGGCf :‘ AT :CTCGG Amplification of gsTPI gene from
FW_gSTPI_NdeI ATCATTG .
CAGGCAA genomic DNA
CTGGAAAATGC 72
AAGAGCTC Amplification of gsTPI gene from
RV_gsTPI Sacl Gfgggg&%
CCTCCACC genome
GCCATATG Amplification of mrTktA gene from
FW_mrTktA_Ndel ACCCAGATA
ATTGCAAAAGC genome 7
GoARE Amplification of mrTktA gene from
RV_mertA_BamHI CCCAAC
AGGGACTT genome
CACCTCG
ATACATATG - :
Amplification of gsPgml gene from
FW_gsPgml_Ndel ACCGOTTG
CGCTCA genome
TCATTTTAG 69
AGAGCTC Amplification of gsPgml gene from
RV_gsPgml_Sacl TAT%TATIZSSETA
TTCCCCGTCATTTC genome
ATCATATG . -
Amplification of ccGapN gene
FW_ccGapN_Ndel e
AATGAGG from genome
AAAAAATA 61
AAGAGCTC Amplification of ccGapN gene
RV_ccGapN_Sacl XX/%?QZTA&EAA
ATAACCTTATGTC from genome
CCCATATG . :
Amplification of kbDhaK gene
FW_kbDhaK_Ndel VL, P ¢
CGCGATA from genome
CTATTGTGAGC 72
GACTCGAG Amplification of kbDhaK gene
RV_KbDhaK_ Xhol TGCCAégTCTCCA
CAGOAGECG from genome
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Name Sequence Application Ta
GCCATATG Amplification of vpTK1 gene from
FW_vpTK1_Nhis_Ndel oS
CCTGATGGC genome 7
CGCTCGAG Amplification of vpTK1 gene from
RV_vpTK1_Nhis_Xhol reagree
GCCGCTTC genome
Amplification of ecTK1 gene from
FW_ecTK1 Nhis_Ndel EaS s
AAAGAGCTTGC genome 6
CGCTCGAG Amplification of ecTK1 gene from
RV_ecTK1_Nhis_Xhol Ag%%ﬁ%
GCTTTCGC genome
Amplification of gene section of
Flanking T7mut_RV GCAgSTCngTAéACA FLS gene for overlap extension
TACGCCAGC
PCR
Amplification of gene section of
CTGTTTGGCCTG
I128L._Formolase CATSSF(;[CGTAGCA FLS gene for overlap extension
CACCATTTTTC PCR
Amplification of gene section of
GGGTGCTCG
N283H_Formolase TTTCGGTCTG FLS gene for overlap extension
- CATACCGGT
CATGGTTCCGG PCR
Amplification of gene section of
RV_128L._Overhang_T90L nggggc FLS gene for overlap extension
GTAACGGC PCR
Amplification of gene section of
CGAAACGAG
RV_TI90L_Overhang N283H CACCCA FLS gene for overlap extension
- - - GCATCAGTACC
AGGTCCGGAGC PCR
Amplification of gene section of
GCCGATC
T90L_Formolase GCGAAC FLS gene for overlap extension
- GCTAGGCTGG
ATCGCACTCCG

PCR
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Plasmids

Plasmids used or generated are listed in Table 10

Table 10: Plasmids used in this study

Plasmid Description Reference
pET28a Empty vector for cloning Novagen
pET24a Empty vector for cloning Novagen
) pJET Cloning Kit,
pJET1.2 Empty vector for cloning
Thermo
Expression vector for transketolase gene o
) ) Created in this
pET28a_ecTkl nHis of Escherichia coli with N-terminal
_ - . study
His¢Tag
Expression vector for transketolase gene o
) Created in this
pET28a_vpTK_ Nhis of Variovorax paradoxus with N-
_ _ . . study
terminal His¢Tag
Expression vector for xylulokinase gene ]
. . Provided by André
pET28a_ecXylB of Escherichia coli with N-terminal Pick
ic
His¢Tag
Expression vector for dihydroxyacetone o
. ) Created in this
pET28a_kbDHAK kinase gene of Kozakia baliensis with N- -
= study

pJET1.2_tk_GAPN

pET28a_tkGAPN

pET28a_ccGapN

pET28a_tkGAPN_NO

terminal His¢Tag
cloning vector with codon-optimized
glyceraldehyde 3-phosphate
dehydrogenase gene of Thermococcus
kodakarensis for further cloning
Expression vector for codon-optimized
glyceraldehyde 3-phosphate
dehydrogenase gene of Thermococcus
kodakarensis with N-terminal HissTag
Expression vector for glyceraldehyde 3-
phosphate dehydrogenase gene of
Clostridium cellulovorans with N-
terminal His¢Tag
Expression vector for non-codon-

optimized glyceraldehyde 3-phosphate

Gene string bought
from Geneart; blunt
end ligation with
pJetl.2

Created in this

study

Created in this

study

Plasmid bought

from Twist
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Plasmid Description

Reference

dehydrogenase gene of Thermococcus

kodakarensis with N-terminal HissTag

Expression vector for Ketoacid
reductoisomerase gene of Geobacillus
pET28a_Nhis_ GsKARI- ) i
stearothermophilus with N-terminal
His¢Tag
Expression vector for phosphoglycerate
mutase gene of Geobacillus
pET28a_gsIpgM_Nhis ) )
stearothermophilus with N-terminal
HissTag
Expression vector for transketolase gene
pET28a_mrTktA_Nhis of Meiothermus ruber with N-terminal
His¢Tag
Expression vector for triose phosphate
isomerase gene of Geobacillus
pET28a_gsTpl_nhis . .
stearothermophilus with N-terminal
HissTag
Expression vector for formolase gene

pET24a_FLSM3 . . ‘
with C-terminal HissTag

Expression vector for formolaseM3 gene
pET24a_FLS_CHIS . . _
with C-terminal His¢Tag

Expression vector for enolase gene of
pCBR-NHis-ENO003 Thermotoga maritima with N-terminal

His¢Tag

Expression vector for pyruvate kinase
pCBR-NHis-PYKO004  gene of Thermoplasma acidophilum with

N-terminal HissTag

Bioscience (non-
codon optimized

gene)

Created in this

study

Created in this

study

Created in this

study

Created in this

study

Created in this
study
Provided by the
Chair of Chemistry
of Biogenic
Resources (144).
Provided by the
Chair of Chemistry
of Biogenic
Resources.
Provided by the
Chair of Chemistry
of Biogenic

Resources.
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Plasmid Description Reference
‘ _ Provided by the
Expression vector for alanine ) .
Chair of Chemistry
pET28a-BsAlaDH dehydrogenase gene of Bacillus subtilis ) )
] ) ) of Biogenic
with N-terminal His¢Tag
Resources.
Expression vector for dihydroxy acid Provided by the
dehydratase gene of Schlegelella Chair of Chemistry
pET28NhisStDHAD1 ) ) ) )
thermodepolymerans with N-terminal of Biogenic

pET28a-LlkdcA

pET28a_KdcA_7M.D

pET28a-NH-yjgB-E.c

pET28a-NH-yahK-E.c

pET28a-CH-yqhD-E.c

pCBR-C-His-AlsS

HissTag

Expression vector for Ketoacid
decarboxylase gene of Lactococcus

lactis with N-terminal His¢Tag

Expression vector for Ketoacid
decarboxylase 7M.D gene of
Lactococcus lactis with N-terminal

HissTag

Expression vector for alcohol
dehydrogenase gene of Escherichia coli

with N-terminal His¢Tag

Expression vector for alcohol
dehydrogenase gene of Escherichia coli

with N-terminal His¢Tag

Expression vector for alcohol
dehydrogenase gene of Escherichia coli

with N-terminal His¢Tag

Expression vector for acetolactate
synthase gene of Bacillus subtilis with

C-terminal His¢Tag

Resources (4).
Provided by the
Chair of Chemistry
of Biogenic
Resources (149).
Provided by the
Chair of Chemistry
of Biogenic
Resources ('47).
Provided by the
Chair of Chemistry
of Biogenic
Resources (14%).
Provided by the
Chair of Chemistry
of Biogenic
Resources (14%).
Provided by the
Chair of Chemistry
of Biogenic
Resources (14%).
Provided by the
Chair of Chemistry
of Biogenic

Resources (7).
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Plasmid Description Reference
‘ Provided by the
Expression vector for pyruvate ) )
Chair of Chemistry
pCBRHisC-ZmPDC decarboxylase gene of Zymomonas ) )
of Biogenic

mobilis with C-terminal His¢Tag
Resources ('4).

‘ . Provided by the
Expression vector for xylose isomerase ) )
) Chair of Chemistry
pet28a-XylA(PS) gene of Pseudomonas fluorescens with ) )
) ) of Biogenic
N-terminal HissTag
Resources.
) ) Provided by the
Expression vector for triose phosphate ) ]
. Chair of Chemistry
pET28a_tmTIMfusPGK isomerase gene of thermotoga Maritima ) )
) ) ) of Biogenic
with N-terminal His¢Tag
Resources
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2.2.Methods
2.2.1. DNA manipulation methods
2.2.1.1. Plasmid isolation

Plasmids were isolated from either Escherichia coli strain DH5a or NEB Turbo. The GeneJET
Plasmid Miniprep Kit from Thermo Fisher Scientific was used as described in the manufacturer

protocol (User Guide: GeneJET Plasmid Miniprep Kit).

2.2.1.2. Genomic DNA isolation

Genomic DNA (gDNA) of Escherichia coli strain NEB Turbo was isolated using the DNeasy®
Ultra Clean® Microbial DNA Isolation Kit from Qiagen GmbH. DNA was isolated as described
in the manufacturing protocol (DNeasy UltraClean Microbial Kit Handbook).

2.2.1.3. Gene amplification by polymerase chain reaction
Genes of interest were isolated by using polymerase chain reaction (PCR). Thereby genes were
either amplified from extracted gDNA or directly from the strain. The procedure was adapted
from the NEB protocol (PCR Protocol for Phusion® High-Fidelity DNA Polymerase M0530
150): 0.5 uM of forward and reverse primer were mixed with 50 ng of gDNA, one unit of
Phusion® High-Fidelity DNA Polymerase, 1x HF-buffer, 1.25 mM DMSO, 200 uM of dNTP
mixture and adjusted to 25 pL or 50 pL with Milli-Q water in a 200 uL. PCR cup. Standard
parameters for PCR (Table 10) were: 98 °C for 5 min for initial denaturation, followed by a
30x repetitive sequence of a denaturation step of 98 °C for 30 sec, an annealing step for 30 sec
with annealing temperature of oligonucleotides calculated via the NEB Tn Calculator web
application for Phusion® High-Fidelity DNA Polymerase with Phusion® High-Fidelity DNA
Polymerase buffer (HF-Buffer) and an oligonucleotide concentration of 500 nM (Table 8). The
Tm was calculated for the Oligonucleotide sequence without restriction site. An elongation step
of 72 °C for a specific time was calculated from the length of the gene of interest (30 sec per
kilobase). After the sequence was over, a final elongation step of 10 min at 72 °C was applied
to finalize the PCR (Table 11). For amplification directly from the microorganisms, 20 pL LB-
medium or Milli-Q water was inoculated with the microorganism of interest, and 1 pL of this
solution was added to the reaction mixture instead of gDNA. In exceptional cases, a gradient
during the annealing step was applied by varying the temperature from 55 °C to 72 °C.

Temperature yielding the desired product was subsequently used in a standard PCR.
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Table 11: Standard PCR scheme

Step Temperature [°C] Time [min] Cycles
Initial
denaturation %8 > :
Denaturation 98 0.5
Primer annealing 55-72 0.5 30
Elongation 72 0.5/kb
Final Elongation 72 10 1
Hold 10 1

2.2.1.4. Colony PCR

Colony PCR was used to control the ligation and transformation procedures. The standard
protocol for colony PCR with Taq polymerase was adapted from NEB protocols (PCR Protocol
for Taq DNA Polymerase with Standard Taq Buffer M0273 '51). For this, Escherichia coli
colonies were picked with a sterile toothpick and transferred to 20 pL of LB-medium containing
a selection antibiotic. 200 uM dNTP mixture, 0.2 uM forward

Mut_fw-lac 2 and Mut rev 2 (Table 8), 1.25 mM DMSO and 1x ThermoPol polymerase
buffer were mixed and adjusted to 23.875 uL with Milli-Q water. The reaction was started by
adding 1 pL of cell suspension and 0.6 U (0.125 pL) Taq DNA Polymerase to the solution. The
typical PCR procedure was as follows (Table 12). An initial denaturation cycle for 5 min at
95 °C, followed by a sequence of 30 cycles of denaturation (30 sec at 95 °C), annealing (30 sec
at 55 °C) and elongation (1 min/kB at 68 °C). Final elongation was performed at 68 °C for 10
minutes (Table 12). The annealing temperature was increased from 50 °C (calculated via NEB

Tm calculator for Taq polymerase and ThermoPol buffer) to 55 °C.
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Table 12: Colony PCR scheme

Step Temperature [°C] Time [min] Cycles
Initial
denaturation . 10 :
Denaturation 95 0.5
Primer annealing 55 0.5 30
Elongation 68 1/kb
Final Elongation 68 10 1
Hold 10 1

2.2.1.5. Overlap Extension PCR

Overlap extension PCR was adapted from Williams et al. !>

and used for site directed
mutagenesis. This type of PCR introduced three manipulations leading to the mutations 128L,
TI90L and N283H to formolase (FLS) to create the variant FLSM3 (Table 13). For this, primers
were created carrying the needed base exchanges and the associated flanking primers (Table
8). Four gene sections were amplified (2.2.1.3) and purified as described in section 2.2.1.6.
Primer combinations are shown in Table 13. The four sections with base pair (bp) lengths
between 144 bp and 944 bp were used in another PCR to create the full-length gene. For this,
equal molar ratios of the sections were added with Mut fw-lac 2 and Mut rev 2 primer. A
PCR was conducted with an annealing temperature of 55 °C for 30 seconds and an elongation
temperature of 72 °C for 1 min. The PCR product was purified via gel electrophoresis and
cloned into a pJetl.2 vector using the CloneJET PCR-cloning kit. The full-length gene was

transferred via restriction ligation cloning (2.2.1.7) to the expression vector pET24a.

Table 13: Primer combinations for overlap extension PCR to create FLSM3.

Annealing
Gene section Primer 1 Primer 2 temperature
[°C]
1 Mut_fw-lac 2 Flanking T7mut RV 65
2 128L_Formolase RV _I28L Overhang T90L 72
3 T90L Formolase = RV _TO90L Overhang N283H 72
4 N283H_Formolase Mut rev 2 64
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2.2.1.6. DNA separation and purification via gel electrophoresis

Buffers and solutions used for gel electrophoresis are described in Table 14. As marker a 1 kb
Plus DNA Ladder (NEB) was used.
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Table 14: Buffers and solutions for agarose gel electrophoresis

Storage
Buffers and
Preparation temperature
solutions
[°C]
50x TAE o
2 M Tris base, 50 mM EDTA, 57 mL L' acetic acid RT
buffer
1x TAE
50x TAE buffer diluted with Milli-Q water RT
buffer
1% agarose 1% agarose (w v'!) dissolved in 1x TAE buffer (5 6
solution minutes heating in the microwave)
75 mM Tris base, 50 mM EDTA, 50% glycerol (v v'!),
5x DNA
0.025% bromophenol blue (w v'!), 0.025% xylene -20
loading dye

cyanol (w v!), pH was adjusted to pH 7.6 with NaOH

For purification and visualization of genes amplified by PCR or restriction methods, DNA was
purified by gel extraction. The DNA was diluted with the 5x DNA loading dye, resulting in a
I1x DNA loading dye, and loaded onto a 1% agarose gel.

The agarose gel was prepared by mixing 50 - 100 mL of 1% agarose solution 100 pL of Serva
DNA dye and poured into a tray. A special comb was inserted to form wells for loading the
DNA samples.

After solidification of the agarose, the tray was placed in a DNA electrophoresis chamber along
with the gel. 1x TAE buffer was used to cover the agarose gel. 20 to 50 uL of the previously
prepared DNA samples were added to the gel. 8 pl of 1 kb plus DNA ladder (NEB) was added
to a well to control and confirm DNA size. The chamber was closed and a 110 V to 120 V
voltage was applied for 25 to 35 min.

The gel was placed on a transilluminator for visualization with an additional gel extraction step.
For visualization without further extraction, DNA bands were visualized using a Gel iX Imager
with a camera and UV light using Intas software.

For purification of the DNA bands, DNA was cut out and purified using the NucleoSpin Gel
and PCR Clean-up Mini Kit as described in the manufacturer protocol MACHEREY-NAGEL

User manual).

2.2.1.7. Restriction ligation cloning

For restriction ligation cloning, 1000 to 2000 ng of purified plasmid and gene DNA were cut
by specific restriction enzymes (Table 7, Table 9) at 37 °C for 2 h in 1x CutSmart buffer (NEB)
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in a reaction volume of 40 pL. After 1.5 h, 0.5 pL of Quick CIP (Table 7) was added to the
plasmid restriction solution to dephosphorylate the cut plasmid. CIP was inactivated by
incubating the solution for 2 min at 80 °C. DNA was then separated and purified as described
in 2.2.1.6. Ligation of specific plasmid and gene DNA fragments was performed with T4 ligase
(Table 7). 50 to 100 ng of plasmid DNA was ligated with gene DNA at a ratio of 1:3 calculated
by NEBioCalculator. A standard procedure was established following NEB ligation protocols
(Ligation Protocol with T4 DNA Ligase (M0202)): Plasmid DNA and target DNA were mixed
in 1x T4 ligase buffer. Milli-Q water was used to adjust the volume to 19 pL in a 200 puL cup.
1 puL of T4 DNA ligase was added to the solution to start the ligation. The solution was
incubated at 16 °C for 16 hours. Subsequently, the T4 DNA ligase was inactivated by heating
the solution to 65 °C for 20 minutes. After heat treatment, the solution was stored at -20 °C
until further use (2.2.1.10).

1.1.1.1. CloneJET PCR Cloning with pJET vector

For pJET cloning, the method described in the CloneJet PCR cloning kit user manual (Thermo
Fisher Scientific) was used. 50 ng pJET1.2/blunt cloning vector was mixed with 1 pL of
purified gene DNA and 10 pL of 2x reaction buffer (Thermo Fisher Scientific). Milli-Q water
was used to adjust the volume to 19 pL and 1 pL T4 ligase (Table 7) was added. The ligation
mixture was incubated for 5 to 30 minutes at room temperature and afterward stored at -20 until
further usage. DNA sequencing

15 uL of purified plasmid with a concentration of 50 pg uL™! to 100 pg uL! were sent for
sequencing to Eurofins Genomics GmbH, Germany. Sequencing was performed with

sequencing primers provided by Eurofins Genomics GmbH Germany, namely T7 and T7 term.

2.2.1.8. Preparation of chemically competent Escherichia coli cells.
The following media, buffers and solutions were used. In the case of SOB-medium, tryptone,
yeast extract and NaCl were weight diluted in water and autoclaved together. KCI, MgCl, and
MgSO4 were autoclaved separately. Full SOB-Medium was prepared by adding the separately

autoclaved components together (Table 15).
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Table 15: Buffers and media for the preparation of chemically competent Escherichia coli cells

Buffers and Storage
Preparation
solutions temperature [°C]

0.5% (w v'!) yeast extract, 2% (w v'!) tryptone, 10

SOB-medium mM NaCl, 2.5 mM KCl, 10 mM MgCl, 10 mM RT
MgSOg4
10 mM HEPES, 15 mM CaCl,, 250 mM KCI, 55
TB-buffer 4

mM MnCl,, KOH for pH adjusting to pH 6.7

The preparation of chemically competent Escherichia coli cells procedure was adapted from
Inoue et al. '33. For this purpose, 250 mL of SOB-medium was inoculated with a freshly
prepared pre-culture to an ODeoo of 0.05 and incubated in a 2-liter flask at 20 °C and 200 rpm
to an ODeoo of 0.6. Cells were then chilled on ice for 10 minutes and centrifuged in a pre-chilled
centrifuge at 4 °C and 2500 g for 10 minutes. Cells were resuspended in 80 mL of cold TB-
buffer, and DMSO was slowly added to a final concentration of 7%. After incubation on ice for
10 minutes, the cell suspension was divided into 0.1 mL aliquots and immediately frozen in

liquid nitrogen. Competent cells were stored at -80 °C until further use.

2.2.1.9. Transformation of chemically competent Escherichia coli cells
The following media, buffers and solutions were used. SOC-medium was similarly prepared to
SOB-medium (2.2.1.3), whereby 1 M glucose was also separately autoclaved and mixed after
autoclaving (7able 16).
For the preparation of LB-agar plates (20 mL LB-agar, 20 uL selection antibiotic), the LB-agar
solution was cooled down before the addition of the selection antibiotic and quickly cast after

addition.
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Table 16: Buffer, media and solutions used in the transformation of chemically competent cells.

Buffers and Storage temperature
Preparation
solutions [°C]
SOC-medium SOB-Medium (2.2.1.3), 20 mM Glucose -20
LB-medium 1% Tryptone, 0.5% yeast extract, 1% NaCl RT
1% Tryptone, 0.5% yeast extract, 1% NaCl,
LB-agar 65
1.5% agar-agar
Selection 100 mg mL! kanamycin in Milli-Q water 20
antibiotic 100 mg mL! ampicillin in Milli-Q water )

100 pL of competent E. coli cells were thawed on ice for 10 min, split into 50 uL, and
transferred to a sterile Eppendorf tube. Suitable amounts of DNA (50 ng plasmid DNA or 10
pL ligation mixture) were added to the cells and gently mixed by inverting the tube. Cells were
incubated on ice for 30 minutes and afterward, head shocked by transferring the tube to a pre-
warmed water bath at 42 °C for 45 sec. After incubation on ice for 3 minutes, 900 pL of SOC-
Medium was added for cell regeneration and the mixture was incubated at 37 °C for 45 min to
1 h with 150 rpm shaking. Afterward, cells were plated on LB-agar plates containing the
appropriate selection antibiotic. For plasmid isolation, a colony from the LB-agar plate was
picked and used to inoculate 5 mL LB-medium in a reaction tube containing the appropriate
selection antibiotic (diluted 1: 1000). The reaction tube was incubated overnight at 37 °C and
300 rpm. The next day, cells were centrifuged at 1500 g for 10 minutes, and plasmids were
isolated using the GeneJET Plasmid Miniprep Kit (Thermo Fisher Scientific) as described in

the manufacturer's protocol.

2.2.2. Protein production

2.2.2.1. Gene expression with Escherichia coli BL21(DE3)
The following media, buffers and solutions were used. In the auto-induction medium, ZY-
medium, 20x NPS solution, 50x5052 solution and MgSO4 were autoclaved and mixed together

afterward. TB-medium and TB 10x phosphate buffer were autoclaved separately and mixed
afterward (Table 17, Table 18).
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Table 17: Buffers and Media used for protein production

Buffers and Storage temperature
Preparation
solutions [°C]
LB-medium 22.1.4 RT
LB-agar 22.14 65
ZY-Medium 1% Tryptone, 0.5% yeast extract RT
6.6% (NH4)2S04, 13.6% KH2PO4, 14.4%
20x NPS solution RT

(w v'!) Na;HPO4
25% glycerol, 2.5% glucose, 10% a-

50x5052 solution RT

Lactose
MgSOj4 solution 1 M MgSO4 in Milli-Q water RT

1.4% tryptone, 2.4% yeast extract, 0.4%

TB-medium RT

glycerol

TB 10x phosphate
0.17 M KH2POg4, 0.72 M K2HPO4 RT
buffer

IPTG solution 1 M IPTG in Milli-Q water -20
Kanamycin solution 462.2.1.10 -20

Table 18: Preparation of auto-induction medium and TB-medium

Medium Solutions mL
TB-medium 900
TB-medium with TB-buffer TB 10x phosphate buffer 100

Kanamycin solution 1

ZY-Medium 928

20xNPS 50

Auto-induction medium 50x5052 solution 20
MgSO4 solution 1
Kanamycin solution 1

E. coli BL21(DE3) was the host of choice for gene expression. The day before performing the
protein expression experiments, a freshly transformed E. coli BL21(DE3) colony on LB-agar
plates with 100 pg mL™! kanamycin as the selection antibiotic was used to inoculate 20 mL of
LB-medium with 100 pg mL-! kanamycin as a pre-culture. The pre-cultures were incubated

overnight at 37 °C and 160 rpm. The next day, the ODgoo of the pre-culture was determined
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using a NanoPhotometer® P-Class (Implen), and one liter auto-induction medium containing
100 pg mL! kanamycin was inoculated in a 5-liter baffled flask to an ODeoo of 0.05. The flasks
were incubated at 37 °C and 95 to 140 rpm until an ODsoo of 0.5 to 0.7 was achieved. The
temperature was then lowered to 16 to 25 °C, depending on the protein of interest, and
incubation continued for a total runtime of 24 hours. Afterward, cells were centrifuged at 3500
g for 30 min. The supernatant was decanted and cells were stored until usage at -20 °C. For the
FLS and FLSM3 production TB-medium was used instead of autoinduction-medium.
Following the protocol from above, the only difference in the procedure was the addition of

100 uM IPTG (final concentration) before temperature reduction.

2.2.2.2. Cell lysis

The following buffers and solutions were used. For the preparation of binding buffer, stock
solutions of 1 M HEPES, 5 M imidazole, 5 M NaCl were prepared beforehand. These solutions
were mixed to prepare the target buffer (Table 19).

Table 19: Buffers for the cell lysis

Buffers and Storage
Preparation
solutions temperature [°C]
DNAsel 10% (w v!') DNAsel, 20 mM Tris-HCI, 50% 0
solution glycerol, I mM MgCl»
500 mM NacCl, 20 mM Imidazole, 10% glycerol,
Binding buffer RT

50 mM HEPES pH 7.5 adjusted with NaOH

The cell pellets of expression cultures were resuspended by vortexing in the binding buffer in
a 50 mL falcon tube. This way, a solution of a maximum of 20% (w v'!) of the cells were
prepared. Lysis was conducted via sonication using the different sonotrodes LS24d10, LS24d3
and VialTweeter (Hielscher Ultrasonics GmbH) with an amplitude of 80% and a cycle length
of 0.6-sec puls and 0.4-sec pause for two times eight to ten minutes. For this, the cell suspension
in the falcon tube was placed on ice and the sonotrode was dipped into the solution. Cell
suspensions in Eppendorf tubes for test lysis via the VialTweeter, were sonicated for 45 sec and
afterwards placed on ice for one minute. This procedure was repeated for three times. For the
procedure with the falcon, the falcon was turned upside down between the two runs to mix the
solution. Afterward, DNAsel solution was supplemented with a final concentration of 10 pg

mL-! and lysate was incubated for 20 minutes at room temperature to cleave released DNA.
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After incubation, the lysate was centrifuged at 40,000 g at 20 °C for 30 minutes (21,000 g for
Eppendorf tubes). The supernatant was filtered through a 0.2 um syringe filter and placed on

ice until further use.

2.2.2.3. Protein purification.
For the preparation of binding-, elution- and storage buffer, stock solutions of 1 M HEPES, 5
M imidazole, 5 M NaCl were prepared beforehand. These solutions were mixed to prepare the
target buffer. Target buffers were filtered (0.2 pm filter membrane regenerated Celluloseacetat

Labsolute®) on the same day before usage on the AKTA™ purifier system (Table 20).

Table 20: Buffers for the AKTA™ purifier system

Buffers and Storage
Preparation
solutions temperature [°C]
Binding
2222 RT
buffer
500 mM NacCl, 500 mM Imidazole, 10% glycerol,
Elution buffer . . RT
50 mM HEPES pH 7.5 adjusted with NaOH
Storage buffer 50 mM HEPES pH 7.5 adjusted with NaOH RT

All proteins purified contained a Hisstag and could be purified by immobilized metal ion
affinity chromatography (IMAC). For this, an AKTA™ purifier system, equipped with a
HisTrap™ FF crude column or HisTrap™ FF column was used. Proteins containing a His¢Tag
can bind to these columns and be eluted with imidazole. The protein purification process was
monitored by UV measurement at 280 nm and conductivity. Samples for quality control were
taken from the lysate, flow-through of the washing step, the fraction derived from the imidazole
gradient and for the pure pooled protein fraction and analyzed by SDS-PAGE (2.2.2.6). To
prepare the column, ten column volumes (CVs) of water were applied with a flow rate of 5 mL
min’!'. Afterward, the column was equilibrated with 10 CVs of binding buffer. The sample was
applied via a sample pump at a flow rate of 5 mL min’! to bind the protein of interest to the
column. After application, the column was washed with 5 to 10 CVs of binding buffer to wash
out loosely bound protein. The UV signal was monitored to estimate whether all loosely bound
proteins were eluted, and the wash was stopped when it reached near zero. The protein of
interest was eluted using a gradient of elution buffer from 0% to 100% in 5 CVs. Fractions of
1.8 mL were collected in a 96-deep well plate and fractions containing protein based on the UV
signal were collected. Fractions were pooled based on the UV signal, whereby the first and last
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fractions containing an increased UV signal were withdrawn. The HisTrap™ columns were
washed after usage with 10 CVs of water and 5 CVs in 20% ethanol. HisTrap™ columns were

stored after usage in 20% ethanol at room temperature.

2.2.2.4. Size exclusion chromatography
Pooled fractions were then applied to a size exclusion chromatography column (SEC) to remove
unwanted imidazole, salts and glycerol using the AKTA™ purifier system. In the first step, a
HiPrep 26/10 SEC column was washed with 10 CVs of Milli-Q water and afterward
equilibrated with 50 mM HEPES-buffer pH 7.5 with a flow rate of 10 mL min™!. A maximum
of 15 mL protein solution was loaded onto the column with a flow rate of 5 mL min™.
Afterward, a single protein fraction was eluted by applying 50 mM HEPES-buffer pH 7.5
(storage buffer) with a 5 mL min! flow rate. The protein-containing fraction was collected
according to the UV signal. To store the HiPrep 26/10 SEC column, the column was washed
with Milli-Q water for 10 CVs and 20% ethanol for 5 CVs. Afterward, it was stored in 20%

ethanol at room temperature.

2.2.2.5. Storage of purified protein solutions

Purified proteins were flash-frozen by adding the solution dropwise to liquid nitrogen and
stored at -80 °C as beads.

2.2.2.6. Protein concentration determination

Protein concentration was determined using a NanoPhotometer® P-Class (Implen). For this, 2
pL of storage buffer was added and measured as a blank. To measure protein concentration, 2
uL of protein solution was added, and absorption was measured at 280 nm after adding the
extinction coefficient and molecular weight of the target enzyme to the system. Extinction
coefficient and molecular weight were determined with the ProtParam tool (Expasy) based on
the protein sequence of the target protein. The extinction coefficient is estimated based on the
composition of amino acids. Here the molar extinction coefficients of cystine, tyrosine and
tryptophan are used to calculate the extinction coefficient of the target protein (Formula 1) !4,
With the extinction coefficient of the proteins calculated, the protein concentration can be

further calculated by the Lambert-Beer law (Formula 2).

Eprot(280) = NTyr * ETyr(280) + NTrp * ETrp(280) + NCystine * Ecystine(280) (1)

51



Materials and Methods

eprot280): Target protein extinction coefficient at 280 nm [M cm™']
enrs0): Extinction coefficient of tyrosine at 280 nm [1490 M cm™]
ermp(280); Extinction coefficient of tryptophan at 280 nm [5500 M cm™']
ecystine280): Extinction coefficient of cystine at 280 nm [125 M ecm™]
Nryr: Number of tyrosine in one protein

Nrwp: Number of tryptophan in one protein

Ncysiine: Number of cystine in one protein

Azg0
C = ———x MW, 2
prot d*Eprot(z0) prot ( )

cpror: Target protein concentration [mg mL']

Azso: Absorption at 280 nm

d: layer thickness [cm]

MWpror: Molecular weight of the target protein [Da]

eprot280): Target protein extinction coefficient at 280 nm [M cm™]
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1.1.1.2. Sodium dodecyl! sulfate polyacrylamide gel electrophoresis

Buffer solutions for sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE)

were prepared as follows (Table 21).

Table 21: Buffers and solutions used for SDS-PAGE

Buffers and Storage
solutions Preparation temperature
[°C]
1.5 M Tris base, 0.8% (w v'!) sodium dodecyl
4x lower buffer sulfate, pH adjustment to pH 8.8 by HCI (37% w RT
wh)
0.5 M Tris-HCI, 0.8% (w v'!) sodium dodecyl
4x upper buffer sulfate, one spar tip bromphenol blue, pH RT
adjustment to pH 6.8 with NaOH (10 M)
10% Ammonium
persulfate solution 10% ammonium persulfate in Milli-Q water -20
(10% APS)
Coomassie 171 mM Coomassie G250, 3 mL concentrated HC1 RT
staining solution 37% ww)
25% (v% v') glycerol, 12.5% (v% v'!) B-
5x SDS loading mercaptoethanol, 7.5% (w v'!) sodium dodecyl 20
dye sulfate, 0.25 M Tris base solution pH 6.8 adjusted
with HCI (37% w w!), 0.4 mM bromphenol blue
10x SDS running 0.25 M Tris base, 1.92 M glycine, 1% sodium RT

buffer

dodecyl sulfate

The purity and molecular weight of proteins purified by Immobilized metal-affinity
chromatography (IMAC) and Size exclusion chromatography (SEC) were determined by
sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE). An SDS gel consists
of a separation and a collection gel, which must be cast before running the SDS-PAGE. For the
preparation of these two gel parts, several stock solutions were prepared.

A 4x lower buffer and 4x upper buffer were prepared for the separation gel. Bromophenol blue

was added to the upper buffer to have a better resolution of the wells.
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SDS gels were set in an SDS-gel chamber using a two-step procedure (Table 22). First, a 12%
separation gel was cast. The gel was overlaid with isopropanol before solidification to obtain a
clear edge. After the gel was solidified, the isopropanol was discarded and a collection gel (5%)
was poured over the separation gel. A comb with 10 or 15 wells was placed in the fresh

collection gel before solidifying. Freshly prepared SDS gels were stored at 4 °C in wet tissue.
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Table 22: Preparation of SDS-gels

Separation gel [12% Collection gel [5%
Components acrylamide] for 2 small 1 acrylamide] for 2 small 1
mm gels mm gels
Volume [puL] Volume [puL]
30% Bis-acrylamide
solution 1000 540
water 3290 2770
Lower buffer 4x 2500

Upper buffer 4x 1250
10% APS 100 50
TEMED 10 5

After the preparation of the gels, further stock solutions were prepared for the SDS-PAGE. 100
mL of 10x running buffer was diluted with 900 mL of Milli-Q water to 1x running buffer.

Prior to protein analysis by SDS-PAGE, 16 pL of protein solution was mixed with 4 pL of 5x
SDS loading dye and incubated at 95 °C for 5 minutes. After heating, the solution was
centrifuged for 1 minute. Meanwhile, the SDS gel was placed in a gel electrophoresis chamber
and filled with 1x SDS running buffer. The comb was removed and a maximum of 20 pL of
the protein solution was pipetted into the wells. 3 to 10 pg of the protein samples were loaded
onto the gel to achieve good separation and resolution. For determination of the molecular
weight of the proteins and quality control, 5 uL of PageRuler™ unstained protein ladder
(Thermo Fisher Scientific) was added to a free well. To perform SDS-PAGE, the gel chamber
was closed and connected to a power supply. A constant current with a variable voltage was set
at 30 mA per gel for 45 min to 1 h. The gel was then loaded onto the cell. After the running
front passed the gel edge, the gel was removed from the glass plates and placed in a staining
chamber. Milli-Q water was poured onto the gel and heated in a microwave for 3 min to wash
the gel. The water was discarded and a Coomassie staining solution was added. The solution
was heated in a microwave for three to five minutes to stain the gel. The staining solution was
then removed and Milli-Q water was added again, with a tissue placed on the gel to facilitate
removal of the staining solution. After another microwave cycle of three minutes, the Milli-Q
water was replaced. The gel was decolorized in a shaker until good contrast was achieved if

necessary.
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The de-stained gel was transferred to a Gel iX Imager (Intas) with a camera and white light
using Intas software for documentation. A white extension was placed onto the bottom of the

chamber to receive a better resolution. A picture was taken with the system for analysis.

2.2.3. Enzymatic activity determination via NAD(P)H detection
The specific activity and kinetic characterization of enzymes were determined by measuring
the absorbance of NAD(P)H at 340 nm using an Epoch 2 spectrophotometer (Biotek) with 96
well microplates (Greiner polystyrene, F-bottom clear). The target enzyme was either studied
directly by catalyzing a reaction involving the reduction of NAD(P)* or the oxidation of
NAD(P)H, or it was coupled to a reaction involving NAD(P)H oxidation or NAD(P)" reduction,
respectively. The specific activity (U mg™!) were determined by applying Formula 3.

v = a*Vges*Df (3)

Venz* ENADH*A*Cenz

v: Specific activity [U mg™']

a: slope

Vees: Assay volume [mL]

Df: dilution factor

Venz: Enzyme volume added [mL]

enxapn: Extinction coefficient NADH at 340 nm [6220 M cm']
d: Layer thickness

Cenz: Enzyme concentration [mg mL]

Further description of the assay for transketolase, dihydroxyacetone kinase, triose phosphate
isomerase, glyceraldehyde 3-phosphate dehydrogenase (non-phosphorylative),
phosphoglycerate mutase, enolase, pyruvate kinase, alanine dehydrogenase and alcohol
dehydrogenase can be found in 3.2 and 3.3 by assaying the enzymes in suitable conditions and

the matrix of the associated cascade Example reaction setups are provided in the following.

2.2.3.1. Xylose isomerase
The activity of xylose isomerase of Pseudomonas fluorescence (pfXylA) was assayed in a
coupled approach with xylulokinase from Escherichia coli (ecXylB), pyruvate kinase and
lactate dehydrogenase by measuring the oxidation of NADH. Standard reactions contained 100
mM xylose, | mM ATP, 0.3 mM NADH, 1 mM PEP, 10 mM MgCl,, and 50 mM HEPES pH
7.5, 2 uL pyruvate kinase, lactate dehydrogenase mix (rabbit muscle) corresponding to 1.2 — 2

U pyruvate kinase and 1.8 — 2.8 U lactate dehydrogenase and 5 pg ecXylB in 200 pL at 37 °C.
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2.2.3.2. Xylulokinase

The activity of xylulokinase of Escherichia coli (ecXylB) was assayed in a coupled approach
with pyruvate kinase and lactate dehydrogenase by measuring the oxidation of NADH.
Standard reactions were applied in 200 pL at 37°C containing 1 mM xylulose, | mM ATP, 0.3
mM NADH, 1 mM PEP, 10 mM MgCl,, and 50 mM HEPES pH 7.5 and 2 pL pyruvate kinase,
lactate dehydrogenase mix (rabbit muscle) corresponding to 1.2 — 2 U pyruvate kinase and 1.8

— 2.8 U lactate dehydrogenase.

2.2.3.3. Transketolase

The activity of transketolase of Escherichia coli (ecTktA) was assayed in a coupled approach
with aldehyde dehydrogenase of Thermoplasma acidophilum (taAIDH) variant M42 by
measuring the reduction of NAD". Here, 5 mM xylulose, ImM formaldehyde, 5 mM NAD", 1
mM TPP, 10 mM MgClz, 0 — 0.5 mM MnCl; and 50 mM HEPES pH 7.5 as well as 25 pg M42
were applied to the reaction in 200 pL at 37 °C and the reaction was started with addition of
transketolase. Additionally to this approach, ecTktA was assayed in a coupled approach with
glyceraldehyde 3-phosphate dehydrogenase (GapDH) (phosphorylating) from rabbit muscle.
Here, | mM xylulose-5-phosphate and 1 mM formaldehyde were used as substrate and the
assay solution contained an additional 1 mM MgSOs, 1mM MnCl, 50 mM potassium
phosphate pH 7.5, 1 mM NAD", 0.5 mM TPP and 16 pg GapDH.

2.2.3.4. Glyceraldehyde 3-phosphate dehydrogenase

The activity of glyceraldehyde 3-phosphate dehydrogenase (GapN) of Clostridium
cellulovorans or Thermococcus kodakarensis (ccGapN, tkGapN) was assayed in two ways. A
direct assay with glyceraldehyde 3-phosphate is described in 3.3. Due to the expense of
glyceraldehyde 3-phosphate, a coupled approach with aldolase with the substrate fructose 1,6-
bisphosphate was conducted. Here 20 pg of aldolase was used to produce glyceraldehyde 3-
phosphate from fructose 1,6-bisphosphate, which can then be measured by oxidation to
glycerate 3-phosphate with simultaneous reduction of NAD*. Reactions were applied in 200
pL at 25, 30, or 37°C containing 1 mM fructose 1,6-bisphosphate, 0.5 mM TPP, 1 mM
NAD(P), 20 pg of aldolase and 50 mM HEPES pH 7.5.

2.2.3.5. Triosephosphate isomerase

The activity of triosephosphate isomerase of Geobacillus stearothermophilus (gsTpl) was
assayed with GAPDH and 3-phosphoglycerate kinase by measuring the reduction of NAD".
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Reactions containing 5 mM potassium phosphate pH 7.5, 2.5 mM NAD*, | mM ADP, 1 mM
dihydroxyacetone phosphate (DHAP), 50 mM HEPES pH 7.5, 24 ng GapDH (rabbit muscle)
and 4.6 U ml™!' 3-phosphoglycerate kinase (yeast). The reaction was started by the addition of
gsTpl to the assay mixture.

The activity of triosephosphate isomerase fusion protein with phosphoglycerate kinase of
Thermotoga maritima (tmTpl) was assayed with GAPDH by measuring the reduction of NAD".
Reactions containing 5 mM potassium phosphate pH 7.5, 10 mM MgCly, 2.5 mM NAD", 1 mM
ADP, 1 mM dihydroxyacetone phosphate (DHAP), 50 mM HEPES pH 7.5 and 10 ug GapDH
(rabbit muscle). The reaction was started by adding tmTpl to the assay mixture at 37 °C or 30
°C.

2.2.3.6. Dihydroxyacetone kinase
The activity of dihydroxyacetone Kinase of Kozakia baliensis (kbDhaK) was assayed in two
ways. A first coupled approach with pyruvate kinase and lactate dehydrogenase and a second
coupled approach via triose phosphate isomerase and glyceraldehyde 3-phosphate
dehydrogenase (non-phosphorylating). The coupling with triose phosphate isomerase and
glyceraldehyde 3-phosphate dehydrogenase (non-phosphorylating) is further described in 3.3
and 2.2.6. An assay setup without all cascade components present is described in the following.
Here 1 mM dihydroxyacetone, 1 mM ATP, 0.3 mM NADH, 1 mM PEP, 10 mM of MgCl, 50
mM HEPES pH 7.5 and 2 pL pyruvate kinase, lactate dehydrogenase mix (rabbit muscle)
corresponding to 1.2 — 2 U pyruvate kinase and 1.8 — 2.8 U lactate dehydrogenase setting the
assay matrix. Reactions were carried out at 30 °C or 37 °C and started by adding kbDhaK to

the assay solution.

2.2.3.7. Phosphoglycerate mutase

The phosphoglycerate mutase activity of Geobacillus stearothermophilus (gsPgM) was assayed
in a coupled approach with enolase (tmENO) and PyK/LDH mix. Here, 1 mM 3-
phosphoglycerate, | mM MnCl,, 10 mM MgCl,, 1 mM ADP, 0.3 mM NADH, 50 mM HEPES
pH 7.5, 5.6 ng tmENO, and 2 pl pyruvate kinase, lactate dehydrogenase mix (rabbit muscle)
corresponding to 1.2 — 2 U pyruvate kinase and 1.8 — 2.8 U lactate dehydrogenase. The reaction
was started by adding gsPgM to the reaction mixture at 37 °C or 30 °C.

2.2.3.8. Enolase

The enolase activity of Thermotoga maritima (tmENQO) was assayed in a coupled approach with
PyK/LDH mix by measuring the oxidation of NADH. Here, 2 mM 2-phosphoglycerate, 1 ADP,
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0.3 mM NADH, 10 mM MgCl,, 50 mM HEPES pH 7.5 and 2 pl pyruvate kinase, lactate
dehydrogenase mix (rabbit muscle) corresponding to 1.2 — 2 U pyruvate kinase and 1.8 — 2.8 U
lactate dehydrogenase were provided. The reaction was started by adding tmENO to the

reaction mixture at 37 °C or 30 °C.

2.2.3.9. Pyruvate kinase
The pyruvate kinase activity of Thermoplasma acidophilum (taPyK) was assayed in a coupled
approach with lactate dehydrogenase mix by measuring the oxidation of NADH. Here, | mM
PEP, 1 mM ADP, 10 mM MgCl, 0.3 mM NADH, 50 mM HEPES pH 7.5 and 9 ng Lactate
dehydrogenase from rabbit muscle were provided in the mixture. The reaction was started by

adding taPyK to the reaction mixture at 37 °C or 30 °C.

2.2.3.10. Acetolactate synthase
The activity of acetolactate synthase of Bacillus subtilis (bsAlsS) was assayed in a coupled
system with ketol-acid reductoisomerase from Geobacillus stearothermophilus (gsllvC) by
measuring the oxidation of NADPH. Reactions were applied in 200 pL at 37°C containing one
mM pyruvate, | mM TPP, 0.3 mM NADPH, 10 mM MgCl,, and 50 mM HEPES pH 7.5 and
0.1 mg gsllvC.

2.2.3.11. Ketolacid reductoisomerase

The activity of ketol-acid reductoisomerase of Geobacillus stearothermophilus (gsllvC) was
assayed in a coupled system with acetolactate synthase from Bacillus subtilis (bsAlsS) by
measuring the oxidation of NADPH. Reactions were applied in 200 pL at 37°C containing 1
mM pyruvate, | mM TPP, 0.3 mM NADPH, 10 mM MgCl,, and 50 mM HEPES pH 7.5 and
16 pg bsAlsS.

2.2.3.12. Dihydroxy-acid dehydratase
The activity of dihydroxy-acid dehydratase of Schlegelella thermodepolymerans (stllvD) was

assayed in a coupled system with alpha-keto-acid decarboxylase from Lactococcus lactis
(IIKDC) and alcohol dehydrogenase of Escherichia coli (ecYahK) by measuring the oxidation
of NADPH. Reactions were applied in 200 pL at 37°C containing 1 mM 2,3-
Dihydroxyisovalerate, 1 mM TPP, 0.3 mM NADPH, 10 mM MgCl,, and 50 mM HEPES pH
7.5, 23 pg lIKDC and 60 pg ecYahK.
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2.2.3.13. Alpha-keto-acid decarboxylase

The activity of alpha-keto-acid decarboxylase of Lactococcus lactis (I1IKDC) was assayed in a
coupled system with alcohol dehydrogenase of Escherichia coli (ecYahK) by measuring the
oxidation of NADPH. Reactions were applied in 200 pL at 37°C containing 2.5 mM 2-
ketoisovalerate, | mM TPP, 0.3 mM NADPH, 10 mM MgCl,, and 50 mM HEPES pH 7.5 and
60 ng ecYahK.

2.2.3.14. Alcohol dehydrogenase
The activity of alcohol dehydrogenases of Escherichia coli (ecYghD, ecYjgB and ec YahK)

was assayed in a direct assay by measuring the oxidation of NADPH. Assays containing 50
mM HEPES pH 7.5, 0.3 mM NADPH and a substrate as 2.5 mM isobutyraldehyde, 2.5 mM
formaldehyde, or 5 mM glyceraldehyde. Reactions were started by adding ADH to the reaction

mixture at 37 °C.

2.2.3.15. Aldehyde dehydrogenase
The activity of aldehyde dehydrogenase of Thermoplasma acidophilum (taAIDH) variant M42

155 was assayed by measuring the direct reduction of NAD". Assay mixtures containing 50 mM
HEPES pH 7.5, 5 mM NAD™ and a substrate as 5 mM glyceraldehyde or 5 mM glycol aldehyde
or 5 mM formaldehyde. Reactions were started by adding M42 to the reaction mixture at 30 °C
or 37 °C.

2.2.3.16. Alanine dehydrogenase

The activity of alanine dehydrogenase of Bacillus subtilis (bsAlaDH) was assayed by directly
measuring the oxidation of NADH. Reactions containing 50 mM HEPES pH 7.5, 200 mM
(NH4)2S04, 0.3 mM NADH and 1 mM pyruvate. The reaction was started by adding alanine

dehydrogenase to the reaction mixture at 30 °C.

2.2.4. Enzyme kinetic measurements
For the enzymes transketolase, dihydroxyacetone kinase, alcohol dehydrogenase, alanine
dehydrogenase. Pyruvate kinase, enolase, phosphoglycerate mutase, glyceraldehyde 3-
phosphate dehydrogenase (non-phosphorylative) and triosephosphate isomerase enzyme
kinetic measurements were conducted. Transketolase (ecTktA) and alcohol dehydrogenase
(ecYahK, ecYghD and ecYjgB) were conducted at 37 °C, whereby the other enzymes were
assayed at 30 °C. Dihydroxyacetone kinase (kbDhaK) was assayed at both temperatures and
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kinetics for dihydroxyacetone but also for D-glyceraldehyde in a similar assay system with a
concentration range of 0.002 to 50 mM was measured. A more detailed description of the
kinetic measurements is provided in chapters 3.2 and 3.3. Kinetic parameters were calculated

based on the Michaelis Menten- or Hill-fit (Formula 4 and Formula 5) of Origin (2021b)

Umax * X
Y= (4)
(K +x)
y. specific activity [U mg']
Vmax. maximum velocity [U mg]
Kun: Michalis constant [mM]
x: substrate concentration [mM]
Umax * x™
Y=y (5)

(k™ + x™)

y. specific activity [U mg™']
Vmax. maximum velocity [U mg']
k: Michaelis constant [mM]

n: cooperative sites

x: substrate concentration [mM]

2.2.5. Enzyme thermostability analysis

The melting point of the cascade enzymes was determined by a thermal shift assay. A gradient
was run with a temperature increase from 25 °C to 100 °C or from 5 °C to 100 °C with an
increase of 1 °C or 0.5 °C per minute or per five seconds, respectively. A standard reaction was
conducted with 2 pL protein (protein concentration 1 mg mL"!, if a poor resolution of 1 mg mL-
appeared, protein concentrations were raised to 5 mg mL!), 2 uL SYPRO® orange protein gel
stain (1:80 dilution in Milli-Q water of a 5000x concentrated stock solution from Sigma-
Aldrich) and additives as described in 3.2 and 3.3 to have a final volume of 25 pL in Hard-
Shell® 96-Well PCR Plates (Bio-Rad™). Melt curves and melting point were analyzed as
described in the protein thermal shift assay protocol of Bio-Rad™ (Protein Thermal Shift
Assays Made Easy with the Bio-Rad™ Family of CFX Real-Time PCR Systems Protocol).
CFX Maestro Software was used to set up the thermal shift assay and analyze melting
temperatures. In scan mode, the FRET channel was applied and all samples were determined
as “unknown.” For the analysis, the derivative of the melting curve is provided in the analysis
window of the software and the peak type was set to ,Negative.” Afterward, melting

temperatures are displayed in the data table.
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2.2.5.1. Long-term thermostability analysis
For the enzymes kbDhak, bsAlsS, gsPgM, gsllvC, lIKDC, ecYjgB, pfXylA, taPyK, tkGapN,
tmENO and ccGapN, additional thermostability measurements were conducted whereby the
enzymes were incubated over a runtime of 32 h at 37 °C. Additionally, the incubation at 37 °C
ccGapN and tkGapN were incubated at 25 °C. For that, enzymes were diluted to concentrations
between 0.1 and 2.7 mg mL!' (Table 23) and incubated in 50 mM HEPES pH 7.5 and 10 mM
MgCla. The exception to this was gsPgM. Here additionally, 1 mM MnCl> was added. For
ccGapN no MgCl, was added. Time points were taken by diluting the enzymes (Table 23) and
adding them to an assay mixture to conduct an enzyme activity assay as described before
(2.2.3). Residual activity was calculated by normalizing the activity values to the activity

measured at 0 h. Residual activity percentage was plotted vs. incubation time.
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Table 23: Concentration of enzymes during incubation and final dilution of enzymes in Assay

Enzyme Concentration [mg mL-!] Final dilution in assay
kbDhaK 1.2 250
taPyK 0.3 250
tmENO 0.1 250
tkGapN 0.1 100
gsllvC 2.7 500
gsPgM 0.3 250
pfXylA 0.2 200
bsAlsS 0.4 500
IIKDC 0.2 500
ecYjgB 0.4 50
ccGapN 0.1 500

2.2.6. Enzyme stability with the addition of formaldehyde and isobutanol
2.2.6.1. Enzyme activity with additional formaldehyde

Enzyme activity in the presence of formaldehyde was determined by measuring the enzyme

activity with additional 5- and 10-mM formaldehyde at 30 °C as described in Section 3.3.

2.2.6.2. Formaldehyde stability of kbDhaK with separation

experiments

Separation experiments of kbDhaK were conducted by assaying the activity of kbDhaK by
using the coupled PyK/LDH assay system as described in 3.3. For kbDhaK, a 400 pL solution
including 1 mM ATP, 5 mM NAD", 50 mM HEPES, 10 mM MgCl,, 0.5 mM TPP, 0.5 mM
G1P, 200 mM (NH4)2S0O4, 0.1 mM MnCl; similar to the methanol cascade conditions (3.3) was
constructed with 1 mg mL-! kbDhaK and 0 — 10 mM formaldehyde. Incubation at 30 °C and 50
rpm on a nutating shaker (VWR Rocking Platform, VWR, Germany) was started by adding
enzyme to the mixture. After an incubation time of 2 h, 200 pL of the mixture was separated
and filtered via a centrifugal filter (modified PES 10 kDa VWR). The filtered enzyme was re-
diluted in 200 pL solution without adding formaldehyde and incubated further. Samples were
taken from the solution and 1:100 diluted in 50 mM HEPES pH 7.5. 20 pL of this dilution was
added to the assay mixture (3.3), yielding an additional dilution of 1:10.
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2.2.6.3. Formaldehyde stability of kbDhaK, taPyK and tmENO
For the enzymes kbDhaK, taPyK, and tmENO, additional formaldehyde stability measurements

were conducted whereby the enzymes were incubated with 1, 5 and 10 mM formaldehyde over
a runtime of 24 h at 37 °C in 50 mM HEPES pH 7.5 and 10 mM MgCl, (Table 24). As an
exception, kbDhaK was incubated with 1 mg mL"! bovine serum albumin and no MgCl,. Time
points were taken by diluting the enzymes and adding them to an assay mixture to conduct an
enzyme activity assay using an Epoch 2 spectrophotometer (Biotek) with 96 well microplates
(Greiner polystyrene, F-bottom clear at 37 °C. The assay for kbDhaK contained 1 mM
dihydroxyacetone, | mM ATP, 0.3 mM NADH, I mM PEP, I mM MgCl,, 50 mM HEPES pH
7.5, and 2 pL pyruvate kinase, lactate dehydrogenase mix (rabbit muscle) corresponding to 1.2
— 2 U pyruvate kinase and 1.8 — 2.8 U lactate dehydrogenase. The assay mixture for tmENO
contained 2 mM 2PG, 0.3 mM NADH, 1 mM ADP, 50 mM HEPES pH 7.5, 10 mM MgCl, and
2 uL pyruvate kinase, lactate dehydrogenase mix (rabbit muscle) corresponding to 1.2 — 2 U
pyruvate kinase and 1.8 — 2.8 U lactate dehydrogenase. The assay mixture for taPyK contained
1 mm PEP, 1 mM ADP, 0.3 mM NADH, 50 mM HEPES pH 7.5, 10 mM MgCl>and 6 U mL"!
LDH (rabbit muscle).

Table 24: Concentration of enzymes during incubation and final dilution of enzymes in Assay

Enzyme Concentration [mg mL™!] Final dilution in assay
kbDhaK 0.7 400

taPyK 0.3 200

tmENO 0.1 200

2.2.6.4. Enzyme activity in the presence of methanol

Enzyme activity in the presence of methanol was determined to be similar to enzyme activity
with the presence of formaldehyde (2.2.5.1) by adding 60 or 150 mM methanol to the assay

mixture and performing an activity assay at 30 °C described in 3.3.

2.2.6.5. Isobutanol stability

Isobutanol stability analysis was conducted similarly to formaldehyde stability analysis over a
runtime of 32 h. 1 or 8% isobutanol was added to an enzyme solution of kbDhak, bsAlsS,
gsPgm, gsllvC, lIKDC, ecYjgB, pfXylA, taPyK, tkGapN or tmENO and incubated at 37 °C in

200 pL. Concentrations of enzymes in the assay and during incubations are shown in Table 23.
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Time points were taken and enzymes were diluted as described in 2.2.4.1 and added into the

enzyme assay solution to perform activity assays as described in 2.2.3.

2.2.7. Enzyme regulation and inhibition measurements

2.2.7.1. ATP/ADP regulation

Due to the regulatory effect of the ATP/ADP level, studies were performed to evaluate the
effect on taPyK and kbDhaK. As described in 3.3, 0 to 5 mM ATP or ADP was added to the
assay mixture to perform the activity assay 3.3. To determine kbDhaK activity with additional
ADP concentrations, kbDhaK activity was coupled to a triosephosphate isomerase and

glyceraldehyde 3-phosphate dehydrogenase (non-phosphorylating), which reduces NADP".

2.2.7.2. Inhibitory effect of manganese
Additional manganese showed an inhibitory or inactivating effect on several enzymes. To

investigate this effect, manganese concentrations of 0 to 5 mM were added to the assay systems
of kbDhak, taPyK and gsPgM, as described in 3.3.

2.2.7.3. Phosphoglycerate mutase manganese kinetics

The activity of the phosphoglycerate mutase of Geobacillus stearothermophilus (gsPgM) is
strictly dependent on manganese. Because of this, kinetics were conducted to determine the
affinity on manganese. For that, an assay solution with 100 mM HEPES pH 7.5, 2 mM ADP,
0.3 mM NADH, 1mM MgClz, 4 mM 3-phosphoglycerate, 11 pg enolase (tmENO) and 0.5 uL
pyruvate kinase, lactate dehydrogenase mix (rabbit muscle) corresponding to 0.3 — 0.5 U
pyruvate kinase and 0.5 — 0.7 U lactate dehydrogenase with 0.002 mg mL"! gsPgM was setup.
The reaction was started with the addition of 0 — 5 mM MnCl; and assayed at 30 °C.

2.2.7.4. Enzyme inhibition kinetics with additional manganese
In the studies with additional manganese above, taPyK and kbDhaK kinetics were analyzed by
adding manganese. For this, kinetic measurements of taPyk were adapted to measure K, values
for MgCl and K; values for MnCl. To do so, phosphoenolpyruvate concentration was set to 5
mM and MgCl, and MnCl, concentrations were varied from 0 to 10 mM. Measurements were
conducted in 200 pL volume and at 30 °C. Similarly, kbDhaK kinetic measurements were
adapted. The ATP concentration was fixed to 1 mM and dihydroxyacetone to 5 mM. Together
with that, the system was switched to the triosephosphate and glyceraldehyde 3-phosphate

dehydrogenase system to have no interference of pyruvate kinase due to MgCl, or MnCl.. Final
65



Materials and Methods

reactions were conducted in 200 pL at 30 °C with | mM NADP*, 50 mM HEPES pH 7.5, 0
to10 mM MgCl> and MnCl> 45 pg gsTpi and 72 pg ccGapN. The data fitted to exponential

decay (Formula 6). The derived values were used to calculate the IC50 (Formula 7).

y = Al x exp (;—f) + 0 (6)
y. specific activity [U mg'] or [%]
x: inhibitor concentration [mM]
Al: amplitude
t1-: decay constant
y0: offset
150 = LN (50;—1”) «t1 7)

IC50: Half maximal inhibitory concentration

2.2.8. Thermodynamics pathway analysis using eQuilibrator
The thermodynamic driving force of the cascade was analyzed using max-min driving force
(MDF) calculations as described in 3.3. To create estimates of the change in Gibbs energy, the
eQuilibrator (3.0) pathway analysis web tool '*> (Table 3) was used with default settings
(Metabolite concentrations: 1 uM to 10 mM, a pH of 7.5, an ionic strength of 0.25 M, and a -
log[Mg2+ ] (pMg) of 3) . First, a SBtab pathway model file was created based on a pathway
definition file (Table 28). The derived SBtab file was next used in the MDF framework of the
eQulibrator (3.0) pathway analysis web tool to perform the pathway analysis.

2.2.9. Cascade reactions

The enzymatic cascades provided in this study were conducted in a volume range from 50 pL
to 500 pL. In brief, a master mix was created containing salts, cofactors, buffers and additives.
Purified enzymes were concentrated using centrifugal filters (modified PES 10 kDa VWR) and
brought to the concentration needed for usage in the cascade. Reactions were started by adding
the enzymes to the master mix. Time points were taken by using centrifugal filters (modified
PES 10 kDa VWR) to remove the enzymes. More detailed descriptions are provided in 3.2 and
3.3.

2.2.10. Quantification via gas chromatography

A headspace GC-FID-based method was used to quantify volatile compounds such as methanol,

ethanol, isobutanol, acetaldehyde and isobutyraldehyde. GC-FID had a Headspace Tri Plus
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autosampler and a Stabilwax column (length: 30m, ID: 0.25 mm film thickness: 0.25 pm,
Restek, Bellefonte, USA). Helium was used as carrier gas. For analysis, 200 uL of the diluted
sample was added to a 5 or 10-mL headspace vial and incubated for 15 min at 40 °C. The
injection was performed in split mode with a flow of 10 mL min™! and an injection volume of
700 pL in headspace mode. For signal analysis and quantification, Xcalibur™ (Thermo Fisher
Scientific) software was used. Methanol standard curve was determined in a range of 40 mM
to 0.2 mM, isobutanol standard curve was determined in a range of 0.05 mM to 10 mM. The
ethanol standard curve was determined from 0.2 mM to 10.4 mM. Acetaldehyde standard curve
was determined in a range of 0.1 mM to 10 mM. Isobutyraldehyde standard curve was
determined in a range of 0.1 mM to 10 mM (3.2 and 3.3).

2.2.11. Quantification via HPLC

2.2.11.1. L-alanine quantification via derivatization

The following buffers and solutions were prepared before running the HPLC (Table 25)

Table 25: Buffers used for quantification of metabolites via HPLC

Buffers and
Preparation

solutions

Borate buffer 1 M boric acid adjusted with NaOH to pH 10.7
1.6 g L'! NaH,PO4 * H0, 2.1 g L'! Na,HPO4 adjusted with NaOH
Phosphate buffer
topH 7.2

Buffer A 48.5% phosphate buffer, 48.5% Milli-Q water, 3% acetonitrile

Buffer B 50% phosphate buffer, 50% acetonitrile
Storage buffer 50% Milli-Q water, 50% acetonitrile
OPA reagent OPA (Dr. Maisch) diluted 1:10 with borate buffer

L-alanine was quantified via an HPLC (Ultimate300 HPLC-system, Dionex Softron GmbH,
Germaring, Germany) system equipped with a UV detector. L-alanine quantification was
conducted via derivatization with an OPA/3-MPA reagent. Separated using a GromSil OPA-3,
3 uM, 125 mm x 4.0 mm column (Dr. Maisch GmbH Ammerbuch-Entringen, Germany).
Samples were diluted 1:10 and 1:20 in Milli-Q water and filtered with centrifugal filters
modified PES 10 kDa (VWR). After filtration, 36 pM L-norvaline and 167 mM borate buffer
were added to the samples, which were further diluted 1:30. Samples were derivatized by the
addition of 6 pL OPA reagent to 14 puL of the sample by mixing 12x using online derivatization
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and injected to the HPLC. A gradient run was set with a 100% buffer A starting setting. From
0 min to 8 min, the run was isocratic with 100% A. From 8 minutes to 15 minutes, a gradient
was set from 0% buffer B to 20% buffer B and from 15 minutes to 18 minutes, from 20% buffer
B to 55% buffer B. The method finished from 18 to 20 minutes with 0% buffer B. An L-alanine
standard curve was prepared similar to the samples in 1 to 25 mM. L-alanine was quantified
via Chromeleon version 6.8 software (Thermo Fisher Scientific). In the L-alanine

quantification, the L-alanine amount was determined using the internal standard L-norvaline.

2.2.11.2. Quantification of other metabolites via HPLC
The following buffers and solutions were prepared before running the HPLC (Table 26)

Table 26: Buffers used for quantification of metabolites via HPLC

Buffers and solutions Column Preparation

0.1% (v v'!) formic acid pH

Buffer A 4.5 adjusted with ammonium
Triart-Diol HILIC (32%)
0.1% (v v'") formic acid in
Buffer B o
acetonitrile
Rezex™ ROA-Organic 2.5 mM H>S04 in Milli-Q
H>SO4 solution )
Acid H" water

Xylose, xylulose, glyceraldehyde, dihydroxyacetone, and pyruvate were analyzed and
quantified by an HPLC Ultimate300 HPLC-system (Dionex Softron GmbH, Germaring,
Germany) equipped with a UV and RI detector. Xylose, xylulose, glyceraldehyde,
dihydroxyacetone and pyruvate were diluted 1:10 to 1:30 in a concentration range of 5 mM to
0.5 mM in 2.5 mM H>SOs and separated with a Rezex™ ROA-Organic Acid H* (8%) 300 x
7.8 mm LC Column (Phenomenex, Germany) in an isocratic run with 2.5 mM H>SO4 at 70 °C
for 42 min. Standard curves for xylose, xylulose, glyceraldehyde dihydroxyacetone, and
pyruvate were generated in a similar range with a maximum concentration of 5 mM (for
pyruvate, 2.5 mM). Quantification of metabolites was performed using Chromeleon version 6.8
software (Thermo Fisher Scientific). The amount was determined by calibration with standard
curves (3.2).

HEPES was detected using an HPLC system (Ultimate300 HPLC system, Dionex Softron
GmbH, Germaring, Germany) coupled to an ELSD detector (30°C evaporation temperature,
50°C nebulizer temperature, 1.2 slm carrier flow) and equipped with a Triart-Diol HILIC
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column (100 x 2.0 mm, 1.9 pm, YMC). Separation was performed at 7 °C with a flow rate of
0.4 mL min™! using gradient elution. Starting conditions were 15% buffer A and 85% buffer B.
After an isocratic run of 2 minutes, a gradient was applied from 2 to 5 minutes from 15% buffer
A to 30% buffer A and from 85% buffer B to 70% buffer B. These conditions were held for 4
minutes. Starting conditions were again applied from 9 minutes to 16 minutes. A HEPES
standard with a maximal concentration of 3 mM was applied. Samples were diluted in 70%
acetonitrile with a maximal concentration of 1.5 mM HEPES. Quantification of metabolites
was performed using Chromeleon version 6.8 software (Thermo Fisher Scientific). The amount

was determined by calibration with standard curves (3.3).

2.2.12. Quantification via chemical assays

2.2.12.1. Formaldehyde quantification
Formaldehyde was quantified by the acetylacetone method. Nash reagent (0.1 M acetic acid,
0.2% (v v'!) acetylacetone, 3.89 M ammonium acetate) was added to a 1:200 diluted cascade
sample in a 1 to-1 ratio. Incubation at 37 °C was carried out for 30 minutes. After incubation,
formaldehyde concentration was determined by measuring absorbance at 412 nm via an Epoch
2 spectrophotometer (Biotek). Quantification of the amount of formaldehyde was determined

using a formaldehyde standard curve prepared in the cascade matrix in a range of 0.01 mM to
I mM (3.3).

2.2.12.2. Dihydroxyacetone quantification
The diphenylamine assay was used to quantify dihydroxyacetone present in cascade samples.
Diphenylamine (60uM), H2SO4 (10% (v v'!)), and acetic acid (90% (v v'!)) were mixed and
added to a 1:5 or 1:10 diluted cascade sample. Incubation of mixed samples was conducted at
105 °C for 30 minutes. Afterward, samples were cooled down to room temperature
Dihydroxyacetone concentration was determined by measuring the absorbance at 615 nm at 25
°C via an Epoch 2 spectrophotometer (Biotek). Quantification of the amount of
dihydroxyacetone was determined using a dihydroxyacetone standard curve prepared in the

cascade matrix in a range of 0.01 mM to 3.0 mM (3.2 and 3.3).

2.2.12.3. L-alanine quantification

The following buffers and solutions were prepared before (Table 27)
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Table 27: Buffers for L-alanine quantification via fluorescamine

Buffers and solutions Preparation
1 M boric acid adjusted with NaOH to pH
Borate buffer
10.0
Fluorescamine solution 0.1% fluorescamin in dry acetonitrile

Samples were diluted 1:100 in Milli-Q water to quantify L-alanine via fluorescence-based
assay. 5 puL of the sample was added to 8 uL of borate buffer pH, 45 pL fluorescamin solution,
and 100 pL of Milli-Q water. The fluorescence (Aem: 486 nm, Aex: 396 nm) was measured using
a Varioscan spectral scanning multimode reader (Thermo electron Corporation). Quantification
of the amount of L-alanine was determined using an L-alanine standard curve prepared in the

cascade matrix in a range of 1 mM to 50 mM (3.3).
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3. Results

3.1.Cell-free enzyme cascades — application and transition from

development to industrial implementation
Today, biocatalysis is an important part of the chemical industry and is used in various
industrial applications. However, only a few examples of in vitro systems for the production of
bulk and commodity chemicals have been successfully implemented on a large technical scale.
Nevertheless, more and more cell-free in vitro enzymatic cascades are being realized for a
variety of different chemicals from cheap substrates, waste materials or even greenhouse gases
such as COz. The challenge for these "proof-of-concept" cascades is now to take them through
a transition phase to the final industrial scale.
In the following review, the latest achievements in the realization of new cell-free enzymatic in
vitro systems for the production of different chemicals based on renewable substrates or waste
streams are presented.
An initial discussion of the key elements of cell-free enzymatic in vitro systems provides an
insight into key aspects of in vitro biocatalysis and relates them to in vitro systems and
metabolic engineering approaches.
The following part focuses on the valorization of Cl-chemicals such as COz, methanol or
formaldehyde by the latest proof-of-principle in vitro systems gives insides of their
achievements and discusses occurring problems that need to be solved for bringing these
systems to the level of upscaling.
Based on several examples, the five key features parameter screening, flux balance, scalability,
product recovery, and enzyme engineering are elaborated and discussed.
Together with this, the last part of the review deals with a new concept that synergizes the
strengths of in vitro and in vivo systems. Using the iPROBE as an example, this system is
described and discussed, and the workflows of separate in vitro and in vivo systems are
compared to the synergistic approach. The review concludes with an outlook on how cell-free
enzymatic systems can be of great value to conventional chemical production and how a
synergy of in vitro and in vivo could lead these conventional chemical productions to a greener
and more sustainable future.
This publication was conceived by Mariko Teshima, Vivian Pascal Willers, and Volker Sieber.
The visualization was done by Mariko Teshima and Vivian Pascal Willers. The original draft
was written by Mariko Teshima and Vivian Pascal Willers, and the publication was edited by
Mariko Teshima, Vivian Pascal Willers, and Volker Sieber. Mariko Teshima and Vivian Pascal

Willers contributed equally to this publication.
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3.2.Integrating Carbohydrate and C1 Utilization for Chemicals

Production
The conversion of biogenic resources into various platform chemicals as an alternative to
existing petroleum-based synthetic processes is of general interest. This publication focuses on
a new concept in which cell-free enzymatic cascades can be used to utilize the second most
abundant sugar in nature, xylose, as well as highly interesting C1-chemicals (formaldehyde and
methanol) that can be directly derived from COa, for the synthesis of isobutanol and ethanol.
To implement this so-called sugar-guided CO; fixation pathway, the general concept of the
enzymatic cascade was first established based on naturally existing pathways (xylulose
monophosphate pathway, glycolysis, and valine and ethanol pathways). The result is a modular
enzymatic cascade with up to 13 enzymes.
Once the cascade concept was established, the key enzymes, transketolase, dihydroxyacetone
kinase, and alcohol dehydrogenase, were screened for activity and substrate or product
specificity.
For further characterization of all enzymes present in the cascade, a fast and efficient
thermofluor-based screening was set up to analyze the variations of melting temperature with
respect to different buffers and pH. Tris pH 7.5 was found to be the most suitable buffer. Further
validation the cascade was based on the products yield of the cascades, isobutanol or ethanol.
Under the best conditions, 85% theoretical yield of isobutanol or 75% theoretical yield of
ethanol could be produced from 10 mM formaldehyde and 10 mM xylose. However, the yield
decreased with increasing substrate concentration and no conversion was observed at 50 mM
substrate concentration.
To optimize the cascade, formaldehyde was replaced by the inactivating compound methanol
and the cascade was extended by the addition of alcohol oxidase and catalase. With this
modification, 27 mM isobutanol or 66 mM ethanol could be produced from 50 mM methanol
and 50 mM xylose.
This publication was conceived by Vivian Pascal Willers and Volker Sieber. The experimental
methodology and investigations were performed by Vivian Pascal Willers. The visualization
was done by Vivian Pascal Willers. The original draft was written by Vivian Pascal Willers,
and the publication was edited and reviewed by Volker Sieber. The project was supervised by
Barbara Beer and Volker Sieber.
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3.3.Cell-free enzymatic L-alanine synthesis from green methanol
Methanol is used as an environmentally friendly energy carrier for storing electricity generated
from renewable sources or as a transportation fuel. However, it can also be used for the
synthesis of more complex molecules. This publication deals with the use of methanol to
produce the amino acid L-alanine via a cell-free enzymatic one-pot cascade.
The methanol to L-alanine pathway (MAP) consists of a Cl-fixation module where
dihydroxyacetone (DHA) is formed from methanol via two enzymes. DHA is then converted
by a glycolysis-based module to pyruvate by six enzymes. Pyruvate is then converted to the
amino acid L-alanine by alanine dehydrogenase.
After defining the concept of the cascade and the initial low conversion of methanol to L-
alanine, one focus was to investigate the kinetics of all cascade enzymes and their interplay to
optimize the L-alanine yield. All enzymes were characterized in terms of kear and K value.
Furthermore, variations in manganese and ATP/ADP ratios resulted in strong differences in the
activity of dihydroxyacetone kinase and pyruvate kinase. By adjusting the concentrations,
higher L-alanine titers could be achieved.
Further optimization of the cascade was achieved by characterizing all the enzymes for their
stability in formaldehyde and methanol. By adjusting the enzyme concentrations, a theoretical
yield of 75% L-alanine was observed from 60 mM methanol.
By switching the enzyme formolase (FLS), which is able to produce dihydroxyacetone from
formaldehyde, to a previously engineered variant FLSM3, 18 mM L-alanine could be
synthesized from 60 mM methanol. Further adjustment of the oxygen supply resulted in the
conversion of 150 mM methanol to 44 mM L-alanine with a theoretical yield of 88%.
This publication was conceived by Vivian Pascal Willers and Volker Sieber. The experimental
methodology and investigations were performed by Vivian Pascal Willers. A part of the
enzymatic characterization was performed by Manuel Doéring. The visualization was done by
Vivian Pascal Willers. The original draft was written by Vivian Pascal Willers, and the
publication was edited and reviewed by Volker Sieber. The project was supervised by Barbara
Beer and Volker Sieber.
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Discussion and Outlook

4. Discussion and Outlook

4.1.Cell-free enzymatic cascades for the production of amino acids and
biofuels from Cl-chemicals: From proof of concept to industrial
application

New concepts for the direct use of CO; or COz-derived Cl-compounds are the focus of
research. With the ever-improving ability to produce methanol from CO., with pilot plants
already established that are approaching the production of methanol from CO> via hydrogen
and renewable energy, CO; can be used as an energy source, transportation fuel, and also as a
building block.
Recently, the conversion of CO,-derived C1-compounds to chemicals has been facilitated by
fermentation using natural or synthetic methylotrophs and cell-free enzyme cascades.
Especially the flexibility of enzyme cascades and their biological origin make them a promising
target for switching the production of basic chemicals from fossil substrates to renewable
resources. Removing enzymes from cells and using purified enzymes has the great advantage
of creating pathways that do not depend on or interfere with the overall metabolism of an
organism !¢,
In addition, the artificial and highly controlled environment allows manipulation and adaptation
to the needs of the desired process. With the decreasing price of gene synthesis and the
emergence of enzyme engineering platforms and machine learning optimization tools, cell-free
enzyme cascades have a chance to be realized in industrial processes as an alternative to
chemical production and whole-cell fermentation. However, parameters such as enzyme
production, enzyme purification and enzyme stability are critical and must be cost effective to
compete with existing production methods.
Various concepts are being developed for the use of methanol as a substrate in cell-free enzyme
cascades, such as the production of starch or the plastic alternative PHB from CO»-derived
methanol. In addition, the research presented in this study aims at upgrading methanol to
various chemicals as biofuel in the form of ethanol or isobutanol, or as food and feed additive
such as L-alanine. However, as described in Section 3.1, all these new concepts need to be taken

from proof of principle to the industrial phase.

4.1.1. Optimizing the efficiency of enzymatic proof of concept cascades

After the initial design of the cascades and early optimization, L-alanine as well as biofuels
could be produced on a small scale in this study. High efficiencies between 90% and 88% were

achieved for the production of L-alanine from 60- and 150 mM methanol, respectively. For the
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production of isobutanol, a high efficiency of 85% could be achieved with 10 mM
formaldehyde and 10 mM xylose, but no isobutanol formation could be detected when using
50 mM formaldehyde and 50 mM xylose as starting concentration. Switching from 50 mM
formaldehyde to 50 mM methanol yielded isobutanol, with 54% yield. For bulk chemicals such
as isobutanol or L-alanine, high conversion efficiencies with more than 95% yield are required

for profitable industrial production !>

. For L-alanine, high efficiency and yield has already been
achieved and only fine tuning is needed to reach the 95% target. Here, reaction engineering
could be applied by iteratively changing either the enzyme concentrations or the concentrations
of the cascade compounds, to further increase the yield. The next step for isobutanol production
is to increase the efficiency of the process using 50 mM methanol. As shown by the
simultaneous utilization of methanol and xylose and the formation of isobutanol, the system
does not interfere with by-product formation or substrate conversion without product formation.
However, after 5 hours, simultaneous substrate conversion is hindered and more xylose is
consumed rather than methanol. This imbalance in substrate conversion could indicate a
decrease in activity of the methanol-oxidizing alcohol oxidase and with that no formaldehyde
to be used by the transketolase. Because of that, the latter could catalyze site reactions without
formaldehyde. Since transketolases can use a variety of aldehyde substrates, missing
formaldehyde as co substrate could lead to more rapid conversion of xylose than methanol 5%
159 To validate this assumption, by-products possibly formed by transketolase could be
analyzed and, if found, the substrate specificity of transketolase could be targeted. To find out
if the methanol oxidase lead to the imbalance, methanol oxidase could be spiked into the system
to see if methanol consumption is accelerated again. If methanol consumption is accelerated,
the alcohol oxidase may be unstable, and optimizing the stability of the alcohol oxidase must
be the future task. Stability could be engineered using computational tools such as FIREPROT

or ancestral sequence reconstruction 6% 16!

and provide a rational or semi-rational design
approach to solve this problem. In addition, alcohol oxidase could be stabilized by
immobilization. This could not only make the alcohol oxidase more stable to have a higher
turnover number, but could also be used to recycle the alcohol oxidase and reuse it for multiple
runs 9% 163 Because alcohol oxidase is present in both (L-alanine and biofuel) systems,

optimizing this enzyme would be beneficial for both cascades.

4.1.2. Optimizing the yield of enzymatic proof of concept cascades
In contrast to the high efficiency of the systems, the product titers of both systems are relatively
low. With 2 g L! isobutanol and 4 g L'! L-alanine, the titers are far from industrial-relevant

titers of >200 g L' ¥, To reach these high numbers, the first step would be an acceleration of
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the space-time yield of the two processes, because a run time over several days, might cause
stability problems of certain enzymes. Stability tests of pfXylA, IIKDC and ecYjgB at 37°C
revealed a loss of activity of more than 40-60% within 30 hours (Figure 12 and Figure 13).
Isobutanol is initially produced with a space-time-yield of 0.7 g L'! h'!, but declines rapidly. L-
alanine is produced at 0.3 g L' h'! and, in contrast to isobutanol, the space-time yield remains
constant for 6.5 h and then declines. The difference between these two space-time-yields may
occur either due to the instable pfXylA or due to instability of enzymes in the valine pathway,
because the lower glycolysis module is similar. One key enzyme here could be the alcohol
dehydrogenase, which has low activity coupled with a low melting point indicating thermal
instability and with that a rapid activity loss at 37 °C. Long term temperature stability tests
could be performed to test the activity loss of the alcohol dehydrogenase at 37 °C. A further
limiting factor which leads to a decrease in space-time-yield, could occur due to oxygen
limitations !®* and with that a strong decrease in activity of the alcohol oxidase. To test this
limitation, the headspace to liquid ratio could be increased and the reaction solution could be
gassed with oxygen. In addition, the oxygen concentration could be increased if oxygen is
bubbled through the liquid during the reaction ¢,

In contrast to that, enzymes from lower glycolysis are not oxygen dependent and have mostly
moderate specific activities and reach relevant activities of 20 U mg™!. Due to that, only minor
optimization is required. The key enzymes formolase, glyceraldehyde-3-phosphate
dehydrogenase and alcohol dehydrogenase, however, need to be optimized up to 100-fold to
reach 20 U mg!. A calculation for the L-alanine cascade suggests, when each enzyme was
engineered for a reasonable activity of 20 U mg™! and a stability that would lead to a total

turnover number (TTN) of 10° %2

, as commonly seen in industrial biotransformation’s,
productivity up to 650 g (1*h)! could be achieved with 6 g of enzyme per kg L-alanine

produced.
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4.2.Enzymatic cascade design and optimization for the production of
commodity chemicals

Besides improving the activity of the key enzymes, the development of a cell-free enzyme
cascade is also about optimizing the process itself. The question of how to design these systems
is often related to several parts associated with the cascade. Does the cascade originate from a
metabolic pathway that allows for a blueprint? Does this pathway have its own system for
regenerating cofactors, how many enzymes are involved, are all reactions natural, or are some
of the required reactivity’s artificial, and do the enzymes or intermediates interfere with each
other?
In the production of basic chemicals, these general parameters must be adapted to the fact that
the overall process must be as inexpensive as possible, since product prices for bulk chemicals
such as isobutanol or L-alanine are low. Considering the enzymes used, a significant cost factor
in systems with purified enzymes is the purification process itself 1. However, to address this
issue, various aspects are discussed, such as the use of lysates without further purification 67,
the immobilization of enzymes to increase reusability 1% or the use of thermophilic enzymes,
allowing a simplified purification by heat treatment 6% 7% In general, the thermostability of
the enzymes is an important factor that determines the run time of the entire process, as stable
enzymes can extend the run time of the process and provide process stability. Furthermore,

thermostable enzymes tend to be more tolerant to toxic compounds or solvents 7! 172,

4.2.1. Enzymatic stability in enzyme cascades

In the systems developed in this study, a mixture of enzymes derived from thermophilic and
mesophilic organisms was used to generate higher process stability in the presence of toxic
intermediates such as formaldehyde, substrates as methanol and products such as isobutanol or
ethanol, with having a moderate activity at low temperature. Additional data on formaldehyde-
(Appendix: Figure 12) and isobutanol tolerance (Appendix: Figure 13 and Figure 14) of cascade
enzymes confirm a correlation between formaldehyde stability and thermostability, as well as
isobutanol stability and thermostability (Figure 6). Over 24 hours, the stability of
dihydroxyacetone kinase (kbDhaK) from mesophilic Kozakia baliensis decreased by 100% in
the presence of 5- and 10-mM formaldehyde, whereas the addition of 1 mM formaldehyde
reduced activity by only 60% after 24 hours. Similar trends were observed with the addition of
isobutanol. Here, the activity in 1% isobutanol decreased by 40% after 31 hours, while no
activity was detected in 8% isobutanol. In contrast, the activity of enolase (tmENO), derived

from a thermophilic organism, remained at about 80% after 24 hours in 1 mM formaldehyde
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and is still active in 10 mM formaldehyde with about 80% activity loss after 24 hours.
Isobutanol does not have a substantial effect on the activity of tmENO, and the activity remains
at 70% after 31 hours of incubation in 8% isobutanol. Similar to the properties of tmENO, the
pyruvate kinase derived from a thermophilic organism (taPyK) remained at 20% activity in 10
mM formaldehyde. However, this time activity in 8% isobutanol drops after 3h and no activity
could be detected afterward. Still, the enzyme activity remains 87% in 1% isobutanol after 31
h of incubation. Looking at the trends of the relationship between melting temperature and
stability, there is a tendency that enzymes with higher melting points are also more stable

towards toxic components.
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Figure 6 Correlation between melting point (T,,) and isobutanol tolerance of different cascade
enzymes represented as activity of the enzymes after 24 h incubation in isobutanol at 37 °C.
Activity after 24 h was normalized to activity at 0 h without the addition of isobutanol.

This tendency could also be shown by Hanatani et al. In their study, a cascade design containing
only thermophilic enzymes produced L-cysteine from glucose. An important criterion here was
the stability in the presence of toxic sodium hydrosulfide and stability at elevated temperature

173, Similarly, Sherkhanov et al. were able to massively improve isobutanol titers to 3 M
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isobutanol from glucose by replacing isobutanol-intolerant enzymes with thermophilic variants
131, By replacing the remaining mesophilic enzymes in our systems, the cost of purification
could be further reduced. In addition, process stability and runtime could be extended due to
the higher stability of the thermophilic enzymes and thus, higher turnover could be achieved.
However, due to the need for specific enzymes and their high activity and specificity, such as
dihydroxyacetone kinase, no promising alternative could be found until now, and a compromise
between stability and activity was chosen as the right way for efficient production in these

cascades.

4.2.2. Cofactor regeneration systems in enzymatic cascades

A further important cost-determining factor in cell-free enzymatic cascades is the use and
regeneration of cofactors. The designed cascades have an intrinsic ATP and NAD(P)"
regeneration system due to the combination of primary and secondary metabolic routes. In
contrast to cascades without an intrinsic regeneration system, low amounts of both cofactors
can be applied and keep the system running. However, reducing cofactors can reduce the costs
of the overall system. To recycle NAD(P)", an intrinsic recycling system based on tkGapN and
either bsAlaDH or gsllvC/ecYghD was built. However, using tkGapN for NAD(P)H recycling
is not ideal because it has low activity at low temperatures. More active variants must be found
to reduce the amount of the enzyme. However, many of the characterized GapN enzymes
originate from hyperthermophilic organisms and are inactive at low temperatures 7+ 17>, Our
study identified a GapN from the mesophilic bacterium Clostridium cellulovorans (ccGapN)
via genome mining. However, it shows a strong preference for NADP* rather than NAD" and
is rather unstable at 37 °C (Appendix: Figure 9 and Figure 10). To accelerate the activity of
tkGapN, activity engineering could be a valuable tool to further optimize the system. While the
L-alanine dehydrogenase has a low Km for NADH in the low uM range '7°, Ky, for NAD* of
tkGapN is in the high mM range '77. The cofactor preference of tkGapN is still on NADP* with
a K in the low uM range. To improve cofactor usage, a cofactor switch engineering could
reduce the overall amount of NAD™ in the system !7%,

Further improvement of the system could be achieved by switching the system from ATP-
dependent to ATP-free. While both systems use the lower glycolysis as the backbone, replacing
this part would be necessary to develop an ATP-free cascade. Guterl et al. developed a
minimized reaction cascade for producing isobutanol and ethanol via pyruvate from glucose .
While the overall system initially relies on the non-phosphorylative branch of the Entner-
Doudoroff pathway, D-glyceraldehyde recycling shows a fast and efficient way to produce

pyruvate from D-glyceraldehyde. As a possible target in the system, the lower glycolysis
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containing six enzymes could be reduced to a minimum of three enzymes. For this, D-
glyceraldehyde generated by transketolase could be directly converted to pyruvate via aldehyde
dehydrogenase and dihydroxy-acid dehydratase in two steps. The generated dihydroxyacetone,
first needs to be isomerized to glyceraldehyde and could then be utilized via the same pathway.
However, the isomerization of dihydroxyacetone to D-glyceraldehyde (Figure 7) is a difficult
reaction (K'eq = 2.2 * 107%). Still, the feasibility of catalyzing the reaction was demonstrated by

Toteva et al. with a xylose isomerase '7°.
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Figure 7: Schematic representations of equilibria between dihydroxyacetone, glycerol and D-
glyceraldehye adabted from Walgode et al. '*° Equilibrium constants were calculated via the
Equilibrator web tool (eQuilibrator 3.0 with a pH of 7.5, a pMG of 3.0 and an ionic strength
0f0.251%),

Another approach for the production of D-glyceraldehyde from dihydroxyacetone, could be the
use of two glycerol dehydrogenases with different specificities for dihydroxyacetone and D-
glyceraldehyde (Figure 7). A first glycerol dehydrogenase could perform the conversion of
dihydroxyacetone to glycerol. A second glycerol dehydrogenase with a D-glyceraldehyde
specificity could then be used to oxidize glycerol back to D-glyceraldehyde '3!. However, also
here, the oxidation of glycerol with NAD(P)" is challenging, because the thermodynamic
equilibrium relies on the substrate instead of the product (K’eq = 4.7 * 107). To generate D-
glyceraldehyde from glycerol, the oxidation of glycerol needs to be coupled with a reaction
which has a strong flux from D-glyceraldehyde to a product based on it. In contrast to the
oxidation of glycerol with NAD(P)", the oxidation with oxygen is more favorable (K’¢q = 2.2
*10'®) and might be performed via glycerol oxidase '#2. However, this reaction is likely to be
limited by the low solubility of oxygen in water at 25 °C 33, Furthermore, an enzyme has to be

found which specifically produces D-glyceraldehyde.
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4.2.3. Cross-talk between components in enzyme cascades
One criterion for the success of an already established system and its improvement from proof-
of-principle to industrially relevant scale is, in addition to activity and cofactor usage, the fine-
tuning of the system to bring out the optimum of the process. The interplay between enzymes,
cascade components, and intermediates is crucial. Intermediates within the system can inhibit
the activity of enzymes in the system or lead to by-products through side activities of enzymes.
In our systems’ case, various adaptions were made to efficiently convert the substrates to the
final products. Besides the toxic effect of formaldehyde, discussed in the following (Section
4.3), the primary metabolism is regarded as highly controlled 3% Therefore, it was expectable
that, e.g., cofactor level might have an influence or a regulatory effect on cascade enzymes. In
our case, the ATP/ADP levels influenced the activity of the kinases used. To bypass this,
starting concentrations of ATP were varied and the concentration of pyruvate kinase producing
ATP was increased, leading to rapid conversion of ADP to ATP. Furthermore, the metal
cofactor dependency was a problem. Most enzymes in the system are magnesium-dependent.
However, phosphoglycerate mutase is strictly manganese dependent. Adjustment of manganese
concentrations reduced the inhibitory effect but at the expense of phosphogluconate mutase
(gsPgM) activity. Metal-dependent inhibition was also present in the system of Enoki et al.;
here, a three-enzyme cascade was designed to produce y-oxy functionalized a-amino acids. In
addition to a different pH and temperature optimum, different metal cofactor preferences were
also present '%°. Here, a similar approach was used to optimize the amount of metal ions by
determining the concentration of metal ions at which the highest substrate-to-product
conversion could be achieved. These examples show how a proof-of-principle system with low
product yield can be optimized by reaction optimization. However, the examples also show that
the process is very laborious and requires time and resources to screen the parameters. To
optimize multi-enzyme cascades such as the systems presented here in the future, a statistical
model could be created for further optimization. Using machine learning and scaling down the
system to a few pl, many parameters could be varied as described by Pandi et al. !'* and the

optimal cascade composition could be found for future upscaling to industrially relevant scales.
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4.3.Methanol assimilation through formaldehyde condensing enzymes
Building complexity is a prerequisite for using CO;-derived Cl-molecules for further use in
platforms and standard chemicals. As an essential building block, formaldehyde is the key in
converting C1-molecules into higher molecular structures '%°. In nature, formaldehyde fixation
usually occurs in a cyclic system, such as the xylulose monophosphate (XuMP) or ribulose
monophosphate pathway (RuMP). Key enzymes in these pathways are a dihydroxyacetone
synthase in the XuMP pathway and a D-hexulose-6-phosphate synthase in the RuMP pathway
186 187 Furthermore, formaldehyde is fixed in the serine cycle via a first conversion to methylene
tetrahydrofolate enzymatically or spontaneously and a subsequent condensation with glycine

to serine by serine hydroxymethyltransferase '8

. Together with the natural fixation routes,
artificial pathways were created to shorten sugar-independent fixation of formaldehyde. The
two major enzymes for this direct fixation are formolase (FLS) and glycolaldehyde synthase
(GALS) % 189 These two enzymes were artificially designed for the condensation of
formaldehyde to the C3 molecule dihydroxyacetone by catalyzing a formose reaction or to the
C2 molecule glycolaldehyde. A similar route for the production of glycolaldehyde could be
shown by the use of a glyoxylate carboligase '°. This enzyme has a higher affinity for
formaldehyde than the glycolaldehyde synthase mentioned above, but its catalytic efficiency is
lower. Together with these specifically designed enzymes for converting formaldehyde,
engineered aldolases such as fructose-6-phosphate aldolase (FSA) can utilize a broad range of

aldehydes. Recently also, the utilization of formaldehyde was shown by an FSA variant. Here

the C3 molecule glyceraldehyde could be synthesized by adding formaldehyde to

glycolaldehyde 1.
Formaldehyde \
Serine
FLS Pathway
/ GALS GCL
Triosephosphate ESA Acetyl-CoA
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V\OH HO\)]\/OH
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Figure 8: Formaldehyde conversion via cyclic xylulose monophosphate pathway (XuMP),
ribulose monophosphate pathway (RuMP) and serine pathway together with linear
formaldehyde assimilation pathways via formolase (FLS), glycolaldehyde synthase (GALS),
glyoxylate carboligase (GCL) and fructose-6-phosphate aldolase (FSA).
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However, in this case, FSA is also capable of condensing two glycolaldehyde molecules or
performing a double addition of two glycolaldehyde molecules and one formaldehyde
molecule, resulting in a wide variety of products rather than a specific end product. To facilitate
the ability of those enzymes to put formaldehyde in use, we were interested in how natural and
artificial enzymes for formaldehyde fixation may work in a complex cascade system and how
well those enzymes are tunable to generate high yields and efficiencies without the production

of byproducts.

4.3.1. Natural- and synthetic formaldehyde fixation in enzyme cascades

To evaluate the different routes for formaldehyde fixation, one cascade deals with the
valorization of methanol via a sugar-guided formaldehyde fixation similar to the XuMP
pathway.

However, due to the instability and complex purification of dihydroxyacetone synthase 12, we
used a transketolase capable of catalyzing a similar reaction 3. In comparison with the
dihydroxyacetone synthase from Candida boidinii (chDHAS), the best transketolase from
Escherichia coli (ecTktA) showed two times higher vmax values of 8.2 U mg! (Vmax cbDHAS:
4.9 U mg') even with the unphosphorylated donor substrate xylulose and formaldehyde
yielding glyceraldehyde and dihydroxyacetone. Still, the K value for formaldehyde increased
5-fold to 2.1 mM. In comparison with the artificial formaldehyde fixation by FLS via the
formose reaction, the affinity in terms of transketolase for formaldehyde is 11 times higher than
the affinity of FLSM3 for formaldehyde and the kcat of transketolase for 5 mM formaldehyde
and xylulose is 50 times higher '1°,

Due to formaldehyde's high toxicity and reactivity, demonstrated in our transketolase system,
formaldehyde fixation must occur rapidly in enzyme cascade reactions to convert formaldehyde
to a less harmful intermediate. Therefore, high activity and affinity are required. Considering
the formaldehyde concentrations during the cascade runtime, it is noticeable that, although the
kinetic properties of FLSM3 are not optimal for this purpose, only negligible amounts of
formaldehyde could be detected with FLSM3 as a formaldehyde fixation enzyme. However, in
this case, this low concentration of formaldehyde could only be achieved by using a massive
amount of FLSM3 with up to 13 mg mL! enzyme to obtain a comparable unit amount to alcohol
oxidase, which produces formaldehyde. In contrast, only one-tenth (1.5 mg mL') of
transketolase was required to produce isobutanol and ethanol from methanol and xylose in
reasonable amounts, demonstrating the strength of formaldehyde conversion by transketolase.
However, in the case of the isobutanol cascade, it cannot be ruled out that formaldehyde brought

production to a halt, since, in tests with mechanical formaldehyde addition, the formaldehyde
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concentration in the system increased over time and low yields of product were obtained. To
test if formaldehyde occur in the methanol system and brought the conversion to a halt, higher
amounts of transketolase could promote formaldehyde conversion and further increase final
yields.

An option for reducing the amount of enzyme with a concomitant increase in formaldehyde
titer is to decouple the formaldehyde-converting reaction from the residual cascade in two
separate pots or in a system where enzymes are added stepwise. With the stepwise addition,
recently, the amount of FLSM3 could be reduced to 5 mg mL™! to convert 100 mM methanol
to 22.5 mM dihydroxyacetone. Furthermore a set up with GLAS could produce 8§ mM
glycolaldehyde from 20 mM methanol ''0 1% 195 By the stepwise addition of enzymes,
formaldehyde concentrations only influence the formaldehyde fixing enzyme. Variants of
formolase or glycolaldehyde synthase were created, which can resist up to 1 M formaldehyde
1%, Together with that, transketolase activity was shown with up to 0.4 M formaldehyde 7.
Due to this high stability of transketolase and formolase, high dihydroxyacetone titers and high-
end product titers might be achievable.

When comparing the driving force of formaldehyde fixation, it is noticeable that the intrinsic
drive of the formose reaction to dihydroxyacetone with the default eQuilibrator set up
(eQuilibrator 3.0, pH 7.5, pMg 3.0 and ionic strength 0.25 M) (K’cq3raLD->DHA: 1.4 * 104,
K’eqorarp->Ga: 1.1 * 108, K’eqrarp+Ga->pua: 1.3 * 10°) is highly favorable for the production of
dihydroxyacetone with nearly no back flux. Due to this, a two-pot process would be a
reasonable option for further scale-up. The reaction catalyzed by transketolase also has a drive
to dihydroxyacetone, although, unlike the formose reaction, the drive is not as strong (K’¢q: 3.9
* 10%). Since the initial isomerization of xylose to xylulose is reversible, the drive is even less
when starting from xylose (K’eq: 6.9 * 10%). However, since the reaction catalyzed by
transketolase also produces glyceraldehyde, which is also a reactive and toxic aldehyde, this
procedure may not be suitable for transketolase.

While the amount of formolase, and transketolas used in these cascades is still an enormous
amount of enzymes for a low-cost product !*7 the activities of both enzymes need to be raised
to reach high titers in a reasonable amount of time. Nevertheless, the two cascades designed in
this study, offer excellent potential for increasing product yield, productivity, and efficiency.
While the formolase reaction already has a high efficiency without the accumulation of
formaldehyde, separating the formaldehyde to dihydroxyacetone conversion from the residual
cascade could significantly raise the total product yield. In the case of transketolase, splitting
formaldehyde fixation and residual cascade would not be effective for producing high product
titers due to the accumulation of glyceraldehyde and a higher back flux to xylose. However,

industrially relevant activities °? could be achieved faster due to the favorable kinetic properties
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of the transketolase instead of formolase. To improve the fixation of C1-compounds, Al and
deep-learning-directed de novo enzyme constructions may be a future vision in addition to the
methods discussed above 8. By applying these techniques to the formose reaction, enzymes
that have more favorable kinetic properties than formolase or glycolaldehyde synthase could

be constructed.
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4.4.In vitro vs In vivo Cl-valorization to various chemicals

Since the systems described above are still in the proof-of-concept phase and need further
development to reach industrial relevant levels, the question is whether the future of C1-
valorization is an in vitro, in vivo or in a combined approach. Microorganisms can utilize C1-
chemicals such as methanol or formate, but can also be used in gas fermentations to directly
utilize Ha, CO2 or CO gases. In particular, gas fermentation with H»/CO mixtures for producing
various platform chemicals such as ethanol, isopropanol, or acetone has recently come into
focus and caused attention due to its commercialization and test phases in pilot plants 1°9-202,
However, the low solubility of gaseous substrates, the low energy status of acetogens, and the
thermodynamic limitations of acetogenesis complicates a further broadening of the range of
accessible products 202204,

Due to the ease of using liquid substrates instead of gases in bioprocesses 2°, methylotrophic
organisms that convert CO»-derived methanol or formate are essential hosts for the valorization
of Cl-chemicals. To expand the range of products that can be derived from methanol using
natural methylotrophs and to increase and improve titers toward industrially applicable titers,
engineering approaches are being pursued, e.g., to introduce specific metabolic pathways for
targeted chemical production. Methanol is converted to formaldehyde via methanol
dehydrogenases or alcohol oxidases, which is converted via natural assimilation pathways such
as the XuMP, RuMP, and serine pathways 2°¢-2%8, However, the use of native methylotrophs has
several disadvantages, such as low carbon yield and insufficient accumulation of metabolic
intermediates for the production of secondary metabolites, strict gene regulation of methanol-
utilizing enzymes with suppression in the presence of other carbon sources, or insufficient

47,209,210 By using Protomonas extorquens, Sirirote et

energy production from methanol alone
al. produced L-serine efficiently from glycine and methanol with up to 54.5 g L. However,
glycine was used as a carbon source with around 39.3%. In contrast, methanol incorporation
only has 8.3% (Production of L-serine from methanol and glycine by resting cells of a
methylotroph under automatically controlled conditions). Since there are still drawbacks to
genetically modifying native methylotrophs despite some developmental successes, earlier
pathway prototyping using in vitro systems could be a way to expand the range of products
made from these organisms.

However, due to the capabilities of in vitro systems, the production of chemicals from methanol
and formate may also have a future in industrial applications, bypassing the use of
methylotrophic organisms. In our study, we utilized xylose to increase the production of

biofuels and platform chemicals from methanol and to build molecules from methanol faster

than from methanol alone. By applying a combined approach like this, it has to be sure that all
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carbon from methanol and the sugar is converted to the same product. As an example: The
production of one product from various substrates could be efficiently shown by Sutiono et al.
35, Here two different sugars could be converted into one product via an intelligent enzyme
selection. In the case of the transketolase system of this study, the incorporation could be
efficiently controlled and corrected by adjusting enzyme concentrations, whereby methanol and
xylose consumption keeps similar during the runtime of the system. This lead to a one to one

conversion of methanol and xylose to the final products.

4.4.1. Integration of new to nature and natural methanol utilizing pathway

to create synthetic methylotrophs vs in vitro applications
Besides natural methylotrophs, the focus is on already established microbial hosts as
Escherichia coli to create synthetic methylotrophs. This is because, despite some
developmental successes in the genetic modification of native methylotrophs, there are still
drawbacks and lower yields. For the integration of Cl-utilization, different pathways were
introduced into common microbial host systems such as Escherichia coli, Corynebacterium

211 Thereby natural and non-natural methanol

glutamicum, or Saccharomyces cerevisiae
utilization pathways were integrated. Wang et al. integrated a formolase pathway with methanol
dehydrogenase and FLS for methanol utilization. After expression in a formaldehyde
dehydrogenase-deficient Escherichia coli strain and subsequent adaptive laboratory evolution,
methanol assimilation into biomass was demonstrated 2!2. Furthermore, the SACA pathway for
acetyl-CoA production was integrated into Escherichia coli with a methanol dehydrogenase to
keep the formaldehyde concentration low. The strain grew successfully on methanol via the
SACA pathway, although the contribution of methanol to biomass was only 3% '*. Apart from
these linear methanol assimilation pathways, also natural cyclic pathways were integrated in
vivo. To improve the properties of methanol utilization in Escherichia coli, De Simone et al.
attempted to integrate parts of the XuMP pathway into Escherichia coli. After integrating a
methanol dehydrogenase and a dihydroxyacetone synthase, methanol was successfully
integrated into central metabolites, with higher methanol assimilation than the parent strain 212,
An adaptive laboratory evolution approach performed by Espinosa et al. has uncovered and
enhanced natural methanol assimilation in Saccharomyces cerevisiae that may be attributable
to a type of XuMP pathway 2!,

As an example of synthetic autonomous methylotrophy, Chen et al. successfully integrated
parts of the RuMP pathway into Escherichia coli. By applying metabolic robustness criteria

and a laboratory evolution approach, they could demonstrate its growth on methanol alone 2!°.
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Furthermore, a recent study by Zhang et al. could show an engineering of a Saccharomyces
cerevisiae strain to use methanol as the sole carbon source and targeted the production of the
polyketide flaviolin 2!, These experiments show that methylotrophy can be integrated into
conventional host organisms. Biomass can be accumulated, and important metabolites show
the incorporation of methanol. However, only the minority of approaches are able to producing
specific chemicals with these synthetic organisms.

A major problem besides the difficulty of reprogramming an entire organism is the high toxicity
of formaldehyde, which has a dramatic effect on cell viability. Regardless of whether the host
is a native or a synthetic methylotrophic organism, low concentrations of formaldehyde,
ranging from 0.3 mM to 5 mM, inhibit the growth of important hosts like Yarrowia lipolytica,
Saccharomyces cerevisiae, or Pichia pastoris *’. Because of this, a problem in integrating the
newly developed linear assimilation pathways is the high K value for formaldehyde and the
low activity of the formolase or glycolaldehyde synthases developed so far. The use of these
enzymes in vivo could trigger the accumulation of toxic formaldehyde, leading to viability
issues of the hosts.

As a smart reaction concept, to prevent high formaldehyde concentrations, Jo et al. 2!7
demonstrated the use of paraformaldehyde as less toxic precursor to formaldehyde. In their
study they produced glycolic acid via the use of paraformaldehyde, which slowly converts to
formaldehyde.

In contrast to that, the implementation of these systems in vitro already shows more significant
success in the production of chemicals. Compared with the in vivo implemented SACA
pathway, the SACA pathway could be efficiently integrated into the in vitro production of PHB
from CO»-derived methanol '**. Similar to the SACA pathway, the formolase pathway could
be used in vitro to produce various chemicals. As described in Section 4.3, the tolerance of
purified enzymes can be drastically higher. For example, in our system, we could show that 10
and even 20 mM formaldehyde could still be efficiently converted into isobutanol with 85%
and 72% yield, respectively. Another advantage to circumvent the accumulation of
formaldehyde in vitro is the possibility of adapting the concentration of enzymes quickly. In
the L-alanine cascade, an increase in formolase concentration could compensate the low activity
and yield with no formaldehyde accumulation over the whole runtime of the system.
Furthermore, as shown with paraformaldehyde, smart substrate engineering, or the gradual
addition of formaldehyde via pumps, as shown in our isobutanol setup, might help bypass
formaldehyde’s toxicity and can be easily applied in vitro.

As the production of chemicals from CO2 will need to increase in the coming years, exciting
concepts are already showing the impact that biocatalysis can have on the production of various

chemicals from C1. However, both in vivo and in vitro systems are still in the early proof-of-
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principle phase and high industrial titers are rare. A commercialized example is the production
of ethanol from synthesis gas at LanzaTech 2°. Still, it is challenging to expand the chemical
scope produced by acetogenic bacteria. To broaden the scope and commercialize routes in vitro
and in vivo, the biocatalysis systems need to evolve and could work together as in the iPROBE
approach . Here, the cell-free systems act as a versatile screening platform, e.g. to find optimal
enzyme ratios by using different ratios of cell lysates. In this way, not only can the optimal
enzyme ratio be found, but the cell environment can also be mimicked. The optimal enzyme
ratios can then be used in the context of in vivo systems, where the adjusted enzyme ratio is
transferred to a specific promoter that promotes high or low expression. Further, the engineered
synthetic pathways are much simpler than the natural ones, but the key enzymes still lack

relevant specificity and activity.
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4.5.Sustainable chemical production from renewable resources by the use

of enzymatic cascades

In order to develop concepts for the in vitro production of cheap chemical feedstocks, food
additives or biofuels, research has recently focused heavily on the design and development of
enzyme cascades for the valorization of CO> or biomass. The utilization of sugars and
compounds that can be obtained from nature or waste streams using multi-enzyme cascades has
recently become increasingly popular and has already been demonstrated for the production of
Myo-inositol from starch on an industrial scale '8,

In addition, the range of products that can be derived from sugars is significantly broadened by
the use of enzyme cascades. While industrially relevant titers have already been achieved for
the use of glucose, the production of xylose and other sugars from biomass, e.g. for the

production of biofuels '*!

is also gaining momentum. Recently, Sutiono et al. was able to
optimize an enzymatic cascade for the production of butanetriol from xylose such that
butanetriol could be produced close to industrially relevant titers 2!°. The main task for the
future, however, will be to upscale these systems to a relevant size to compete with existing
processes and to be attractive for investments in new process equipment 22°, Together with that,
a challenge will be the combination of various cascades and linking the use of different sources,
as well as closing the entire cycle from biomass use to the end product and not just starting
from individual refined sugars.

The described concept of utilizing xylose and formaldehyde directly adds to this idea of
combining various waste streams into one specific product 22!:222, Moreover, formaldehyde is
found, for example, in furniture wood waste or aqueous solutions, e.g., in fish farms and causes

a stir due to its harmful health properties 223 224

. However, the toxic Cl-compound
formaldehyde is complicated to handle, and detoxification using cells is still challenging due to
its cytotoxicity **. In addition, formaldehyde is derivable from CO- and can thus contribute to
the utilization of CO, and the reduction of this greenhouse gas.

Since CO as a resource is the new megatrend in enzymatic cascade development, many
concepts are focused on its utilization and on finding suitable ways to get it into useful
biological precursor molecules, from two-carbon molecules like ethylene glycol, glycolic acid
or acetyl-CoA. To three-carbon molecules such as glycerate and already useful high-molecular-
weight products such as the C4 sugar erythrose or even polymeric products such as starch 1%
144,225,226 The synthetic routes of these mostly small carbon unit-based target molecules
described in our review are still in the early stages and are presented only as proofs of concept.

However, due to the possibilities offered by these systems, new routes based on them are rapidly

being developed to produce a wider variety of compounds. In this context, the development of
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pathways to produce amino acids from CO: represents a new chapter that would perfectly
complement the pathways presented so far. Amino acids are the building blocks of proteins and
are therefore essential for nutrition, health care and as dietary supplements for animals. The
production of amino acids from CO; could target the goal of nutrient supply and in the future,
even enable the production of protein from CO». In our developed L-alanine synthesis, we
integrate methanol and dihydroxyacetone into the cascade. This links it directly to the metabolic
pathways described above and combines oxidative methanol oxidation with the formolase-
formose pathway used in synthetic starch synthesis. However, in contrast to starch synthesis,
catabolic lower glycolysis forms the second module of the system rather than anabolic upper
glycolysis. Due to the intrinsic drive to pyruvate via lower glycolysis, and the centrality of
pyruvate, the methanol assimilation pathway, as well as the sugar-guided methanol assimilation
pathway, could be the blueprint for further production of a variety of chemicals and amino
acids. To further broaden the spectrum of amino acids produced from CO; and methanol and
to reach the ultimate goal of producing proteins from CO; and thus food, new concepts have to
be developed on how carbon extension could be realized. The key here is not only to generate
C3 or C2 amino acids but also to expand the scope to C4 to C6 amino acids or even to higher
molecular weight amino acids. A possible next step could be extending the L-alanine system to

produce the amino acid L-valine, which is already a C5 amino acid and an essential amino acid.
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By combining the isobutanol pathway with the L-alanine pathway, the blueprint for L-valine
could be established since the isobutanol pathway is based on the natural L-valine pathway.
With some adjustment of the combination of these two systems, L-valine production from

methanol could be achieved.
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Figure 10: Activity of ccGapN on glyceraldehyde 3-phopshtae from fructose 1,6-bisphosphate
in a coupled assay system with aldolase over a time period of 20 h. The assay was conducted
as described in Section 2.2.3 and 2.2.4.
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Figure 11: Activity of ccGapN on glyceraldehyde 3-phopshtae from fructose 1,6-bisphosphate
in a coupled assay system with aldolase with addition of either NADP* or NAD" as cofactor..
The assay was conducted as described in Section 2.2.3 and 2.2 4.
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Figure 12: Formaldehyde tolerance (Section 2.2.6.3) over a time period of 24 h at 37 °C of A:
taPyK, B: tmENO, C: kbDhaK. Activity was measure as described in Section 2.2.3.
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Figure 13: Isobutanol tolerance (Section 2.2.6.5) over a time period of 32 h at 37 °C of A:
pIXyIA, B: kbDhaK, C: tmTpi_fusPgK, D: tkGapN, E: gsPgM, F: tmENQO. Activity was measure
as described in Section 2.2.3.
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Figure 14: Isobutanol tolerance (2.2.6.5) over a time period of 32 h at 37 °C of A: taPyK, B:
bsAlsS, C: gsllvC D: lIIKDC, E: ecYjgB. Activity was measure as described in 2.2.3.

Table 28: SBtab file for the MDF analysis of the methanol to L-alanine pathway

''SBtab DocumentName='Pathway Model' SBtabVersion='1.0'
!!SBtab TableName='Reaction' TableID='Reaction' TableType='Reaction'

!ReactionFormula !RelativeFlux
Methanol + O2 <=> H202 + Methanal 3
3 H202 <=>1.502+3 H20 1
3 Methanal <=> Glycerone 1
Glycerone + ATP <=> Glycerone phosphate + ADP 1
Glycerone phosphate <=> D-Glyceraldehyde 3-phosphate 1

NAD+ + D-Glyceraldehyde 3-phosphate + H20 <=> NADH + D-

Glycerate-3-phosphate :
D-Glycerate-3-phosphate <=> D-Glycerate-2-phosphate 1
D-Glycerate-2-phosphate <=> Phosphoenolpyruvate + H20 1
ADP + Phosphoenolpyruvate <=> Pyruvate + ATP 1
Pyruvate + NH3 + NADH <=> L-Alanine + NAD+ + H20 1

* License National Footprint and Biocapacity Accounts 2022 Edition: This Data Package
provided by Global Footprint Network is licensed under a Creative Commons Attribution-

ShareAlike 4.0 International License (CC-BY-SA 4.0).
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In the vision to realize a circular economy aiming for net carbon
neutrality or even negativity, cell-free bioconversion of
sustainable and renewable resources emerged as a promising
strategy. The potential of in vitro systems is enormous,
delivering technological, ecological, and ethical added values.
Innovative concepts arose in cell-free enzymatic conversions to
reduce process waste production and preserve fossil
resources, as well as to redirect and assimilate released
industrial pollutions back into the production cycle again.
However, the great challenge in the near future will be the jump
from a concept to an industrial application. The transition
process in industrial implementation also requires economic
aspects such as productivity, scalability, and cost-
effectiveness. Here, we briefly review the latest proof-of-
concept cascades using carbon dioxide and other C1 or
lignocellulose-derived chemicals as blueprints to efficiently
recycle greenhouse gases, as well as cutting-edge
technologies to maturate these concepts to industrial pilot
plants.
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Introduction

Humans have generated 1.7 trillion tons of carbon di-
oxide (CO,) pollution, with a 49% CO, increase to
417 ppm from the pre-industrial era [1,2]. The con-
venience-oriented supply and fast-and-abundant motto

of industrial production have led to the accumulation of
undegradable wastes and greenhouse gases, driving cli-
mate change. Furthermore, we are situated in global
social uncertainty caused by rising energy costs due to
the unstable political situation. These problems chal-
lenge us to globally rethink our behaviors.

Being aware of these threats, politics and industry work
in close cooperation to approach a shift toward a sus-
tainable circular bioeconomy, with a significant focus on
biotransformations and biocatalysis, especially for the
production of chemicals and energy from renewables.
The driving force of this motivation is the exploitation of
the power of natural biological systems, which are gen-
erally characterized by nontoxic and highly selective
reactions under physiological conditions [3]. The mod-
erate reaction temperatures reduce energy inputs, and
minimum side-product generation facilitates down-
stream processing.

From the 2000s global energy crisis, microbial alcohol
production from plant-originated sugars was extensively
investigated for use as supplements to fossil-based fuels
[4,5]. In this context, metabolic engineering flourished as
a promising approach for adjusting microorganisms'
biosynthetic pathways to efficiently produce more com-
plex products, such as isobutanol or longer-chain bio-
diesels [4,6].

However, these living cell systems have recently been
increasingly supported, improved, or even replaced by
cell-free multienzymatic cascades. The complexity of iz
vitro transformations has increased to such an extent that
they replace not only one or two challenging reactions
but also enable the total synthesis of a wide range of
value-added chemicals such as replacements of fossil-
based polymers and plastics or food additives and active
pharmaceutical ingredients [7,8].

Moreover, i vitro systems benefit from their simplicity
of directly implementing state-of-the-art technologies
from an expanded enzyme toolbox, including new-to-
nature reactions and enzyme engineering [9,10]. They
also circumvent challenges of whole-cell systems
through liberation from living cell burdens and offer
higher variability, flexibility, and controllability [11].

Herein, we will present the latest developments in cell-
free synthetic biochemistry, with a focus on producing
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commodity chemicals and low-cost precursor molecules,
thereby evaluating the scalability and industrial im-
plementation of such processes. As a highlight of this
review, we will showcase a synergistic concept where
cell-free systems were used to accelerate metabolic en-
gineering for final /# vivo chemical production, which
succeeded in upscaling to a pilot plant scale [12].

Cell-free biosynthesis

Cell-free artificial enzyme cascades take bottom-up ap-
proaches demonstrating a counterpart of metabolic en-
gineering applied for whole-cell biomanufacturing. This
latter top-down strategy demands considerable efforts to
delete/downregulate the competing metabolic pathways
naturally required for cell viability. Conversely, enzy-
matic activities that lead to desired product formation
must be introduced/upregulated.

Contrary to this, cell-free artificial enzyme cascades start
with the reconstruction or de #ovo construction of bio-
synthetic pathways using minimal components: first, the
search for robust biocatalysts for the whole pathway from
the substrate to the final product is performed con-
sidering the longevity of future reactor runs [13e 14].
Inactivation and degradation of enzymes by mechanical
stress, higher process temperature, or toxicity of solvents
and chemical components such as intermediates or pro-
ducts are the issues for consideration. Second, the
system has to be supplemented with enough cofactors
such as NAD(P)H and A'TP [15]. If purified enzymes are
the matter of choice, a self-sustaining and continuously
operating system with cofactor regeneration/recycling,
occasionally including sacrificial substrates, is required
[16]. Keeping the expensive cofactor feed at a minimum
[17] and achieving a high cofactor turnover [18,19] are
essential issues, as shown in the artificial cofactor de-
velopment and engineering of enzymes accepting co-
factor analogs [20-23].  Furthermore, cofactor-
immobilizing technologies coupled with regeneration
emerged to allow for the variability of i# vitro cascade
processes [24,25]. On the other hand, the use of cell
lysates with overexpressed biocatalysts ensures suffi-
cient cofactor sources [16,26,27]. The third component is
the environment surrounding the active enzymes with
substrates/intermediates/products; generally physiolo-
gical, mild conditions with a high buffer capacity. Ad-
vantageously, /z vitro systems can select not only cell-
like but also artificial environments with spatial com-
partmentalization, sequential temporal adjustment of
environmental parameters [28], or two-phase systems
with an organic solvent [29,30].

In techno-economic considerations, all these factors
must meet the demands regarding costs, sustainability,

and process scalability, especially in the case of high-
volume commodity chemicals.

Proof-of-concept enzyme cascades

Owing to the urgent need for anthropogenic CO; re-
cycling, several prototypes of iz vitro enzyme cascades
were presented in the last years to assimilate C1 com-
pounds (Figure 1). CETCH cycle (crotonyl-CoAlethylma-
lonyl-CoAlhydroxybutyryl-CoA cycle) presented by Erb and
coworkers in 2016 was a milestone publication aimed at
higher efficiency of CO, fixation than in nature by ex-
ploiting enoyl-CoA-dependent carboxylases/reductase
[31ee]. This designer CO, fixation pathway emphasizes
the significant power of cell-free artificial cascades by
using 17 enzymes from all three domains of life.

Recently, Scheffen et al. [32¢] further expanded the
CETCH cycle by tartronyl-CoA (TaCo) module to as-
similate one additional CO, molecule to glyoxylate. The
obtained C3 glycerate can easily be directed to central
carbon metabolism by phosphorylation. The key to
realizing the hypothetic TaCo pathway was the ex-
tensive development of glycol-CoA carboxylase as a
new-to-nature enzyme. As showcased here, many reac-
tions and pathways based on direct CO, fixation by
carboxylases from dissolved bicarbonate have been
published in recent years, for example, the POAP (pyr-
uvate carboxylase, oxaloacetate acetylhydrolase, acetate-

22 2

CoA ligase, and pyruvate synthase) cycle [29,33,34].

Similarly, Cai and coworkers [35¢¢] drafted the artificial
starch anabolic pathway (ASAP) with just 11 core reactions
instead of the 60 steps known in plants. The key steps
were the conversion of ‘green’ methanol (chemically
generated from CO;) to formaldehyde by alcohol oxi-
dase and, subsequently, three equivalents of for-
maldehyde to one molecule of dihydroxyacetone by an
artificial formolase (FLS). Interestingly, the whole cas-
cade was computationally outlined using databases
(MetaCyc and ATLAS) and applying combinatorial al-
gorithms and flux balance analysis. Experimental eva-
luations supported the process of modular assembling
and enzyme engineering optimized the cascade flux for
starch synthesis. However, the high enzyme load of
5gL~" FLS (> 50% of the core enzymes) is an apparent
limiting factor that seemingly hampers the upscaling.

Nevertheless, C1 chemistry using FLLS is an emerging
topic, and improving its activity by enzyme en-
gineering is the first step to upscale reaction cascades
with FLS. To expand the potential of FLS for a
broader reaction spectrum, Giiner et al. [36¢] sub-
jected FLS to high-throughput screening to shift its
activity from C3 generation to C4 erythrulose

Current Opinion in Biotechnology 2023, 79:102868

www.sciencedirect.com



Current state of in vitro enzyme cascades Teshima, Willers and Sieber
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Recently developed and validated in vitro cascades for the assimilation of C

1 compounds. Energy supply and redox balances within the enzyme

cascades are highlighted in red letters for phosphate transfer cofactor, orange letters for redox cofactors NAD(P)*/NAD(P)H, yellow letters for
iron—sulfur protein ferredoxin Fd,eq/Fdox, gray letters for coenzyme A (CoASH), and in blue letters for molecular oxygen as electron acceptor. CO, can
be chemically, enzymatically, or electrically converted into the C1 compound methanol. Methanol can be used in in vitro enzymatic systems to
produce various products. The ASAP uses chemically derived methanol from CO, to produce starch. The SACA uses formaldehyde for the production
of acetyl-CoA. In addition, there are smaller pathways that use GA derived from formaldehyde to produce ethylene glycol, glycolic acid, p-erythrose,
and erythrulose. In this process, erythrulose is produced by FLS and the other chemicals by GA synthase. Alternatively, CO, can be fixed directly from
bicarbonate. Here, the crotonyl-coenzyme A (CoA)/ethylmalonyl-CoA/hydroxybutyryl-CoA cycle binds two CO, molecules per cycle and generates
glyoxylate. Glyoxylate is one of the initial substrates for the TaCo pathway. Here, one CO, molecule is bound for the formation of glycerate. The POAP
cycle includes pyruvate carboxylase, oxaloacetate acetylhydrolase, acetate-CoA ligase, and pyruvate synthase, and builds oxalate by binding two

CO, molecules.

synthesis in an atom-economic way. Alternatively,
C—C bond formation from formaldehyde using gly-
colaldehyde (GA) synthase also finds applications in a
Synthetic acetyl-CoA (SACA) pathway [37] or C2-/C4-
obtaining cascades [38].

Guiding proof of concept to upscaling

Synthetic CO, fixation and valorization into bulk che-
mical products through iz vitro systems is gaining mo-
mentum. One major reason is the high potential to
realize net negative carbon footprints despite the
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energy-consuming production process [39]. However, in
contrast to microorganisms utilizing C1 gases with the
expectation of competitive economic performance in
future industrialization, cell-free systems in the proof-of-
concept phase are facing the challenges of upscaling
[40]. For the first transition step, the once-confirmed
systems are dissected for perfection and fine-tuning to
reduce enzyme load and further optimize productivity
(Figure 2). However, examining all variables (enzyme
ratios, concentrations of additives, cofactors, etc.) in a
multienzymatic system while maintaining the fluxes of
the cascade is laborious and time-consuming [17].

T'o tackle this issue, Pandi and coworkers [41¢] devel-
oped METIS, a versatile machine learning workflow for
optimizing complex cell-free systems. Applying this
workflow to the CETCH cycle, an example of a complex
cell-free system that includes enzymes, cofactors, and
additives, 10%° different conditions could be analyzed by
performing only 1000 experiments. Furthermore, with

this limited number of experiments, a 10-fold improve-
ment in productivity and a nearly sixfold improvement
in efficiency were achieved.

Besides the CO, assimilation in enzymatic cascades as
an innovative newcomer for green commodity chemical
production, the valorization of renewable biomass wastes
(annual output of 40 million tons) is building another
strategic branch to realize a circular bioeconomy [42].
However, the efficient conversion of pentoses (D-xylose
and L-arabinose) is still a big challenge [43]. In contrast
to the machine learning approach, Shen et al. [44¢] ad-
dressed this obstacle by constructing a quantitative
mathematical model for the D-xylose-utilizing oxidative
Weinberg pathway in an iterative multistep process be-
tween model and experiment using a time-resolved
NMR analysis. Paschalidis et al. [45] used a related
pathway to apply multiobjective optimization to design
enzymatic cascade reactors. Their experimentally vali-
dated complete kinetic model of the five-enzyme
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Key features of the three steps that an in vitro enzyme cascade passes through in the process of an industrial implementation: the proof of concept
(blue cycle), transition phase (multicolor cycle), and the final industrial scale (green cycle). Highlighted here is the transition phase with key parameters
for optimizing cell-free enzymatic cascades to achieve the properties required for the industrial phase.
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cascade for converting glucuronic acid to 2-ketoglutarate
helps to visualize and address trade-offs between
space—time yield, enzyme consumption, and cofactor
consumption. In addition to that, open-source platforms
such as COPASI offer a user-friendly alternative for si-
mulating the dynamics of multienzymatic cascades [46].
It will be a reasonable option for cascade optimization if
an interdisciplinary interface between wet-lab bioche-
mists and bioinformaticians is missing. In any case, ki-
netics-based mathematical modeling will play a pivortal
role in implementing a cost-effective transition phase for
process optimization/intensification regarding scale-up
and simulating complex industrial plants [30,47].

For coutilization of D-xylose and L-arabinose, Sutiono
and coworkers [48¢] presented a unique converging
conversion approach, that is, stereoconvergent synthesis
of one single product from two diastereomers as starting
substrates. Exploiting enzyme promiscuity enabled the
reduction of the enzyme set used for the multienzymatic
cascades, one of the most critical features in reducing
process costs. In addition, as a remarkable advantage of
cell-free systems, this work demonstrated the plug-and-
play strategy, the easy adaptability of the system by re-
placing a few enzymes to get different products at high
yields.

Sherkhanov and coworkers [13®] succeeded in their
study to overcome the first technical hurdles for in-
dustrially relevant upscaling for producing isobutanol
from D-glucose. Sixteen enzymes were stabilized by
genome mining and enzyme engineering to improve the
operational production lifetime. The ATP rheostat
system from their previous work was employed to
maintain a high ATP concentration against hydrolysis
[49]. To overcome the equilibration and product toxicity
issues, phenetol was used as an organic overlay, from
which the product was continuously removed 7 situ. In
this way, the transition from a 200-pL. analytical scale to
a 15-mL bioreactor led to the final titer of 275 g L1 (95%
vield) in 4.5 days, supported by additional supple-
mentation of two less stable enzymes. However, the
upscaling to the liter or even larger scale has yet to be
seen. This study represents a counterpart of the minimal
cascade concept proposed by Guterl et al. some years
ago [50], considering the industrial competitiveness of
cell-free biofuel production. The complex pyruvate
synthetic module was consolidated into the single-co-
factor four-enzyme pathway for process cost minimiza-
tion, employing archaeal glycolysis and engineering of
enzyme promiscuity.

2,5-Furandicarboxylic acid (FDCA), the main compo-
nent of poly(ethylene 2,5-furandicarboxylate), is a highly
desired value-added chemical for replacement of fossil-
based poly(ethylene terephthalate) (PET)/poly(buty-
lene terephthalate) (PBT) with sustainable origin

[51,52]. Despite the current exclusively chemical pro-
cess, multistep biotransformation holds significant po-
tential as an energy-friendly alternative for the
future [51,53].

Birmingham and coworkers [54¢¢] evolved O,-depen-
dent galactose oxidase, one of the prominent enzymes
used for benzylic primary alcohol oxidation, by screening
in a glove box with ~0.2% (v/v) O, considering the
limited oxygen diffusion in large reactors. In iterative
and interactive "coordinated reaction and enzyme en-
gineering" inclusive of extensive screening of organic
cosolvents, they finally demonstrated an upscaling of the
one-reaction process of 5-hydroxymethylfurfural (HMF)
to 2,5-diformylfuran (DFF) (capable of being further
converted to FDCA) to a 1.44-L. biphasic system in a
bioreactor. This resulted in a specific yield of 570 gppp/
Epurified biocatalyse With a 92% isolated yield.

Synergy between in vitro and in vivo for
upscaling

Even though stand-alone complex multienzymatic sys-
tems 7z vitro for bulk chemical production are not yet
widely used in industry, there are attractive concepts
harnessing the strengths of cell-free systems in devel-
oping microbial chemical production [55]. For this pur-
pose, Karim and coworkers [56°¢] demonstrated the so-
called iPROBE approach (in vitro prototyping and rapid
optimization of biosynthetic enzymes) for efficient optimi-
zation of /# vivo biosynthetic pathways for an industrial
scale-up (Figure 3).

The iPROBE process can be divided into four steps: (1)
the design, where the metabolic pathway and target
enzymes are defined, (2) the construction step, where
these enzymes are expressed (heterologously in E. co/i or
in systems of cell-free protein synthesis), mixed in ly-
sates, and tested, (3) the testing step, where the results
are evaluated using the TREE score, (4) and the appli-
cation step, where the best combinations are selected
and implemented in the strain of choice. Using this
approach, the production of approximately 15 g L.™! of 3-
hydroxybutyrate in Clostridium was achieved, with a
close correlation of r=79 between the iz vitro proto-
typing and the /7 vivo upscaling approach.

The iIPROBE workflow was then further applied by
Vogeli and coworkers [57] to implement reverse p-oxi-
dation pathways in bacteria. Here, the focus was on
product specificity. After several rounds of optimization
with different E. co/i background lysates (from K. coli
strains with different knockouts), high selectivity for C6
or C4 acids and alcohols was achieved.

Liew and coworkers [58¢] used the workflow to produce
acetone and isopropanol from syngas with Clostridium.
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Comparison of workflows to optimize a cell-free enzymatic cascade (left), in vivo biosynthesis (right), and a synergistic approach harnessing the
technical feasibility of in vitro prototyping for the development of a robust in vivo pathway (middle). The synergistic approach applies the technical
simplicity of the in vitro system for multiplexed analysis/screening of enzymatic setups for optimizing the cascade flow. This in vitro prototyping is
performed by mixing a lysate from the selected strain and the additional lysates with separately expressed enzymes. Alternatively, the technology of
cell-free protein synthesis (CFPS) is used. After selecting the best setups according to the TREE scoring, the pathways are reconstructed in the in vivo
system. The numbers indicate the critical steps described in the text. The speedometers represent the key optimization steps in the workflows.

To direct the flux to the desired products, iPROBE was
used to identify knockouts that reduce the formation of
by-products and to increase the titer by selecting en-
zymes with desired properties. In the end, industrially
relevant productivity of 3gL™" h™' was achieved in a
120-L pilot plant. Together with omics approaches, ki-
netic modeling, and systems biology analysis, this study
demonstrates the power of the interplay between iz vitro
and /z vivo methods and describes the entire pathway
from pl.-scale prototyping to 120-L-scale fermentation
in an industrial pilot plant.

Outlook

In the post-growth era of consumer society, we have
become aware of the looming ecological threats,
prompting us to seek solutions for the coexistence of
further economic development and the prosperity of our
life activity and habitats. Accordingly, we endeavor to
shift to sustainable chemical production and the deple-
tion of accumulated industrial waste.

In this process, cell-free enzymatic systems have at-
tracted substantial attention. With their high flexibility
and adaptability, but also with high efficiency and
minimal by-product formation at the same time, they set
a considerable added value to conventional industrial
chemical production. Nowadays, many /z vitro concepts

for producing various chemicals from low-cost and sus-
tainable resources are known. However, the biggest
challenge in this field is the transition of these concepts
to practical applications. It means additional parameters
such as cost minimization while maintaining longevity,
high space—time yield, and product titer play a sig-
nificant role in realizing a vision of stand-alone cell-free
enzymatic systems in the industry. Nevertheless, only a
few models for multienzymatic cell-free cascades on an
industrial scale are established to date and, if known,
mainly in the sector of high-value products.

Moving away from the black-and-white decision of 7z vivo
or in vitro systems, cell-free systems can offer a powerful
complement to already-established iz vivo systems and
enhance each benefit in a synergistic way. Concepts such
as cell-free prototyping to reduce laborious and costly
work will be the near future of cell-free enzymatic sys-
tems. In this way, the innovative combination of iz vive
and 7z vitro systems will boost greener chemical produc-
tion from renewable resources, and we hope to step for-
ward in a sustainable circular economy with technological
development by retaining the earth's viability.
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Integrating Carbohydrate and C1 Utilization for Chemicals

Production

Vivian Pascal Willers,"™ Barbara Beer,” " and Volker Sieber*® <4

In the face of increasing mobility and energy demand, as well
as the mitigation of climate change, the development of
sustainable and environmentally friendly alternatives to fossil
fuels will be one of the most important tasks facing humankind
in the coming years. In order to initiate the transition from a
petroleum-based economy to a new, greener future, biofuels
and synthetic fuels have great potential as they can be adapted
to already common processes. Thereby, especially synthetic
fuels from CO, and renewable energies are seen as the next big
step for a sustainable and ecological life. In our study, we
directly address the sustainable production of the most
common biofuel, ethanol, and the highly interesting next-

Introduction

In the face of climate change, depletion of fossil resources, and
increasing energy demand, alternative, sustainable energy
sources are in demand to replace traditional energy production
methods while reducing waste and greenhouse gases such as
carbon dioxide (CO,). One major step will be the replacement
of fossil fuels by green electricity, hydrogen or renewable and
sustainable biofuels. Here biocatalysis comes into play, which is
considered as a green and sustainable technology.™ Traditional,
first-generation biofuel production relies on production from
edible crops,” but due to food versus fuel debates, this
approach needs alternative solutions.” Lignocellulosic biomass
has high potential as feedstock for the production of biofuels
and platform chemicals. It is cheap, economically friendly and
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generation biofuel, isobutanol, from methanol and xylose,
which are directly derivable from CO, and lignocellulosic waste
streams, respectively, such integrating synthetic fuel and biofuel
production. After enzyme and reaction optimization, we
succeeded in producing either 3 gL' ethanol or 2gL'
isobutanol from 7.5 gL' xylose and 1.6 gL' methanol. In our
cell-free enzyme system, C1-compounds are efficiently com-
bined and fixed by the key enzyme transketolase and converted
to the intermediate pyruvate. This opens the way for a hybrid
production of biofuels, platform chemicals and fine chemicals
from CO, and lignocellulosic waste streams as alternative to
conventional routes depending solely either on CO, or sugars.

ethically acceptable because it is not competing with the food
supply.” Moreover, in the year 2018 lignocellulosic biomass has
been the most abundantly available bio resource with a global
yield of up to 1.3 billion tons per year.”

However, efficient utilization of residual biomass with an
advantageous solution for biofuel production includes the
perspective of efficiently converting most of the sugars it
contains to the same product.” In addition to glucose, xylose
with a share of up to 30 to 40% of carbohydrate content in
lignocellulose must also be taken into account and used for the
production of biofuels”” One major drawback in biofuel
production using xylose as substrate is that it's not readily
utilized by microorganisms.®! For the two most studied micro-
organisms Saccharomyces cerevisiae and Escherichia coli, growth
on xylose is limited® and biofuel production based on xylose is
only possible by non-conventional or engineered strains.
However, titers are not comparable to glucose derived titers. In
addition, the production comes with low efficiency and high
production cost.® Besides, one major drawback which comes
up for the utilization of glucose and xylose using micro-
organisms is catabolite repression, i.e, glucose actively re-
presses the expression of genes for xylose transporters and
xylose conversion making a co-fermentation of glucose and
xylose difficult."”

Ethanol as one of the most common and widely used
biofuels by now,"" is naturally produced by many organisms
like yeast or bacteria, by conversion of the central metabolite
pyruvate.'? Bioethanol production is mostly based on sugar-
cane production by fermentation of glucose with established
hosts such as Saccharomyces cerevisiae, which use their natural
utilization pathways for ethanol production.” In addition,
potential waste streams such as crude glycerol expand the
possibilities for ethanol production.™ To produce ethanol from
xylose, xylose is first metabolized via xylose isomerase, xylose

© 2022 The Authors. ChemSusChem published by Wiley-VCH GmbH
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reductase,xylose dehydrogenase or the Dahms pathway, which
leads to the pentose phosphate pathway, or directly to
pyruvate."™™ In this process, a maximum of 1.66 molecules of
ethanol are formed from one molecule of xylose.'® Whereas
the production of ethanol from xylose is implemented in
different microorganisms like Zymomonas mobilis or Saccharo-
myces cerevisiae with titers of 43.1 gL™' (0.45 gg~' xylose) and
16.4gL™" (0.41 gg~' xylose) respectively,® isobutanol produc-
tion from xylose is rare.

Isobutanol is considered as next-generation biofuel, as well
as commodity chemical and has great advantages considering
energy density and physicochemical properties compared to
ethanol."” Isobutanol can also be produced from pyruvate in
five steps via acetolactate synthase (AlsS), ketol-acid reductoiso-
merase (llvC), dihydroxy-acid dehydratase (llvD), alpha-keto-acid
decarboxylase (KDC) and alcohol dehydrogenase (ADH).'® If
only xylose is used for the production of isobutanol, one
molecule of xylose yields at maximum 0.83 molecules of
isobutanol.!"”

Glucose, the most abundant sugar in lignocellulose, is
efficiently transformed to isobutanol with yields up to 22 gL™'
(86 % theoretical yield between 40 h and 112 h) in a time range
of 112 h, using E. coli®® or with different cell free system with
yields up to 275 gL' |n contrast, the conversion of xylose
suffers from low product titers, with 92.9 mgL~".*? The highest
titer of isobutanol so far was reached by Zhang et al. using
xylose and S. cerevisiae strain Yzy197 in a fed batch approach to
produce 3.1 gL' in 192 h (maximum daily theoretical yield of
9.4%) in a mixed approach for the production of branched-
chain higher alcohols.”® This demonstrates that there is room
for improvement and need for it as the long fermentation time
and low efficiency prohibitive. Accordingly, in order to produce
biofuels sustainably and economically from lignocellulosic
biomass and as basic requirement to replace chemical synthesis
for isobutanol involving high temperatures and pressures,”!
rapid and efficient utilization of xylose is necessary."

Whereas xylose assimilation pathways mostly rely on
cleavage of xylose to a C3 and a C2 precursor molecule, which
is either rearranged for example in the pentose phosphate
pathway or directly used for the production of various
chemicals like ethylene glycol, acetoin or glycolic acid.”®! C1
assimilation pathways can link the cleavage of a sugar to the
fixation of a CO, based C1-compound.”® One example of this
pathway is the naturally occurring xylulose monophosphate
pathway found in methylotrophic yeast.”” Here xylulose 5-
phosphate is cleaved together with formaldehyde into glycer-
aldehyde 3-phosphate and dihydroxyacetone by dihydroxyace-
tone synthase. These C3 precursors are then rearranged and
every cycle of fixation produces 0.33 molecules of pyruvate
from one C1-compound.”® By combining the pyruvate gen-
erated from xylose and CO,, one molecule of isobutanol or two
molecules of ethanol can be produced from one molecule of
xylose and CO,. The strategy of using methanol as the C1-
compound and a second carbon compound as xylose or
gluconate was shown recently.” Here for example, methanol-
auxotrophic E. coli strains were developed as proof-of-concept,
in which ethanol or a mixture of ethanol and 1-butanol were

ChemSusChem 2023, €202202122 (2 of 11)

obtained from the redesigned ribulose-5-phosphate pathway.
However, only 43% of the produced ethanol and 71% of 1-
butanol contained carbon derived from methanol.”*”

In addition to whole-cell systems, in vitro systems have
recently become increasingly important because they are
becoming more complex and offer the possibility of producing
various compounds from cheap substrates with high efficiency.
Furthermore, these synthetic cascades based on purified
enzymes have many advantages. They have high controllability,
adaptability, manipulatable reaction conditions, easy product
recovery, and higher tolerance to toxic substances.*® Moreover,
the suppression of carbon catabolism mentioned above does
not occur, and the separation of products such as isobutanol
can be easily performed by using approaches with a two-phase
system.”?"

The immersive potential to integrate Cl-compounds in
enzymatic cascades was shown by Cai etal, who set up a
multi-enzymatic cascade for the production of starch from CO,-
based methanol.®" Isobutanol production based on CO, was
shown in vivo as proof of concept by Atsumi et al. with a final
titer of 0.45 gL~ by using cyanobacteria.®? The highest titer of
isobutanol from CO, was reached by Miao etal. producing
09gL™" in a time span of 40 days.®® However, no in vitro
pathway using CO, for the production of isobutanol was shown
before. Guo et al. proposed a pathway from CO, to isobutyr-
aldehyde by combining the carbon-carbon bond forming
modules from Cai etal. with a glycolysis module to form
pyruvate and from pyruvate a third module to isobutyralde-
hyde, but lacked experimental proof.?¥ In this way, isobutanol
could be produced exclusively from C1-chemicals, but the key
enzyme formolase, which produces dihydroxyacetone from
formaldehyde, lacks high activity and specificity for
formaldehyde. Large amounts of expensive protein would be
required to produce isobutyraldehyde or isobutanol.

Inspired by the intriguing possibilities of using green C1-
chemicals, that are derived directly from CO, using green
energy/hydrogen, as building blocks for the production of
sustainable carbon compounds, coupled with the challenging
use of the C5 sugar xylose from lignocellulosic biomass waste,
we developed an artificial enzymatic xylose-based C1 fixation
and utilization pathway (XFUP). This pathway allows the
efficient use of CO,-derived C1-compounds using xylose to
produce ethanol and isobutanol. With the need for new
pathways to produce biofuels and commodity chemicals with
lower environmental burden, the optimized XFUP enables
highly efficient production of isobutanol in a minimum time
span at low temperatures, and with non-toxic solvents. In a
proof of concept 8.5 mM isobutanol could be obtained from
10 mM xylose and formaldehyde corresponding to 85% theo-
retical yield in 12 h. Furthermore, adaptation of the system to
methanol leads to a final titer of either 3 gL' ethanol or 2gL™'
isobutanol in 24 h.

© 2022 The Authors. ChemSusChem published by Wiley-VCH GmbH
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Results and Discussion

Implementation of a sugar-guided CO, fixation pathway to
biofuels

For the production of ethanol and isobutanol from C1-
precursors with xylose, we built up a modular cascade,
consisting of a C1 fixation module, a cofactor regeneration
module as well as a biofuel production module, which is
adaptable, to produce either ethanol or isobutanol (Scheme 1).

The C1 fixation module is based on the xylulose mono-
phosphate pathway consuming xylose and formaldehyde with
the key enzyme transketolase (TktA). Here, xylose is isomerized
by xylose isomerase (XylA) and directly utilized by transketolase
with the fixation of formaldehyde to produce glyceraldehyde
and dihydroxyacetone. Dihydroxyacetone and glyceraldehyde
are then phosphorylated by a dual active dihydroxyacetone
kinase (DhaK) by producing two molecules of ADP. Naturally,
xylulose is phosphorylated first by xylulokinase and its product
xylulose-5-phosphate is utilized by dihydroxyacetone synthase
to produce dihydroxyacetone and glyceraldehyde-3-phosphate

| C1 fixation module |

by assimilation of formaldehyde. However, the ability of trans-
ketolase to utilize xylulose directly together with the dual active
dihydroxyacetone kinase circumvents a possible negative
interaction between xylulokinase and dihydroxyacetone kinase
due to an imbalanced ATP/ADP concentration and reduces the
number of enzymes of the module.

The sugar guided fixation of CO, via C1 metabolites
provides an efficient alternative to the newly developed
formolase based fixation pathway,** where three formaldehyde
molecules can build up one molecule of pyruvate. The key
enzyme in this pathway, formolase, represents the bridge
between C1 metabolism and C3 precursor molecules present in
glycolysis by coupling three formaldehyde molecules to one
dihydroxyacetone. Besides the ingenuity of this reaction, it is
also the biggest bottleneck of the pathway, due to the
unfavorable kinetic properties of the until now best formolase
variant fls-M3 to formaldehyde with a k, of 0.2 s™" and a K., of
23.6 mM.P" To avoid the accumulation of high toxic concen-
trations of formaldehyde, which inactivate enzymes and inhibit
the growth of microorganisms, high concentrations of formo-
lase are required, which is not economically feasible in up-

6]
HO\)]\/OH ATP ADP
S d

Dihydroxyacetone

7 oH
Ho _J_o.roH
1

DhaK
2 Dihydroxyacetone phosphate

Tpl

ATP ADP 1

DhaK OH

oL
rgj HO oH
HO “OH
HO XylA OH
Xylose Xylulose
e WP 5J
i/ —OH) _aox =0 = | HO. 0
: Formaldehyde !
iMethanoI 05 Hy0, V! : Glyceraldehyde
\CAT/
(—— e e ;
|Cofactor regeneration module\
o o
ATP ADP OH
H,0
)J\H/OH \ Ho\ﬁ,om)kOH %
(¢} PyK (e] ENO

2X Pyruvate

PDC\\«COZ
AlsS co, e NADPH NADP* \‘\
[e]

2X Phosphoenolpyruvate

N4 o

2X Acetaldehyde ADH  2X‘Ethanol

o o NADPH NADP* HO. O
MOH i A OH
<" YoH

IvC OH
Acetolactate

2,3-dihydroxyisovalerate

OH
i e 1
Ho o OH < Ho é;O%OH
2L o) PgM OH

2X 2-phosphoglycerate 2X Glycerate 3-phosphate

|Biofuel production module|

2-Ketoisovalerate

Isobutanol

Scheme 1. Schematic representation of modular cascade with ATP (blue) and NADP* (red) regeneration system including enzymes, substrates, intermediates
and final products. Yellow highlighted alternative methanol entry point to the cascade.
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scaling approaches. In contrast, the class of transketolases and
dihydroxyacetone synthases that occur naturally in sugar-
directed formaldehyde fixation pathways could provide an
alternative due to their advantageous kinetic properties (e.g.,
K., of DhaS of Candida Boindii on formaldehyde 1.0 mM and
Vmax Of 49 Umg ™" in a reaction with xylulose 5-phosphate).?®

The cofactor regeneration module is based on the lower
glycolysis and provides pyruvate as precursor and platform
intermediate for the production of ethanol and isobutanol as
well as the regeneration of NADPH and ATP. Key enzymes here
are pyruvate kinase (PyK), which regenerates ATP by producing
pyruvate and a non-phosphorylating NADP* dependent glycer-
aldehyde 3-phosphate dehydrogenase (GapN) to balance ATP
consumption as well as NADPH recycling.””

Finally, the cascade finishes with a biofuel production
module that either is based on the natural valine pathway for
the production of isobutanol by pyruvate or on the natural
ethanol pathway for the production of ethanol from pyruvate.
For ethanol production pyruvate is decarboxylated by pyruvate
decarboxylase (PDC) and emerging acetaldehyde is further
reduced by an NADPH dependent ADH. For the production of
isobutanol AlsS combines two pyruvates to acetolactate.
Acetolactate is further processed via the natural valine pathway
enzymes to 2-ketoisovalerate by producing one molecule of
NADP™. 2-Ketoisovalerate is then decarboxylated by KDC and
reduced by the NADPH dependent ADH from the ethanol
pathway. To drive the reaction, both, the cofactor regeneration
module as well as the biofuel production module start with a
nearly irreversible reaction (aldehyde dehydrogenase and keto-
acid decarboxylase, resp.).

Characterization of key enzymes of XFUP
Transketolase

With the xylose guided fixation and valorization of C1-
compounds as the major advantage of the cascade, we first
characterized three transketolases (TktA) from the microorgan-
isms Escherichia coli (ecTktA), Variovorax paradoxus (vpTktA) and
Meiothermus ruber (mrTktA) for their activity on formaldehyde
and xylulose (Figure S2). By comparing the kinetic properties of
these with a fixed formaldehyde concentration of 5 mM
(Table 1) a range of values of catalytic efficiency from 0.3 to 0.6
[s'mM~'] was observed. The highest activity was observed for
ecTktA with 8 Umg™'. However, affinity of ecTktA for xylulose
was low (K,: 15.9 mM). In contrast to that, activity of mrTktA
was the lowest with 1.3 Umg™, nevertheless it had the highest

Table 1. Kinetic parameters of different transketolases with xylulose (0-
100 mM) at a fixed formaldehyde concentration of 5 mM (n=3).

Transketolase Ko Vinax Keat Efficiency
[mM] [Umg™] [s7" [s'"mM™"]
ecTktA 159+03 8.240.1 10.0+£0.2 0.6
vpTktA 9.2+0.3 3.1£0.1 4.0+0.1 0.4
mrTktA 6.4+0.1 1.3+0.0 1.6+0.0 0.3
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affinity for xylulose with 6.4 mM. For the best transketolase
ecTktA kinetics were also measured with a fixed concentration
of 50 mM xylulose. Here a high affinity was observed with a K,
of 2.1 mM to formaldehyde (Figure S2). However, when differ-
ent concentrations of formaldehyde were applied on the other
transketolases, inhibition occurred at formaldehyde concentra-
tions above 10 mM whereby the strongest inhibition was
observed for mrTktA with a 50% reduced activity with 20 mM
formaldehyde (Figure S3). When transeketolase and formolase
are compared, it is noticeable that the catalytic efficiency of all
tested transketolases in the presence of 5 mM formaldehyde is
at least one order of magnitude higher, and in the case of
ecTktA more than 1.5 orders of magnitude higher than the
catalytic efficiency of the formolase-formose reaction. Due to its
low catalytic efficiency, future applications of formolase with
high substrate loading are not yet possible. Transketolases, with
their high activity even at low formaldehyde concentrations,
could be an interesting alternative for the use and utilization of
CO,-derived formaldehyde. In conjunction, it could serve as a
better starting point for an engineering campaign to become
industrially attractive.

Dihydroxyacetone kinase

Because the reaction of transketolase with xylulose and
formaldehyde yields glyceraldehyde and dihydroxyacetone,
phosphorylation of both intermediates is essential to connect
the artificial xylulose monophosphate pathway with the lower
glycolysis (Figure S4 and Table S2). Dihydroxyacetone kinase
from Kozakia baliensis (kbDhaK) has a very high affinity for
dihydroxyacetone (K,: 86 =30 uM), making it the perfect target
for phosphorylation of dihydroxyacetone in the cascade.
Surprisingly, we observed activity on glyceraldehyde as sub-
strate in a similar range, with a lower affinity than dihydrox-
yacetone (K,: 364.9432.0 uM). Nevertheless, the affinity is in
the uM range and with this dual activity of kbDhaK it is possible
to ensure a rapid transfer from the C1 fixation module to lower

glycolysis.

Alcohol dehydrogenase

In addition to the unnatural reaction of ecTktA and kbDhak, the
promiscuity of ADH plays a key role in the composition of the
cascade. Therefore, a major goal in the selection of alcohol-
producing ADH is to minimize its ability to convert
formaldehyde in the cascade. As a consequence, we screened
three ADHs of Escherichia coli®™ on isobutyraldehyde and
formaldehyde conversion (Figure S5 and Table S3). ADH ecYahK
commonly used in isobutanol production®?? due to its high
affinity (K,, of 0.2+£0.0 mM) and moderate activity of 2.2+
0.3 Umg™" is also able to reduce formaldehyde to methanol
with a K, of 6.1+1.4 mM to formaldehyde and an activity of
1.940.2 Umg™" in a similar range as for isobutyraldehyde. ADH
ecYghD has a high affinity for isobutyraldehyde (K,: 2.3+
0.3 mM) but a very low affinity for formaldehyde (K,: 53.4+
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8.6 mM). However, the activity on both substrates is similarly
low with 0.240.0 Umg™". ADH ecYjgB has a very low affinity for
isobutyraldehyde (K, >100mM) and formaldehyde (K:
> 100 mM). Because of that ecYjgB was not considered further
for application in the cascade.

By comparing ecYghD and ecYahK, ecYahK seems promising
as its catalytic efficiency for isobutyraldehyde is more than 50
times higher than for formaldehyde. In contrast to that ecYghD
catalytic efficiency for isobutyraldehyde is only 26 times as high
as for formaldehyde (Table S3). However, when we investigated
the activity of ADHs on glyceraldehyde, which is also an
intermediate in the cascade, ecYahK exhibited 24-fold higher
activity than ecYghD (Figure S6). Due to this site activity and
the fact that the formaldehyde concentration in the cascade is
kept low, the low activity of ecYghD on formaldehyde and the
low activity on glyceraldehyde were decisive to use ecYghD as
ADH for the cascade. Nevertheless, the low activity of ecYghD
with isobutyraldehyde could cause a bottleneck in the cascade
and affect the overall flux, since ADH is part of the NADP*/
NADPH regeneration system. Therefore, ecYghD could be a
target for a future engineering approach to strengthen the
selectivity and activity of the enzyme.

XFUP assembly and first optimization
Defining the overall cascade set up

Because the cascade assembles 13 enzymes, a quick but
efficient thermofluor based stability assay was set up. With this
assay the effect of different buffer systems in a pH range of 7.0
to 8.0 on the melting temperature of the cascade enzymes was
analyzed (Figure 1a). We speculated that a reduced thermal
stability shows a negative influence of the buffer on XFUP and
contrary a raised thermal stability a beneficial influence on
XFUP.

The highest difference in melting temperature caused by
the buffer system showed the GapN of Thermococcus kodakar-
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ensis (tkGapN) with a decrease in melting temperature of
around 10°C from >99°C in tris(hydroxymethyl)aminomethan
(TRIS) buffer and 4-(2-hydroxyethyl)-1-piperazineethanesulfonic
acid (HEPES) buffer to 90°C in potassium phosphate (KPi) buffer.
Another example for a decrease in melting temperature due to
the buffer system is ecYghD. Similar to tkGapN, ecYghD melting
temperature decreases from 50°C in HEPES and TRIS buffer to
42°C in KPi buffer. In contrast, the melting temperature of
triosephosphate isomerase of Geobacillus stearothermophilus
(gsTpl) increases from 74°C in HEPES and TRIS buffer to 78°C in
KPi buffer. By comparing HEPES and TRIS buffer we detected
smaller changes in melting temperature. While dihydroxy-acid
dehydratase of Schlegelella thermodepolymerans (stlivD) has a
melting temperature of 70°C in HEPES pH 8.0, this melting
temperature drops to 66°C in TRIS pH 8.0. Contrary, a thermo-
stable variant of Lactoccocus lactis KDC (IIKDC_7 M.D),“” has a
melting temperature of 75°C in HEPES pH 7.0 but a melting
temperature of 76 °C in TRIS pH 7.0.

The pH of the buffer also changes the melting temperature
of the different enzymes. While Bacillus subtilis AlsS (bsAlsS) and
IIKDC_7 M.D show a melting temperature of 62°C and 75°C in
HEPES at pH 7.0, respectively, those two enzymes have a
decreased melting temperature of 60°C and 69 °C in HEPES, at
pH 8.0. These findings are in accordance with the analysis of the
pH range for IIKDC of Wei et al., which reported an optimal pH
of 6.0 to 7.0." Also a decrease in melting temperature of bsAlsS
at high pH is in accordance with the pH profile of bsAlsS
recorded by Sommer et al., which show that bsAlsS has a pH
optimum at pH 6.0.*? Vice versa, xylose isomerase of Pseudomo-
nas fluorescens (pfXylA) and Geobacillus stearothermophilus
ketol-acid reductoisomerase (gsllvC) melting temperatures in-
crease from 63°C and 85°C in HEPES pH 7.0 to 68°C and 89°C
in HEPES pH 8.0, respectively.

b [ |Ethanol
[ ]lsobutanol

Concentration [mM]

T T T
10 mM Substrate 20 mM Substrate 50 mM Substrate

Figure 1. Cascade optimization and initial biofuel production. (a) Thermofluor screening with melting temperature of isobutanol cascade enzymes in three
different buffer systems with pH 7.5. (b) Resulting isobutanol and ethanol concentrations after buffer optimization in TRIS pH 7.5 after 12 h of incubation for

isobutanol and 16 h incubation for ethanol (n=3).
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Cascade assembly and biofuel production

Summarizing the thermofluor results, a more acidic pH of 7.0
and a more basic pH of 8.0 lead to stronger changes in the
melting temperature of the enzymes to higher but also to lower
values than a neutral pH of 7.5. To not imbalance the cascade
by providing a pH which might aid one enzyme but harms
others, we chose a pH of 7.5 for initial experiments. By
analyzing the buffer systems at pH 7.5 we could also see strong
differences between the different enzymes. We speculated that
HEPES buffer might be the most constant one because all
enzymes showed an intermediate melting temperature. How-
ever, to verify how changes in thermal stability observed by
thermofluor analysis due to the buffer system can be adapted
to the performance of the cascade, we conducted three
cascades with different buffer systems (HEPES, TRIS, KPi) at
pH 7.5 and 37°C for the production of isobutanol with 10 mM
xylose and formaldehyde as starting substrates (Figure S7).

To ensure rapid conversion of formaldehyde, we chose high
concentrations of enzymes from the first module resulting in a
similar unit amount of 150 mU (Table S4 and Table S5),
measured with low substrate concentrations (Table S2). To
further drive the transketolase reaction and provide rapid ATP
regeneration, enzyme units from module two were increased
by more than three times the units of transketolase. The final
enzyme units of module three were similar to those of module
one, while KDC and ADH had half the units of module one.
Here a lower amount of units were chosen due to a possible
site activity of ADH on formaldehyde and glyceraldehyde. As
control, we conducted the cascade without transketolase.

By applying these conditions, the cascade with potassium
phosphate as buffer system shows the lowest performance.
After 12 h, 5.0+0.2 mM isobutanol was formed corresponding
to a theoretical yield of 50%. Similarly, in the system with
HEPES buffer. Here, 5.64+0.5 mM isobutanol corresponding to
56 % theoretical yield was produced in 12 h. The best perform-
ance was obtained using a system with TRIS buffer. After 12 h,
8.5+ 0.1 mM isobutanol (Figure 1b) was built up corresponding
to 85% theoretical yield. No isobutanol was built without the
addition of transketolase.

To investigate the effect of the toxic formaldehyde together
with the buffer system, we doubled the xylose and
formaldehyde concentrations to 20 mM (Figure S7). This time
the buffer effect increased, with the system with TRIS producing
143+0.8 mM isobutanol after 12 h (Figure 1b). The system
buffered with potassium phosphate produced only 55+
0.5 mM isobutanol and the system buffered with HEPES
produced 9.2+ 0.3 mM isobutanol. When the substrate concen-
tration was further increased to 50mM xylose and
formaldehyde, isobutanol could no longer be detected and the
enzymes precipitated.

To show the flexibility of the cascade, we used the
optimized buffer conditions (TRIS pH 7.5) to produce ethanol as
an alternative biofuel (Figure 1b). Therefore, the core of the
cascade was not changed and only bsAlsS, gslivC, stllvD and
IIKDC_7 M.D were switched to PDC of Zymomonas mobilis
(zmPDC)."® At 10mM, 20mM, and 50 mM xylose and
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formaldehyde, 75%, 55%, and 0% theoretical yield ethanol
could be produced, respectively (Figure 1b).

With these initial experiments, a foundation was laid and
three statements could be made to address these findings. First,
the cascade design performed well and the adaptability of the
cascade for the production of isobutanol or ethanol could be
efficiently realized. Second, the results of the thermofluor
analysis were consistent with the output of the cascade,
however not HEPES but TRIS pH 7.5 was the most suitable
buffer system. Third, the upscaling of the substrates xylose and
formaldehyde from 10 mM to 20 mM could increase the total
yield of isobutanol and ethanol significantly from 8.5 mM
isobutanol to 14.3 mM isobutanol and from 15 mM ethanol to
22 mM ethanol. Nevertheless, the efficiency of the cascade in
production was reduced. In addition to that, an increase from
20 mM to 50 mM xylose and formaldehyde completely inacti-
vates the cascade, whereby no isobutanol or ethanol could be
detected. However, these concentrations are already well above
the tolerance of Escherichia. coli to formaldehyde, with even a
low concentration of 1.5 mM severely impairing cell growth.”

Since formaldehyde is a highly reactive and toxic com-
pound, these results highlight the dramatic effects of high
formaldehyde concentrations on enzymatic cascades. We
suggest that the lower efficiency of the cascade at 20 mM
substrate already indicates formaldehyde inactivation, which is
exacerbated by even higher concentrations. To overcome this
obstacle and realize larger scale in vitro systems with integrated
C1 fixation up to a future vision of industrial scale, enzymes
need to be stabilized either by protein engineering or enzyme
immobilization to tolerate higher formaldehyde concentrations.

Optimizing the cascade performance in presence of
formaldehyde

As an alternative solution to the problem of high concen-
trations of toxic formaldehyde, we decided to titrate
formaldehyde into the system.

As first option, we used micro syringe pumps to slowly add
formaldehyde to the cascade. For this, formaldehyde had a
concentration of 100 mM and the flow rate was adjusted to
20 uLh™" and 10 uLh™' respectively. We applied 50 mM xylose
as starting substrate. With this rate, we expected to have
equimolar concentrations of xylose and formaldehyde after five
hours (ten hours). After five hours (ten hours), we stopped
formaldehyde supply and let the cascade run further to see
whether it converts the residual formaldehyde and xylose into
isobutanol over time (Figure S8). In this setup, formaldehyde
solution was pumped into the system via syringes. A major
disadvantage of this setup was that the additional
formaldehyde diluted the preparation. In addition, it could not
be ruled out that the pump pulses were not completely
accurate and uniform and thus partial high formaldehyde
concentrations could occur during runtime.

In the setting with a formaldehyde supply of 20 uLh™',
isobutanol was rapidly produced with an initial rate of
5.2 mMh~'. However, this rate also rapidly declined after two
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hours and nearly no isobutanol was produced afterwards. After
seven hours a maximum of 10.5+1.2mM isobutanol was
produced. In contrast to that, isobutanol production in the
setting with 10 uLh™' formaldehyde supply was slower with an
initial rate of 1.7 mMh™". This time, however, the rate remained
constant for four hours, and only then, it decreased rapidly. A
total of 7.3+ 1.7 mM isobutanol was produced after ten hours.
The microsyringe approach achieved an initial conversion of
xylose and formaldehyde, in contrast to the direct application
of 50 mM formaldehyde. However, this approach was not very
efficient and isobutanol production quickly came to a halt. By
measuring the formaldehyde concentration formaldehyde
strongly increased after six hours (10 uLh™' approach) and after
three hours respectively (20 uLh™' approach). This strong
increase with simultaneous stagnation of isobutanol production
could give a hint for enzyme inactivation at this point. In
addition, the formaldehyde concentration increased faster than
expected, which could be a result of inaccuracy of the micro-
syringe  pumps. Nevertheless, the slower titration of
formaldehyde prolonged the production of isobutanol, but
again, isobutanol production ends after four hours, and titers
are comparable to those of the higher rate titration.

As a more promising alternative to direct formaldehyde
titration, we next used methanol as an alternative starting
substrate. For this, we added alcohol oxidase and catalase to
the system and re-run the cascade with methanol, a less
denaturing but similarly important C1-compound that can be
obtained directly from CO,.***' Under the same conditions as
before, we were able to generate 26.6+1.8 mM isobutanol
from 50 mM xylose and methanol after 24 h of incubation
(Figure 2a). A control without the addition of transketolase and
methanol oxidase lead to no isobutanol production (Figure S9).

Again, the adaptability of the cell-free system was demon-
strated. By adding zmPDC instead of the enzymes for the
artificial valine pathway, we switched the system to produce
ethanol from xylose and methanol. Using 50 mM xylose and
methanol, we were able to produce 66.0 4.5 mM ethanol after
six hours (Figure 2b).

These results show that effective prevention of high
formaldehyde concentration is the crucial step to operate the
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system and achieve scalable production of the final products
ethanol and isobutanol. However, when looking at the con-
sumption rates of methanol and xylose, there is a sharp
decrease directly after the first 30 minutes of runtime. This
sharp decrease clearly indicates oxygen limitation in the system.
As oxygen has a low solubility in aqueous solutions” and the
K., for oxygen of alcohol oxidase of Pichia pastoris (ppAOX) is
between 0.4 and 1 mM in presence of methanol*” reaction
rates quickly decline if not actively forcing oxygen into the
system. However, this oxygen limitation could also be a reason
why the cascade works more efficiently with methanol than
when formaldehyde is added with a syringe pump. The slower
rate gives the transketolase more time to consume
formaldehyde which does not lead to partially high concen-
trations.

Apart from this, stability of ppAOX could be a reason for the
diminished methanol consumption, due to quick loss in activity
at elevated temperatures.”” Because of that future application
needs to first address the oxygen affinity by enzyme engineer-
ing approaches to keep the oxygen consumption rate high over
a certain time span and process engineering to introduce
oxygen in an efficient manner without compromising enzyme
stability.”® In addition, oxidase stability could also be a key
issue to address, either by lower temperature or more stable
oxidases. The final issue that would be needed for scale-up is
an engineering of ADH. The ADH still suffers from a low activity
towards isobutyraldehyde and to get enough velocity in the
cascade, the converting ADH has to be highly active and
specific for isobutyraldehyde.

Conclusion

The efficient use of CO,-based C1-compounds will be one of
the greatest opportunities for biocatalysis in the coming years.
There are more and more concepts for new enzymes that are
able to convert methanol, formaldehyde or formate directly
into molecules with higher carbon chain length. However, these
pathways pass through the highly reactive and toxic compound
formaldehyde, which can deactivate and crosslink enzymes.
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Figure 2. Time course of substrate, product and intermediates of the final cascade. (a) Isobutanol set up with methanol and xylose as substrates. (b) Ethanol

set up with methanol and xylose as substrates (n=3).
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Therefore, control over formaldehyde concentration is essential
to create sustainable and scalable pathways for industrial
application. By exploiting the adaptability of in vitro systems,
we were able to prevent high formaldehyde concentrations and
inactivation of pathway enzymes by the in-situ production of
formaldehyde via methanol. In combination with sugar-directed
utilization of formaldehyde via transketolase, accumulating
formaldehyde is directly converted into key intermediates of
glycolysis, which can then be further utilized via pyruvate to
generate isobutanol, ethanol or other chemicals.

Using xylose, the second most abundant sugar in nature
and after glucose the main carbohydrate of lignocellulosic
biomass, and methanol, a C1-compound derivable from CO,,
we have developed a cell-free system for sustainable and
efficient production of the most common biofuel ethanol and
the highly interesting next-generation biofuel isobutanol with
titers of 3gL™" ethanol and 2 gL' isobutanol from 7.5 gL'
xylose and 1.6 gL~ methanol, respectively. As an alternative to
Cl-only pathways, xylose-based C1 fixation and utilization
pathway (XFUP) fixes formaldehyde using xylose with an active
transketolase, preventing interference of high partial
formaldehyde concentrations. In addition, the modular design
of the cascade allows rapid addition or modification of modules.
Thus, in future research and application, a combination of
xylose valorization with the already known glucose-isobutanol
pathway is possible and both sugars can be converted
simultaneously without the problem of catabolite repression.
Thus, sugar-guided C1 fixation efficiently combines two waste
streams and opens the way for environmentally and econom-
ically friendly production of biofuels and chemical feedstocks
from waste materials.

Experimental Section

Chemicals and strains

All chemicals were purchased from Sigma-Aldrich, Roth, Alfa Aesar,
Merck, Cayman chemical, Carbosynth, Serva, Fisher scientific and
VWR unless otherwise noted.

Escherichia coli (E. coli) NEB® Turbo cells (New England Biolabs®
inc.) were used as cloning strain. E. coli BL21(DE3) F- ompT gal dcm
lon hsdSB(rB- mB-) A(DE3 [lacl lacUV5-T7 gene 1 ind1 sam7 nin5])
(Novagen) were used for heterologous gene expression.

Pyruvate kinase/Lactate dehydrogenase mix (PK/LDH) from rabbit
muscle, alcohol oxidase (AOX) of Pichia pastoris, catalase (CAT) of
Corynebacterium glutamicum, glyceraldehyde 3-phosphate dehydro-
genase (GAPDH) from rabbit muscle and aldolase from rabbit
muscle were purchased from Sigma-Aldrich. Lactate dehydrogenase
(LDH) from rabbit muscle was purchased from Roth.

Molecular cloning and plasmid construction

Plasmid pET28a was provided by Novagen. pCBRHisN, pCBRHisC
were constructed on the basis of pET28a and prepared as published
by Guterl et al.™® Phusion High-Fidelity DNA Polymerase (NEB) was
used for gene amplification from genomic DNA. Restriction
enzymes and T4 ligase (NEB) were used for restriction ligation
cloning of plasmids and genes (Table S1).
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Protein expression

E. coli BL21(DE3) was used as host strain for heterologous gene
expression. Expression was carried out in two steps. First 20 mL of
lysogeny broth (LBmedium containing 100 ugmL™~' kanamycin
were inoculated with a colony from the LB agar plate and
incubated for 16 h at 37°C and 150 rpm. Main cultures were
cultivated in shaking flasks containing 20% (v v') ZYP-5052 auto
induction medium™ including 100 ugmL™" kanamycin. The main
culture was inoculated to an ODgy, of 0.05 and incubated at 37°C
and 90 rpm until an ODgy, of 0.6-0.8. Temperature was reduced to
25°C for enzymes derived from thermophilic organisms and to
16°C for enzymes derived from mesophilic organisms and
incubated for 20 h. Cells were harvested by centrifugation (20°C,
3500 g, 30 min), the supernatant was discarded and the cell pellet
was stored at —20°C.

Protein purification

Cell lysates were prepared on ice using ultra sonication (Ultra-
schallprozessor UIS250 V Hielscher Ultrasonic GmbH) and centri-
fuged afterwards (20°C, 18000 g, 30 min). For enzymes originated
from thermophilic organisms an additional heat treatment was
applied before centrifugation (65 °C, 45 min).

Proteins containing a Hiss-tag were purified using an AEKTA Pure
system equipped with a 5 mL HiTrapFF Crude column. First, the
column was equilibrated with binding buffer (50 mM HEPES pH 8.0,
20 mM imidazole, 500 mM NaCl). Then the supernatant was
applied. A washing step with binding buffer was used to remove
unbound proteins. To elute the Hiss,-taged proteins from the
column, the imidazole concentration was raised from 20 mM to
500 mM. The eluate was fractionated and protein-containing
fractions were collected. The buffer was exchanged via HiPrep
26/10 desalting column to 50 mM HEPES pH 7.5. Purified protein
solutions were frozen in liquid nitrogen and stored at —80°C.

Protein concentration determination

Protein concentration was determined using a NanoPhotometer® P-
Class (IMPLEN). Absorption was measured at 280 nm after adding
extinction coefficient and molecular weight of the target enzyme to
the system (Table S1).

Enzyme activity assay

Enzyme activity measurements were conducted in 200 plL reactions
with HEPES pH 7.5 and 10 mM MgCl, at 37°C. Conditions were
tailored according to the analyzed enzymes and coupling enzymes.
Reactions were started by addition of the target enzyme and
measured by Biotek epoch-2 microplate spectrophotometer (Bio-
rad) (Table S2).

ATP depended reactions were coupled to pyruvate kinase and
lactate dehydrogenase with the use of phosphoenolpyruvate as co-
substrate. Activity was measured by following the absorbance of
NADH at 340 nm.

NAD(P) */NAD(P)H depended reactions were directly measured by
following the absorbance of NAD(P)H at 340 nm.

All other reactions were coupled to ATP depended reactions and
monitored as described for ATP dependent reactions or coupled to
NAD(P)* or NAD(P)H consuming reactions by following the
absorbance of NAD(P)H at 340 nm

© 2022 The Authors. ChemSusChem published by Wiley-VCH GmbH

QSUDOIT SuOWWO)) dA1EAIY) d[qeoridde oYy £q PaUIIAOS AIe S[ONIE V) 98N JO SI[NI J0§ AIRIqIT QUIUQO AJ[IAY UO (SUONIPUOI-PUB-SULIDY/WOY K[1A KreIqrout[uoy/:sdny) SUonipuoy) pue swiIa, i 38 *[£207/10/92] U0 A1eiqr] suruQ 1A YOyIorqrg uayoudnin nL, £q 721202202 9559/2001°01/10p/wod Kapim: Areaqraurjuo-adoma-£nsiwayoy/:sdny woiy papeojumoc) o “x#9sy981



Chemistry
Europe

European Chemical
Societies Publishing

Research Article

ChemSusChem doi.org/10.1002/cssc.202202122

Enzyme kinetic measures

Transketolase

Transketolase (TktA) kinetics (Figure S2) were measured in a
coupled approach with glyceraldehyde specific aldehyde dehydro-
genase taAldH (M42)*® by measuring reduction of NAD*. To test
whether M42 activity is reduced by formaldehyde, activity of M42
was tested on glyceraldehyde by measuring the reduction of NAD*
in presence of 0 to 20 mM formaldehyde (Figure S3). Due to
formaldehyde inactivation, M42 concentration was raised four times
in kinetic measurements to counteract reduced activity in high
formaldehyde concentrations.

Xylulose kinetics were conducted with a concentration range of 0
to 100 mM of xylulose and a fixed concertation of 5mM
formaldehyde. Reaction was started by addition of xylulose to the
reaction mixture. Formaldehyde kinetics were conducted with a
concentration range of 0 to 20 mM of formaldehyde and a fixed
concentration of 50 mM xylulose. Reaction was started by addition
of formaldehyde to the reaction mixture

Formaldehyde inhibition of vpTktA and mrTktA (Figure S3) was
measured similar to the kinetics with formaldehyde. Here, a fixed
concentration of 5 mM xylulose was applied. However, to counter-
act the inhibition of the coupling enzyme, M42 concentration was
increased fourfold. Reaction was started by addition of
formaldehyde to the reaction mixture.

Dihydroxyacetone kinase

Dihydroxyacetone kinase (DhakK) kinetics (Figure S4) were measured
in a coupled approach with pyruvate kinase and lactate dehydro-
genase by measuring oxidation of NADH®" in 382 uL. Standard
reactions contained additional 1.25 mM PEP, 0.3 mM NADH, 2 mM
ADP, 5 to 0.005 mM dihydroxyacetone and 3.8 uL Pyk/LDH mix.
Reactions were started by addition of dihydroxyacetone to the
reaction mixture.

Alcohol dehydrogenase

Alcohol dehydrogenase (ADH) kinetics (Figure S5) were measured
by directly measuring the oxidation of NADPH.®® Standard reaction
contained additional 0.3 mM NADPH and 0 to 50 mM isobutyralde-
hyde or 0 to 250 mM formaldehyde. Reaction was started by
addition of the substrate to the reaction mixture.

Melting point analysis

Melting point analysis was performed in 25 pL reaction volume
with 2 uL SYPRO™ Orange (1:80 dilution) 2 uL of protein (concen-
tration), and 100 mM TRIS pH 7.5, HEPES pH 7.5 or Kpl pH 7.5 in the
cascade matrix. Measurements were performed with a CFX96 Touch
Real-Time PCR detection system (Biorad). The temperature was
increased in increments of 1°C from 25°C to 100°C with one
minute per kelvin increase. The melting curves were prepared as
described in the manufacturer’s instructions (Biorad). Melting point
data were derived from the minimum of the negative derivative of
the fluorescence curve versus temperature (Biorad).

Enzymatic cascade

Enzymatic cascades for the production of ethanol and isobutanol
were conducted as follows. The enzymes were concentrated and
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desalted with a buffer changed to the cascade buffer using
modified PES 10 kDa (VWR) centrifugal filters.

Initial cascade with buffer test and formaldehyde as substrate

The first cascades were run in three different buffer systems (TRIS-
HCI, Kpl, HEPES) with a pH of 7.5 and a concentration of 100 mM in
a volume of 50 pL in a 1.5-mL tube at 700 rpm ThermoMixer C,
Eppendorf, Germany) and 37°C. Cascade mixtures containing
cofactors, buffer and substrates were prepared in the tube and
then the enzyme mixture was added. Samples were taken directly
after enzyme addition and at the indicated time points. They were
diluted 1 to 10 or 1 to 20 in 2.5 mM H,SO, and filtered using
modified PES 10 kDa (VWR) centrifugal filters.

Formaldehyde addition via micro syringe pumps

Cascades with formaldehyde titration were conducted similarly in a
volume of 200 pL in a 2 mL tube applying 700 rpm (ThermoMixer C,
Eppendorf, Germany) at 37°C. Substrates (except formaldehyde),
buffers and cofactors were presented in the tube and then the
enzyme mixture was added. The reaction tubes were perforated
and the cascade solution was connected to the formaldehyde
solution through a tubing. 100 mM formaldehyde stock solution
was applied directly through the tubing with a gas tight syringe
(SGE) and microsyringe pump (Flowstart EVO, Future Chemistry,
The Netherlands) after addition of the enzymes. The flow rate of
formaldehyde was set to either 20 uLh™" or 10 uLh™" and the tube
was sealed with parafilm. The flow rate of formaldehyde was set to
OuLh™" after five (20 uLh™") and ten hours (10 uLh™") of applica-
tion. Samples over a period of 26 h (20 uLh™") or 18 h (10 uLh™")
were taken and handled as described before.

Final cascade with methanol

Cascades with methanol as substrate instead of formaldehyde were
conducted in a volume of 200 pL in a 2 mL tube applying 700 rpm
(ThermoMixer C, Eppendorf, Germany) at 37 °C. Substrates, buffers
and cofactors were presented in the tube and then the enzyme
mixture was added (Table S3). In contrast to the cascades before
catalase and methanol oxidase were added to the reaction
mixtures. Samples over a period of 46 h (isobutanol) and 24 h
(ethanol) were taken as described before.

Cascade control experiments

Control experiments were conducted similarly to the cascade
experiments without the addition of methanol oxidase and trans-
ketolase (Figure S7).

Quantification of cascade substrates, intermediates and
products

Quantification of methanol, acetaldehyde, isobutyraldehyde
ethanol and isobutanol

Methanol, acetaldehyde, isobutyraldehyde, ethanol and isobutanol
were quantified by headspace GC-FID [Thermo Scientific Trace GC
Ultra, equipped with a flame ionization detector (FID) and a
Headspace Tri Plus autosampler] equipped with a Stabilwax column
[30 m, 0.25 mm internal diameter, 0.25 um film thickness (Restek,
Bellefonte, USA)] with helium as carrier gas similar to Guterl et al."®
The oven temperature was held at 50°C for 2 min and raised with
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10°Cmin~"' to 80°C held for 1 min. 200 uL of the samples were
added to a 10 mL headspace vial for analysis. Prior to injection
samples were incubated at 40°C for 15 min. Injection was carried
out via split mode with 10 mLmin™' flow, with an injection volume
of 700 L using headspace mode.

Quantification of xylose, xylulose, glyceraldehyde,
dihydroxyacetone and pyruvate

Xylose, xylulose, glyceraldehyde, dihydroxyacetone and pyruvate
were analyzed and quantified using an HPLC (Ultimate300 HPLC-
system, Dionex Softron GmbH, Germaring, Germany) system
coupled to an UV-detector at 210 nm and an Rl detector, equipped
with a Rezex™ ROA-Organic Acid H+ (8%) 300 x 7.8 mm LC
Column (Phenomenex, Germany). Separation was conducted in an
isocratic run with 2.5 mM H,SO, at 70°C for 42 min."* Signal
analysis and amount calculation was conducted by using Chrome-
leon Software (Thermofisher Scientific).

Quantification of formaldehyde

Formaldehyde was quantified using the acetylacetone method.*?

Therefore formaldehyde standards (1 mM, 0.8 mM, 0.4 mM, 0.2 mM,
0.1 mM, 0.05mM, 0.01 mM and 0mM) were prepared in the
cascade mix (Table S5). 50 uL of diluted cascade samples or
standards were mixed with 50 pL Nash reagent [0.2% (v v)
acetylacetone, 0.1 M acetic acid and 3.89 M ammonium acetate] in
a 96 well plate and incubated for 30 min at 37 °C. Absorbance was
measured at 412 nm with a Biotek epoch-2 microplate spectropho-
tometer (Biorad).
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Supplemental tables and figures

Supplemental tables

Table S1: Enzyme list including source organism, molecular weight, extinction coefficient accession number and
restriction enzymes used for cloning or source, if applicable.

Extinction UniProt
. Molecular- . . Source/
Enzyme Name Source organism i coefficient accession .
weight [Da] cloning
[M-'em™] number
ppAOX Alcohol oxidase Pichia pastoris Sigma
Corynebacterium
cgCAT Catalase . Sigma
glutamicum
Pseudomonas
pfXylA Xylose isomerase 51457 62340 C3K8E3 Ndel, Hind Il
fluorescens ’
ecTktA Transketolase Escherichia coli 73164 94770 P27302 Ndel, Xhol
vpTktA Transketolase Variovorax paradoxus 77605 92820 AOAB79IMI8 Ndel, Xhol
mrTktA Transketolase Meiothermus ruber 72808 91790 D3PTO3 Ndel, Xhol
Dihydroxyacetone . o
kbDhaK i Kozakia baliensis 55488 47330 AO0A1D8UUV1 Ndel, Xhol
inase
Triose phosphate Geobacillus
gsTpl . . 29345 16960 P00943 Ndel, Sacl
isomerase stearothermophilus
Non phosphorylating
glyceraldehyde 3- Thermokokkus
tkGapN . 71585 40910 Q5JG59 Ndel, Xhol
phosphate kodakarensis
dehydrogenase
Phosphoglycerate Geobacillus
gsPgM . . 59166 43780 Q9X519 Ndel, Sacl
isomerase stearothermophilus
tmENO Enolase Thermotoga maritima 49033 27850 P42848 pCBRHisN [
. Thermoplasma .
taPyK Pyruvate kinase ) ) 61310 20860 P32044 pCBRHisN 1!
acidophilum
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Acetolactate

bsAlsS Bacillus subtilis 625884 52830 Q04789 pCBRHisC ["!
synthase
Ketol-acid Geobacillus .
gslivC ) ) 37348 35870 Q8RL86 Nhel, Hind Il
reductoisomerase stearothermophilus
Dihydroxy-acid Schlegelella Sutiono and
stlivD 59180 46870 AOA2S5T1G9
dehydratase thermodepolymerans Coworkers @
Keto-isovalerate
IKDC Lactococcus lactis 60884 52830 Q6QBS4 Gocke and
decarboxyalase coworkers
Keto-isovalerate Sutiono and
IIKDC_7M.D Lactococcus lactis 60884 52830 [4]
decarboxyalase Coworkers
Alcohol Pick and
ecYghD Escherichia coli 42097 42400 Q46856
dehydrogenase coworkers [
. Alcohol o . Pick and
ecYjgB Escherichia coli 38665 40910 P27250
dehydrogenase coworkers [
Alcohol Pick and
ecYahK Escherichia coli 40431 27390 P75691
dehydrogenase coworkers I
ecXylB Xylulokinase Escherichia coli 54781 82390 P09099 Ndel, Xhol
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Table S2: Kinetic properties of kbDhaK on dihydroxyacetone (DHA) and glyceraldehyde (GLA) (n = 3).

Enzyme KmpHa KmeLa VmaxDHA VmaxGLA KcatbHA KeatLA KeatonaKmpra | KeatcLaKmaLa
[mM] [mM] [U/mg] [U/mg] [s”] [s”] [s" M7] [s*' M7]
kbDhaK | 0.1+0.0 0.4+0.0 1%131 3.3+0.1 99+0.7 | 3.2+0.1 115116 8000
Table S3: Kinetic properties of three ADHs with isobutyraldehyde (Iso) and formaldehyde (FALD) (n =3).
Enzyme Kmiso KmFALD Vmaxlso VmaxFALD kcatlso kcatFALD kcallsoKmiso kcatFALDKmFALD
[mM] [mM] [U/mg] [U/mg] [s] [s] [s'M1] [s' M1]
ecYghD | 2.3+03 5%";'3* 0.2+00 | 02400 | 02+0.0 | 0.1£0.0 79 3
ecYahK 02+00 | 6.1+14 | 3.0£0.1 19+02 | 20+0.1 1.3+0.1 12415 216
. 3355+ 1914 + 117.7 + 75.8 + 18.0 +
ecYjgB 137.4 69.7 429 | BTE82 577 55 226 94
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Table S4: Cascade enzymes activity on cascade metabolites with coupling enzymes and cofactors (n = 3). Activities

were measured by following the reduction/oxidation of NAD(P)*/NAD(P)H with a Biotek epoch-2 microplate
spectrophotometer (Biorad).

Activity Coupling
Enzyme Metabolites Cofactors
[U/mg] enzymes
ecXylB, PK/ 1 mM ATP, 0.3 mM NADH,
pfXylA 32+0.5 100 mM Xylose
LDH 1 mM PEP
5 mM Xylulose
ecTktA 1.4+0.0 M42 (taAldH) 5 mM NAD*, 1 mM TPP
1 mM Formaldehyde
1 mM ATP, 0.3 mM NADH,
kbDhaK 10.0+0.1 1 mM Dihydroxyacetone PK/LDH
1 mM PEP
1 mM Dihydroxyacetone-
gsTpl 252+238 GAPDH 5 mM NAD*, 5 mM KPO4,
phosphate
1 mM Fructose-1,6- 2.5 mM NADP*, 0.5 mM glucose 1-
tkGapN 2.0+01 . Aldolase
bisphosphate phosphate, 0.5 mM TPP
0.3 mM NADH, 1 mM ADP, 1 mM
gspgM 22.8+1.9 1 mM 3-Phosphoglycerate ENO, PK/LDH
MnCl,
tmENO 395+16 1 mM 2-Phosphoglycerate PK/LDH 1 mM ADP, 0.3 mM NADH
1 mM Phosphoenolpyruvate
taPyK 7.2%0.1 LDH 1 mM ADP, 0.3 mM NADH
(PEP)
bsALSs 1.7+0.0 1 mM Pyruvate gslivC 0.3 mM NADPH, 1 mM TPP
gslivC 0.6+0.0 1 mM Pyruvate bsALSs 0.3 MM NADPH, 1 mM TPP
IIKDC,
stlivD 0.9+01 1 mM 2,3 Dihydroxyisovalerate* 0.3 mM NADPH, 1 mM TPP
ecYahK
IIKDC 221+04 2.5 mM 2 Ketoisovalerate ecYahK 0.3 mM NADPH 1 mM TPP
ecYghD 0.1+£0.0 2.5 mM Isobutanal 0.3 mM NADPH
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Table S5: Final cascade conditions with enzyme load as well as buffer, cofactor and substrate load.

Enzyme Hg/mL | mU Compound Concentration [mM]
ppAOX 25 60 ATP 4
cgCAT 500 NADP+ 2
pfXylA 375 150 MgCI2 10
ecTktA 1500 | 150 MnCI2 0.5
tkGAPN 1324 | 450 TPP 0.5

kbDHAK 300 300 G1P 0.5
gsTpl 570 3420 Xylose 50
gspgM 750 450 MeOH 50

tmEnolase 45 450 J TRIS-HCIpH 7.5 100
taPyruvateKinase | 1324 | 450
bsALS 300 120
gslivC 2500 300
stllvD 1500 300
IIKDC_7M.D 150 75
ecYghD 2250 | 67,5
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Figure S1: Alternative cascade schemes for ethanol/isobutanol production based on methanol. a: Proposed pathway from
methanol to ethanol/isobutanol without sugar-based C1 fixation using formolase. b: Proposed pathway from xylose and

methanol to ethanol/isobutanol with sugar-based C1 fixation with additional xylulokinase.
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Figure S2: Kinetics of transketolases with xylulose and formaldehyde with Michaelis Menten fit (MM FIT). a: Kinetics of
three different transketolases with a fixed formaldehyde concentration of 5 mM. b: Kinetic of ecTktA with a fixed xylulose

concentration of 50 mM (n = 3).
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Figure S3: a: Activity of vpTktA and mrTktA with a fixed concentration of 5 mM xylulose and 1 to 20 mM formaldehyde. b:
Activity of M42 (coupling enzyme of transketolase) on 1 mM glyceraldehyde with increasing amounts of formaldehyde (n
=3).
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Figure S4: Kinetic of kbDhaK on dihydroxyacetone (a) and glyceraldehyde (b) (n = 3).

ecYqnD W covanD

a - & acYahk b W ecYahK
- - & ccYigB " ecYigB
Fr?l MW Fit ocYQhD)| 418 P304 MM Fit 6cYqho, -
E..| WM Fit acYahk £ 58] MM Fit seYank - 114
2.2 s ——MM Fit acYigB 118 R ——MM Fit ec¥igB | .
X i ] ¥ 267 P =)
CELE A - ¥ 11 E ® 244 s =E
> . 5) > 55 - )
o P = 5 > =
R e f / 2 m a‘gu_ R 10 @
225 ] [=] o S [52]
c P S 18 A =
© § ) 0% & / o
a P D16l & . . &8 O
Fz2n 1 - a r o " -
Kad { P 18 ¢ T 14 / / ©
% I . z izl ® 1/ 1e £
®15 | o 8 2 @ / P4 2
5 | o B0 | / ]
= 4 14 o 208 ¢ / ‘e
g .0 = = L U
B I 2 8 gasql A 2 @
© . G ® g4 a
o 05 2] © m 7]
& 0 E 0z . ”
& 00 A 2 G b

S50 5 10 15 20 25 30 35 40 45 50 5% 6 25 50 75 100 125 150 175 200 225 250

Isobutyraldehyde [mM] formaldehyde [mM]

Figure S5: Kinetics of three different ADHs on isobutyraldehyde and formaldehyde including Michaelis Menten (MM) fit.
a: Kinetics with isobutyraldehyde. b: Kinetics with formaldehyde (n = 3).
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Figure S6: Activity of ecYqhD, ecYahK and ecYjgB on glyceraldehyde (n = 2).
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Figure S7: Isobutanol production in various buffer systems at pH 7.5, 37°C. Samples were taken after 12 h of incubation
(n=23).
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Figure S8: Time curves of isobutanol production via mechanical formaldehyde supply using micro syringe pumps.
Concentrations were adjusted to the increasing volume (n = 3). a: Application of 10 ul/h of formaldehyde (100 mM), with

stop of application of formaldehyde after 10 h. b: Application of 20 ul/h of formaldehyde (100 mM), with stop of
application of formaldehyde after 5 h.
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Figure S9: Final isobutanol cascade control experiment without alcohol oxidase and transketolase (n = 3).
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Figure S10: SDS-gel of purified cascade enzymes. PageRuler™ unstained protein ladder (ThermoFisher Scientific) was
used as marker.
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Figure S11: HPLC chromatograms of the final enzyme cascade with time points and high and low standards for xylose.
a: Xylose degradation in isobutanol cascade. b: Xylose degradation in ethanol cascade.
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Figure S12: GC-FID chromatograms of the final enzyme isobutanol cascade with time points and high and low
standards for methanol and isobutanol. a: Methanol degradation and isobutanol production. b: Zoom on methanol
degradation.
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Figure S13: GC-FID chromatograms of the final enzyme ethanol cascade with time points and high and low standards
for methanol and ethanol. a: Methanol degradation and ethanol production. b: Zoom on methanol degradation.
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SUMMARY

Amino acid production today is by far mostly done for feeding live-
stock for animal protein production or as a direct food additive.
Nowadays, amino acid production relies mostly on fermentation
of sugars, and the amino acid market for 2022 is estimated to reach
ten million tons with over $13 billion USD market value. However, to
make amino acid production more sustainable and ecologically
viable, alternative resources and waste streams have to be consid-
ered. To contribute to a sustainable future vision, here we show a
synthetic methanol alanine pathway (MAP) as a cell-free enzymatic
cascade. The pathway consists of nine enzymes with an intrinsic
cofactor recycling system and produces L-alanine from methanol
with a maximum of 90% theoretical yield. Due to the increasing
possibilities of sustainably producing methanol from CO,, this study
paves the way to C1 building-block-based amino acid synthesis at
reduced environmental burden.

INTRODUCTION

In recent years, the shortage of fossil raw materials and climate change and global
warming have led to a rethink of how we generate energy and treat our environ-
ment." An important goal for the next decades is to drastically reduce emissions
in order to achieve climate targets and prevent global warming.” However,
with energy demand on the rise, we need to develop smart, environmentally
friendly alternatives and sustainable recycling systems to keep pace with this
consumption.”

CO, emissions are one of the main causes of the greenhouse effect and are pro-
duced, for example, by the combustion of various carbon-containing materials
such as coal, diesel, gasoline, natural gas, wood, or liquefied petroleum gas.4 Since
1990, the global-energy-related CO, emission has increased by 1.6 times, and in
2021, it reached 33 Gt.”

To develop pathways for CO, reduction and assimilation, various research groups
have proposed electrochemical, photocatalytic, or thermochemical approaches to
ensure the conversion of CO, into useful chemicals.®~® In addition to the applications
mentioned above, biological pathways are also coming into focus.”'? In particular,
artificial enzyme cascades with mild, environmentally friendly experimental condi-
tions are attracting attention to reduce CO; to hydrocarbons, like methanol
(MeOH), formaldehyde (FALD), orformat.”*~'° Furthest developed is the production
of MeOH from CO, and renewable hydrogen using heterogeneous catalysis,'*"’
with several industrial plants having been constructed over the last year, offering
MeOH as an easy option to store and transport raw material and feedstock."'®

4')

o

THE BIGGER PICTURE
Mitigating climate change is
rightly regarded as one of
humankind’s most important
challenges of our time. Therefore,
CO; capture and usage as a
source for the production of
energy, chemicals, and fuels will
be prominent in the future. With
power-to-X technologies,
converting CO, to methanol using
green energy takes the
sustainable value of CO,-derived
methanol and availability to a new
level. For the valorization of
methanol, we established a multi-
enzymatic cascade using ten
enzymes to produce the amino
acid L-alanine. Fueled by the
increasing world population,
rising meat consumption, and
utilization of agricultural products,
in the shadow of global warming,
a second dramatic event is taking
place: the immense and, in its
speed, further accelerating loss of
biodiversity and mass extinction
of species. By simultaneously
reducing CO, and producing
L-alanine via the key intermediate
pyruvate, this case study could
lead to and contribute to the
synthesis of various amino acids
from CO..

et Chem Catalysis 3, 100502, February 16, 2023 © 2023 Elsevier Inc. 1
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Table 1. Comparison of MAP with other synthetic C1-utilization pathways

C1-condensing Reaction
Pathway enzyme Substrate Product Titer (g L") steps Source
MAP 2.0 FLSM3 methanol L-alanine 3.9 9 this study
ASAP 3.1 FLSM3 CO, amylopectin 1.3 11 Cai”?
FLS_A3 formaldehyde erythrulose 24.6 2 Guiner”
GALS methanol ethylene glycol, 0.90, 0.33, 0.05 4 Zhou®®
glycolic acid,
D-erythrose
CETCH 5.4 ECRs NaHCO5 glyoxylate 0.040 13 Schwander”®

In recent years, highly challenging C1 chemistry in in vivo and in vitro biocatalysis is
becoming increasingly important for the production of building blocks, drugs, and
other higher-molecular-weight products.'”?" To take advantage of these C1
compounds produced from CO,, enzymes that are able to combine these molecules
selectively are of high interest. Siegel and coworkers designed an artificial enzyme
based on benzaldehyde lyase called formolase, which is capable of catalyzing a car-
boligation from FALD to dihydroxyacetone (DHA).?” Despite others, these carbon-
ligating enzymes pave the way for building complex molecules from C1 compounds
(Table 1).

In a benchmark publication recently, Cai and coworkers®® succeeded in producing
starch from CO,-derived MeOH via FALD as an intermediate based on the formolase
(FLS) reaction. We were wondering whether the direct production of not only starch,
as one of the major macronutrients, but also of amino acids from MeOH was
possible.

Along with the challenges to tackle climate change mentioned above, another issue
of the future will be the growing population and the concomitant question of how we
can provide sufficient amounts of protein in line with a reduction of greenhouse
gases.”’ Estimations show that the demand for animal protein will increase by almost
50% in 2050. However, animal foods produce more greenhouse gases, so alternative
sources have to take their place.”®

In this work, we would like to envision the power of C1-based production of amino
acids as an alternative artificial protein source with L-alanine as a case study. We
have designed an enzymatic one-pot cascade for the direct conversion of MeOH
to L-alanine (Scheme 1). In our proof of concept, we first addressed the interplay
between enzymes and applied conditions. After gaining sufficient flux through the
cascade, we could produce 18 mM L-alanine with a theoretical yield of 90% from
60 mM MeOH. A further upscaling with 150 mM MeOH resulted in a final titer of
3.9 g L' L-alanine corresponding to 88% theoretical yield.

1Chair of Chemistry of Biogenic Resources,
Technical University of Munich; Campus
Straubing, 94315 Straubing, Germany

tion and FALD as an intermediate combined with an artificial lower glycolysis. Despite 2SynBioFoundry@TUM, Technical University of

the uniqueness of the FLS reaction, this study also highlights aspects of the enzyme Munich, 94315 Straubing, Germany

The MeOH to alanine pathway (MAP) builds on the enormous potential of the FLS reac-

that need to be improved and addressed in the future for further upscaling. 3School of Chemistry and Molecular Biosciences,
The University of Queensland, St. Lucia, QLD

4072, Australia
RESULTS AND DISCUSSION 4Present address: CASCAT GmbH, 94315

For the development of the MAP, we first considered the steps that are necessary to Straubing, Germany

create a pathway from MeOH to L-alanine. To build the required C3 scaffold, we syn- SLead contact

thesize DHA from MeOH via alcohol oxidase of Pichia pastoris (ppAOX) and FLS.?® *Correspondence: sieber@tum.de

DHA is then directly converted to L-alanine by seven additional steps with intrinsic https://doi.org/10.1016/j.checat.2022.100502
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Scheme 1. Methanol to alanine pathway (MAP)

ATP and NAD" regeneration system based on the interaction between dihydroxyacetone kinase (DhaK) and pyruvate kinase (PyK) as well as
glyeraldehyde-3-phosphate dehydrogenase (GapN) and alanine dehydrogenase (AlaDH) with visions for the production of methanol and ammonia with
hydrogen using green, sustainable energy.

ATP and NAD* regeneration by combining an artificial lower glycolysis with an
alanine dehydrogenase.””*° Thereby, we took care to couple reactions involving
the reflux of intermediates away from the target product L-alanine with strong pull-
ing reactions to ensure flux from MeOH to L-alanine. Due to the cascade design with
FALD formation and L-alanine production using ammonia, we have to consider that
undesired side reactions between FALD, ammonia, and DHA or L-alanine may
occur.’’ Together with that, enzymes have to tolerate MeOH, a highly denaturing
solvent, as well as FALD, a highly reactive reagent.*”** Because of these challenges,
we used a mixture of enzymes derived from thermophilic and mesophilic organisms
in order to find a compromise between a high level of stability and activity (Figure S1;
Table S1). Enzymes from thermophilic organisms have often been seen to tolerate
such denaturants to a higher extent due to their naturally higher thermodynamic
stability.>* On the other hand, enzymes have to possess sufficient activity at lower
temperatures, which is often not found in those of thermophilic origin. In addition,
factors such as activity at a neutral pH and identical cofactor specificity have to
be considered. Based on these factors, we selected enzymes that have been previ-
ously characterized and shown to have activity at lower temperatures and neutral
pH.?7373? To not imbalance the ATP/ADP ratio, we used a non-phosphorylating
glyceraldehyde-3-phosphate dehydrogenase (GapN). This previously described’®
GapN is able to convert glyceraldehyde-3-phosphate to 3-phosphoglycerate by
reduction of NAD™ to be compatible with the alanine dehydrogenase, which is
restricted to NADH as a cofactor.

Cascade design and initial assembly
For the initial design of the cascade and to point out thermodynamically unfavorable

I.*" This allowed us to simu-

reactions, we used the eQuilibrator pathway analysis too
late the thermodynamic profile of the cascade (Figure S2; Table S2) and to assess
whether the metabolic pathway is thermodynamically feasible. Here, the max-min

driving force (MDF) is a measure of the thermodynamic differences in a system
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with optimized metabolite concentrations and can be considered for comparing
different pathways in terms of their driving force.*’*? Subjecting the MAP pathway
to the MDF analysis resulted in a total MDF of 11 kJ mol™", which is similar to
the naturally modified Embden-Meyerhof pathway with an MDF also around
11 kJ mol™".*? This high MDF corresponds to a flux efficiency of >95%, implying a
high net reaction rate and almost no backward flux in the pathway.*? In addition,
the similar MDF shows that starting from MeOH is similarly effective as starting
from glucose without any loss in its flux.

With the knowledge that the compensation of thermodynamically unfavorable reac-
tions with favorable reactions results in a strong thermodynamic drive to L-alanine,
we next focused on the interplay of the selected enzymes with key cascade com-
pounds, intermediates, and cofactors. Therefore, we first determined the kinetics
of the cascade enzymes and activity on low substrate concentrations (Tables S4
and S5) to get a picture of kinetic properties and possible bottleneck reactions.

By measuring the kinetics, we found a high fluctuation of the turnover number from
0.15s7" for FLS?? to 154.1s™" for gsTpl. The affinities for the substrates are generally
high, with “K," values in the low mM or even pM range (from 3.6 mM for gsTpl to
30 uM for kbDhaK). The exception to this is FLS with a K, of 34.14 mM toward
FALD. With the knowledge of the forward kinetics of all cascade enzymes, we
balanced the activity and adjusted it to the low activity of FLS. To gain a sufficient
turnover rate, the FLS concentration was extensively increased. In contrast, the
pPAOX concentration was minimized to avoid generating high amounts of toxic
FALD. All other enzymes were adjusted to the FLS concentration to ensure a con-
stant flux through the cascade.

However, on the first try, we only detected 2 mM L-alanine from 20 mM MeOH after
20 h. Nevertheless, production was significant, as we did not detect any L-alanine in
control experiments without AOX.

The interplay between enzymes in cascade conditions

Due to the low theoretical yield on the first try, we took one step back and focused
more closely on the enzymes of the lower glycolysis part. Here, we noticed that the
activities of most of the enzymes depend on magnesium (Mg?*). However, phospho-
glycerate mutase from Geobacillus stearothermophilus (gsPgM) is dependent on
manganese (Mn?*).*> We tested the effects of Mn?* ions on the activity of other
cascade enzymes and found a strong reduction in kbDhaK and taPyK activities with
a raising Mn2* concentration (Figure $3). We found that half-maximal inhibition oc-
curs at Mn?* concentrations of 0.2 mM for kbDhaK and 1.2 mM for taPyK. In contrast,
0.1 mM Mn?" is required to generate half-maximal activity of gsPgM. Because of the
different effects of Mn?* on the cascade enzymes, we decided to find a compromise
between Mn?*-induced inhibition of taPyK and kbDhaK and activation of gsPgM.

By setting the Mn?* concentration to 0.1 mM, we were able to produce a theoretical
yield of 75% L-alanine based on 20 mM DHA.

Because ATP/ADP are regulatory cofactors, we tested whether different ATP/ADP
concentrations have a negative influence on the kinases present in the cascade (Fig-
ure S3). Indeed, both kinases showed reduced activity at relevant concentrations.
The half-maximal inhibition of kbDhaK occurs at 1.6 mM ATP. In contrast, taPyK ac-
tivity was reduced by only 10% at 1 mM ATP. Because ADP has a stronger effect on
kbDhaK than ATP on taPyK at relevant concentrations of 1 mM, we decided to
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Figure 1. Thermal stability analysis of cascade enzymes with additional formaldehyde and methanol and long-term stability analysis of DhaK
(kbDhaK)

(A) Melting-point analysis of cascade enzymes incubated at various formaldehyde concentrations using thermofluor. The additional lower bars

superposed on the others indicate second melting temperatures with 5 and 10 mM formaldehyde (kbDhaK). Reactions were performed in triplicate
(n = 3). Error bars represent SD.

(B) Melting-point analyses of cascade enzymes using thermofluor. Enzymes were incubated at various methanol concentrations mirroring substrate
concentrations in the cascade. Reactions were performed in triplicate (n = 3). Error bars represent SD.

(C) Scheme of kinetic stability analysis of kbDhaK with formaldehyde incubation and with filtration of the enzyme to remove formaldehyde.

(D) Relative activity of kbDhaK after incubation with different concentrations of formaldehyde (0-10 mM) in blue. Orange bars indicate the relative
activity of kbDhaK after filtration of the enzyme and removal of formaldehyde. After filtration, kbDhaK was rediluted in buffer without formaldehyde.
Reactions were performed in triplicate (n = 3) and analyzed as described in the supplemental experimental procedures. Error bars represent SD.

change the concentrations of kbDhaK and taPyK to have a dominant taPyK that
rapidly converts emerging ADP to ATP to keep kbDhaK active. By adjusting the con-
centrations of kbDhaK and taPyK to fulfill the previously proposed theory (Table S3),
we achieved >90% conversion of DHA to L-alanine (Table 1; Figure S4).

After gaining control over the artificial lower glycolysis, we moved on to the full
cascade from MeOH to L-alanine. Here, our focus first relied on the major influence
of MeOH and FALD on all cascade enzymes. Toxic compounds such as FALD and
MeOH might have a strong effect on the stability of the enzymes present, which
could cause retardation of the cascade when accumulated.’’** We matched the
concentrations of ppAOX and FLS to avoid high transient FALD concentrations in
the system. However, we were able to produce only 7 mM L-alanine based on
60 mM MeOH, corresponding to a theoretical yield of 35% (Figure S4).

Effects of MeOH and FALD on cascade enzymes

To determine the effect of different MeOH and FALD concentrations on the stability
of the enzymes, we performed a thermofluor analysis to determine the melting point
as a measure of the thermal stability of the enzymes (Figure 1). To simulate the con-
ditions of the cascade as closely as possible, we used an environment similar to the
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cascade with different MeOH and FALD concentrations. We expected these concen-
trations based on the high K, difference of ppAOX and FLS in the cascade (K, of
1.4 mM of AOX for MeOH,*® K, of FLS for FALD of 34.14 mM).?*

Fortunately, we could not observe a strong shift in the melting temperature of the
enzymes incubated with MeOH (Figure S5). Upon incubation with FALD, most
enzymes also were unaffected; however, the melting temperature of kbDhaK
showed abnormal behavior. We observed a splitting of the signals at 5 mM FALD
into a strong one at around 46°C and a weaker one at around 56°C. With 10 mM
FALD (Figure Sé), this splitting increased even further. To test if this behavior has
an influence on the activity, we incubated kbDhaK with and without FALD over a
period of 6 h and determined the residual activity. Here, we observed that already
low concentrations of FALD severely decrease enzyme activity. With a concentration
of 1 mM FALD, activity decreased to ~45% after 2 h. With 10 mM FALD, this effect is
even stronger, and the enzyme lost nearly 75% activity after 2 h of incubation (Fig-
ure 1). However, comparing this FALD-induced inactivation with the DHA kinase
used by Cai and coworkers,”? kbDhaK appears to be less sensitive, as ppDhaK
immediately loses 60% activity in the presence of 10 mM FALD, whereas kbDhaK
loses only 10% activity. In addition, the strength of kbDhaK became apparent
when FALD was removed from the solution. After a short incubation, kbDhaK
restored 60% of the activity, attenuating the strong inactivation. Because the
removal of FALD restored parts of the activity of kbDhaK, we speculated that
FALD has not only a toxicity effect on kbDhaK but also acts as a reversible inhibitor.
This effect of FALD is rather rare, and normally, the property of FALD to crosslink en-
zymes and have irreversible effects are more in focus. However, Wait and coworkers
observed a similar effect of formal FALD dehyde while investigating hydrogenases
and stated that FALD binds to highly conserved lysine and cysteine residues,
involved in the catalytic process, as a removable Schiff base or thioacetal, respec-
tively.*® By altering the catalytic site by exchanging potential attacking points of
FALD, we could possibly lower the inhibition of FALD to kbDhaK. This would lead
to an improved flux in the cascade by strengthening the connection between pri-
mary C1 utilization and lower glycolysis. However, further studies have to be
done, involving the elucidation of the structure of kbDhaK, to verify a similar
behavior of FALD to kbDhaK as to hydrogenases. Nevertheless, we could not restore
the full activity of kbDhaK, confirming the irreversible toxic effect of FALD.

Together with kbDhaK, we tested the effect of different FALD and MeOH concentra-
tions (Figure S7) on the activity of all other enzymes to compare the temperature sta-
bility with the activity. Here, most of the enzymes were rather unaffected by MeOH
concentrations of 60 and 150 mM. However, FALD concentrations of 5 and 10 mM
have a negative effect on the activity of several enzymes, reducing their activity by
5%-10%. Nevertheless, this loss of activity is small compared with kbDhaK. Surpris-
ingly, tkGapN lost around 50% activity with the addition of 10 mM FALD. This loss in
activity seems not to be related to thermal stability because the melting temperature
is unaffected by FALD.

Based on the stability and activity data, we started to rebuild the cascade using
various concentrations of the most affected enzymes kbDhaK and tkGapN. After
increasing kbDhaK concentration (Table S3), we converted 60 mM MeOH into
15 mM L-alanine after 24 h (theoretical yield of 75%) (Figure S4).

With this high theoretical yield, we kept our enzymes constant and increased the
amount of MeOH from 60 to 90 and 150 mM to see how far we could go in this setup.
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Figure 2. MAP 2.0 with optimized enzyme load and conditions

(A) Time course of L-alanine production with 60 mM methanol as substrate concentration. Reactions were performed in triplicate (n = 3) and analyzed as
described in the methods. Concentrations of all compounds were corrected for evaporation. Therefore, all concentrations were adjusted to variations

of the HEPES buffer (Figure S9). Error bars represent SD.

(B) Time course of L-alanine production with 150 mM substrate concentrations. The 0 h sample represents the initial weighed concentration of the

preparation. Reactions were performed in triplicate (n = 3) and analyzed as described in the methods. Concentrations of all compounds were corrected
for evaporation. Therefore, all concentrations were adjusted to variations of the HEPES buffer (Figure S9). Error bars represent SD.

Initially, all three specimens behaved similarly with L-alanine production rates of
around 2.7 mM h™", and only the sample with 150 mM MeOH had a lower rate of
2.3 mM h™" in the first 4 h. Still, we detected 21 and 25 mM L-alanine from 90 to
150 mM MeOH (Figure S8).

Further optimization and final cascade

To further optimize the yield of the cascade, we used FLSM3 reported by Cai and
coworkers, which has a reduced K, for FALD (23.59 mM) and an optimized DHA-
to-glycolaldehyde ratio.? In addition, we observed a strong shift in melting temper-
ature of 11°C from 56°C of FLS to 67°C of FLSM3. This higher melting temperature
leads not only to increased thermostability but also possibly to a longer half-life
under the reaction conditions.

By applying adjusted FLSM3 and the artificial lower glycolysis enzymes to the
cascade (Table S3), we were surprisingly able to detectamounts of L-alanine that cor-
responded to a theoretical yield of over 100%. We noted, though, that the reaction
volume was lower than expected, suggesting evaporation. To gain insight into the
extent of evaporation during the cascade run and to correct the determined titers
and yields, we measured compounds, whose concentrations should stay constant
during the cascade run time. We decided to measure the HEPES buffer of the samples
and corrected the titers of all measured cascade compounds accordingly to
counteract overestimation (Figure S9). After correction, we found that after 24 h of in-
cubation, 18 mM L-alanine from 60 mM MeOH corresponding to 90% theoretical
yield was produced (Figure 2). With this success, we again tackled the conversion
of 150 mM MeOH, but this time, we additionally improved the oxygen supply by incu-
bating the reaction vessel with oxygen before adding the enzymes and substrate
solution.

Using this setup, we were able to produce 44 mM L-alanine from 150 mM MeOH.
This corresponds to a theoretical yield of 88% after 36 h (Figure 2). Initially, we
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converted MeOH at a high rate of 46 mM h™' at a 60 mM initial concentration and
69 mM h~" at a 150 mM initial concentration. We could observe a similar trend by
L-alanine formation with initial rates of 1.6 and 3.1 mM h ™’ (Figure S8), respectively.
We were surprised to find that MeOH conversion is faster at higher MeOH concen-
trations, even though both concentrations are well above the actual K, of ppAOX for
MeOH. We assumed that this might be due to a beneficial effect of incubation with
oxygen before initiation counteracting the oxygen-induced increased K, of ppAOX
relative to oxygen. Still, the L-alanine production rate was lower than the MeOH
consumption rate, indicating partial accumulation of intermediates. Since all inter-
mediates except FALD and DHA are restricted by ATP and NAD™ concentrations,
we focused on these two intermediates and monitored FALD and DHA titers.
Indeed, we observed an accumulation of DHA in both cascades. With 60 mM
MeOH, 4 mM DHA was observed after 1 h. For the 150 mM batch, a maximum of
7 mM DHA was detected after 3 h. However, FALD titers were kept low in both cases.
These results indicated a partial imbalance in the flux of the cascade. However, with a
declining MeOH consumption rate, the accumulation was dissolved. In addition, we
observed a yellowish coloration of the samples during the first 6 h of the cascade,
possibly due to the interaction of FALD with ammonium or DHA. Surprisingly, this
coloration fades after 6 h again.

Overall, after 24 h, we were able to generate 18 mM L-alanine from 60 mM MeOH
with a carbon balance of 94%. After upscaling, we were able to generate 44 mM
L-alanine from 150 mM MeOH with a carbon balance of 92%. We assume that this
slight decrease in carbon balance is partly due to the evaporation of MeOH because
the system is not entirely gas tight. By measuring MeOH in a control experiment
without the addition of ppAOX and FLS, the MeOH concentration decreased over
time, pointing out evaporation (Figure S10).

However, possible interactions of the FALD with, e.g., DHA or ammonium may also
account for the loss. In addition, due to the limitation of ATP and NAD*, 4% of the
carbon could still be present as an intermediate of lower glycolysis.

After the successful proof of concept, we started to think about the scope of
L-alanine synthesis and its extension to other amino acids or platform chemicals.
As pyruvate is a central metabolite, a variety of platform chemicals such as ethanol,
lactate 2,3-butanediol, or isobutanol,*”~*” but also essential amino acids such as
valine,”” could be produced in a cofactor-neutral manner. When considering the
intermediate steps of the cascade, other amino acids such as serine or glycine could
also be produced in a cofactor-neutral manner. However, it remains to be seen to
what extent the additional enzymes influence the equilibrium in the cascade and
whether they are compatible with the cascade in terms of side reactions and
inhibition.

In order to further advance L-alanine production, several issues need to be ad-
dressed to achieve higher titers, scale, and economic feasibility. One of the major
bottlenecks is certainly the low activity of some enzymes, especially FLS. However,
FLS does not appear to be the rate-limiting enzyme in this cascade due to the accu-
mulation of DHA. Nevertheless, the amount of enzyme used to generate this flux to
DHA is not feasible in further upscaling approaches. Enzyme engineering has proven
to be a powerful tool for stabilizing enzymes and increasing their activity. While the
FLSM3 variant developed by Cai and coworkers offered an advantage of 31% lower
Kmn and 40% higher ke, as well as an optimized intermediate ratio of DHA to
glycolaldehyde, additional improvements are needed to further raise affinity and
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activity. Likewise, tkGapN, the non-phosphorylating GapN, which still prefers
NADP* instead of NAD" as a cofactor, can be engineered for a changed cofactor

dependence.?’

Nevertheless, despite these bottlenecks, the cell-free enzymatic L-alanine synthesis
from MeOH holds several advantages to traditional and described L-alanine synthe-
sis routes.

Today, L-alanine synthesis is mainly based on the synthesis of environmentally harm-
ful petroleum-based L-aspartic acid or on the fermentation of glucose. Although
high titers of up to 121 g L™' can be obtained from the fermentation of glucose
with 0.88 g L-alanine/g glucose, one problem is that various by-products are formed
due to pyruvate as an intermediate. In addition, L-alanine can also inhibit cell
growth, which leads to problems during upscaling.”' In addition to fermentation,
cell-free enzymatic pathways also tackle the production of L-alanine from glucose.
Despite the promising concept of a minimized reaction cascade with lower cofactor
requirements, the final titer of L-alanine and its efficiency is rather low with 29 mM
L-alanine from 25 mM glucose.® A key fact is that apart from the production of
L-alanine from L-aspartic acid, its production is mainly based on glucose. However,
alternative carbon sources derived from different waste streams need to be also
taken into account to avoid food versus chemicals issues. As an alternative to
L-alanine derived from glucose, the production of L-alanine from MeOH may be
of great interest. Our cascade not only efficiently converts an alternative carbon
source into L-alanine but can also help reduce a climate-damaging waste stream,
as MeOH can be derived from CO,.

The cell-free character also has advantages such as lower cytotoxicity effects, no
membrane-limited mass transport, and high controllability in contrast to fermenta-
tion. Since the cascade is constructed as a one-pot system, there is no need to isolate
intermediates, no toxic or non-toxic by-products are generated, and intermediates
are controlled by cofactors. Together with that, a direct conversion from the
substrate to the product is achieved.

Conclusion

With the advent of multi-enzyme cascades, there is an ongoing debate about their
benefits compared with fermentative approaches. In the special case of C1 utiliza-
tion via MeOH and FALD, the advantage of the former becomes clear as both
molecules are highly toxic. Modifying living cells to withstand higher concentra-
tions of FALD is much more difficult than tuning enzymes for a cell-free system.
By simply increasing the concentration of C1-utilizing enzymes, toxic intermediates
can be suppressed. In addition, the replacement of the target enzymes, either
with more stable homologs or with engineered enzyme variants, provides a rapid
and adaptable process for overcoming toxicity caused by substrates and
intermediates.

To slow down the ongoing loss of biodiversity due to the increasing exploitation of
terrestrial and marine habitats, and to stop it in the future, we need alternative ways
to provide the basic essential classes of macronutrients. One possible approach is
based on the idea of synthetic nutrition, where all essential nutrients can be
produced artificially, efficiently, and with a small footprint. This principle of efficient
food delivery is already being applied in astronaut nutrition, where foods with the
lowest energy and space requirements and the longest shelf life are needed. Since
one of the most important nutrients is amino acids, we wanted to demonstrate in a

¢? CellPress
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case study that amino acids can be built from the smallest molecular building blocks.
We developed a one-pot enzymatic cascade to efficiently produce the amino acid
L-alanine from MeOH with a yield of 88% alanine from 150 mM (3.9 g L™") MeOH.
Cai and coworkers reported that their chemo-enzymatic starch synthesis from CO,
is 3.5 times that of the solar-to-starch efficiency for plants. When not considering
the energy for ammonia synthesis (as this is commonly supplied as fertilizer), the so-
lar-to-alanine efficiency of our cascade is even higher, as no extra energy in the form
of ATP has to be supplied.

Due to the central metabolic role of the intermediate pyruvate, the system can be
adapted to produce different types of MeOH-based platform chemicals and amino
acids. With all substrates, i.e., MeOH and ammonia, being available from “green”
electricity requiring only CO; and N3, one can imagine a carbon-neutral cascade,
which can be the starting point for a sustainable and environmentally friendly amino
acid synthesis and further extend the supply of protein.
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Supplemental Experimental Procedures
Chemicals, reagents, strains and enzymes

All chemicals were purchased from VWR, Roth, Serva, Roche, Sigma-Aldrich, Merck, Alfa
Aesar, and Fisher Scientific. CO; and renewable hydrogen-based methanol was kindly provided
by Frauenhofer-Institut fiir Grenzfldchen- und Bioverfahrenstechnik IGB. Escherichia coli (E.
coli) NEB® Turbo cells (New England Biolabs® inc.) were used as cloning strain. E. coli BL21
(DE3) F— ompT gal dem lon hsdSB(rB- mB-) A(DE3 [lacl lacUV5-T7 gene 1 ind1 sam7 nin5])

(Novagen) were used for heterologous protein expression.

Pyruvate kinase/lactate dehydrogenase mix (PyK/LDH) from rabbit muscle was purchased
from Sigma. Lactate dehydrogenase (LDH) from rabbit muscle was purchased from Roth.
Alcohol oxidase (ppAOX) of Pichia pastoris was purchased from Sigma. Catalase (CAT) of
Corynebacterium glutamicum was purchased from Sigma-Aldrich. Glyceraldehyde 3-
phosphate dehydrogenase (GAPDH) from rabbit muscle was purchased from Sigma. 3-
Phosphoglycerate-phosphokinase (3-PGK) from yeast was purchased from Sigma.

Cloning, expression, and purification of enzymes

Plasmids pET28a- and pET24a were provided by Novagen, and pCBRHisN were constructed
on the basis of pET28a and prepared as published by Guterl and co-workers.[>!) Phusion high
fidelity polymerase (New England Biolabs GmbH) was used to amplify target genes with
restriction sites from genomic DNA. The formolaseM3 (flsM3) gene variant was generated by
mutagenesis using overlap extension PCR, similar to that published by Williams and co-
workers.[5? Restriction ligation cloning was used for the integration of target genes into the

plasmids. Restriction enzymes and constructs are presented in Table S1.

E. coli BL21 (DE3) functions as host strain for heterologous protein expression. Expression of
proteins was carried out in two steps. First 20 ml of LB medium containing 100 pg/mL
kanamycin were inoculated with a colony from a LB agar plate and incubated for 16 h at 37 °C
and 300 rpm. Main cultures were cultivated in shaking flasks containing either 20% (v/v) ZYP-
5052 auto induction medium>* including 100 pg/mL kanamycin or terrific broth medium
including also 100 pug/mL kanamycin. The main culture was inoculated to an ODgoo of 0.05 and

incubated at 37 °C and 90 rpm until an ODsoo of 0.6. By using terrific broth medium expression
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was induced by adding 0.5 mM of IPTG. Temperature was reduced to 25 °C or 16 °C (Table
S1). After 20 h of cultivation, E. coli cells were centrifuged and stored at -20 C until

purification.

Cell lysates were prepared on ice using ultra sonication (Ultraschallprozessor UIS250V

Hielscher Ultrasonic GmbH) and centrifuged afterward (20 °C, 40000 g, 30 min).

All proteins containing a Hise-tag and were purified using an AKTApurifier system (GE
Healthcare) equipped with a 5 mL HiTrapFF Crude column. First, the column was equilibrated
with binding buffer (50 mM HEPES pH 8.0, 20 mM Imidazol, 500 mM NaCl). Then the
supernatant was applied. A washing step with binding buffer was used to remove unbound
proteins. To elute the His¢-taged proteins from the column, the imidazole concentration was
raised from 20 mM to 500 mM. The eluate was fractionated and protein-containing fractions
were collected. The buffer was exchanged via HiPrep 26/10 desalting column to 50 mM HEPES
pH 7.5. Purified protein solution was stored at -80 °C.

Enzyme kinetic measurements

Enzyme kinetics (Table S4) were determined in 200 pl reactions at 30 °C with 100 mM HEPES
pH 7.5,5 mM MgCl,, if not stated otherwise. Additionally, further cofactors and additives were
used according to the analyzed enzymes and coupling enzymes. Reactions were started by
addition of the target enzyme and measured by using a Biotek epoch-2 microplate

spectrophotometer (Biorad).

ATP depended reactions were coupled to pyruvate kinase and lactate dehydrogenase (rabbit
muscle, from Sigma) with the use of phosphoenolpyruvate (PEP) as co-substrate. Activity was

measured by following the oxidation of NADH at 340 nm.

NAD(P)"/NAD(P)H depended reactions were directly measured by following the
reduction/oxidation of NA(P)D"/NAD(P)H at 340 nm.

All other reactions were coupled to ATP depended reactions and monitored as described for
ATP dependent reactions or coupled to NAD(P)" or NAD(P)H consuming reactions by
following reduction of NAD(P)" or oxidation of NAD(P)H at 340 nm.
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Dihydroxyacetone kinase

Dihydroxyacetone kinase (DhaK) activity was assayed in a coupled approach with pyruvate
kinase and lactate dehydrogenase by measuring oxidation of NADH®4 in 382 pl. Standard
reaction containing additional 1.25 mM PEP, 0.3 mM NADH, 2 mM ATP, 5-0.005 mM
dihydroxyacetone (DHA) and 3.8 pl Pyk/LDH mix. Reaction was started by addition of DHA

to the reaction mixture.

Triosephosphate isomerase

Triosephosphate isomerase activity (Tpl) was assayed in a modified coupled approach similar
to Zhai and co-workers with GAPDH by measuring the reduction of NAD*.[5 Standard
reaction containing additional 10 mM potassium phosphate pH 7.5, 2.5 mM NAD", 1 mM
ADP, 50 — 0.05 mM dihydroxyacetone phosphate (DHAP), 3.2 U/ml GAPDH and 4.6 U/ml 3-
PGK. Reaction was started by addition of DHAP to the reaction mixture.

Glyceraldehyde 3-phosphate dehydrogenase (GapN)

Glyceraldehyde 3-phosphate dehydrogenase (GapN) activity was assayed by direct measuring
the reduction of NAD'.5¢ Standard reaction containing additional 0.1 mM glucose 1-
phosphate (GI1P), 5 mM NAD™ and 2.5 — 0.01 mM glyceraldehyde 3-phosphate (GAP). The

reaction was started by the addition of GAP to the reaction mixture.

Phosphoglycerate mutase

Phosphoglycerate mutase (PgM) activity was assayed in a coupled approach with enolase
(tmENO) and PyK/LDH mix by measuring the oxidation of NADH.57M8) Standard reaction
containing additional, 2 mM ADP, 0. mM MnCl,, 0.3 mM NADH, 2.5-0.06 mM 3-
phosphoglycerate, 0.06 mg/mL tmENO, and 2 pl PyK/LDH mix. The reaction was started by
addition of 3-phosphoglycerate (3-PG) to the reaction mixture.

Enolase

Enolase (ENO) activity was assayed in a coupled approach with PyK/LDH mix by measuring
the oxidation of NADH.!®! Standard reaction containing additional, 2 mM ADP, 0.3 mM
NADH, 1.5-0.006 mM 2-phosphoglycerate (2-PG) and 2 ul pyruvate kinase/lactate

dehydrogenase mix. The reaction was started by addition of 2-PG to the reaction mixture.
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Pyruvate kinase

Pyruvate kinase (PyK) was assayed in a coupled approach with LDH by measuring the
oxidation of NADH.[5!% Standard reaction containing additional, 2 mM ADP, 0.3 mM NADH,
20—-0.04 mM PEP and 6 U/mL LDH. The reaction was started by addition of PEP to the

reaction mixture.

Alanine dehydrogenase

Alanine dehydrogenase (AlaDH) was assayed by directly measuring the oxidation of
NADH.! Standard reaction containing additional, 200 mM (NH4)SO4, 0.3 mM NADH and
10 -0.02 mM pyruvate. The reaction was started by addition of pyruvate to the reaction

mixture.

Enzyme activity in cascade conditions

Enzyme activity was determined in 200 pl reactions at 30 °C with 100 mM HEPES pH 7.5,
200 mM (NH4)2SO4, 5 mM MgCl, 0.1 mM MnCl,, 0.5 mM TPP and 0.5 mM G1P to mirror
the cascade conditions. Additionally, further cofactors and additives were used according to the
analyzed enzymes and coupling enzymes (Table S5). Assays were prepared as described before.
Reactions were started by addition of the target enzyme and measured by using a Biotek epoch-

2 microplate spectrophotometer (Biorad).

Formolase/FormolaseM3

FLS/FLSM3 activity was assayed in a coupled approach with kbDhaK, PyK/LDH mix by
measuring the oxidation of NADH. Standard reaction containing additional 1 mM PEP, 0.3 mM
NADH, 5 mM formaldehyde (FALD), 2 pl PyK/LDH mix and 3 U/mL dihydroxyacetone

kinase. The reaction was started by addition of FLS to the reaction mixture.

Regulation and inhibition of kbDhaK and taPyK

ATP/ADP regulation and Mn?" inhibition studies were performed by measuring the activities
of kbDhaK and taPyK with additional MnCl, concentration of 0 — 5 mM and in a different
approach with addition of 0 — 5 mM ATP or ADP to the reaction. taPyK activities with
additional MnCl> and additional ATP was assayed as mentioned above. However, kbDhaK
activity for the regulation of ADP and inhibition of MnCl, was measured in a different set up,

because the assay system from above is not suitable. The activity was assayed with a modified

}
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coupled system described by Garcia-Alles and co-workers,S!? with gsTpl and ccGapN. DHA
is phosphorylated by kbDhaK, DHAP is isomerized to GAP by gsTpl and then GAP is oxidized
by ccGapN by reduction of NADP" to 3-PG. Activity was assayed in cascade conditions with
additional 1 mM NADP*, 1 mM ATP, 5 mM DHA, 0.8 mg/ml ccGapN and 0.2 mg/ml gsTpl.
The reaction was started by the addition of kbDhaK to the reaction mixture. Mn** activation of
gsPgM was performed similarly to the activity measurements of gsPgM with a variation of

MnCl; concentration of 0 - 1 mM and a set concentration of 4 mM 3-PG.

Enzyme activity with additional formaldehyde and methanol

Enzyme activity was determined as described above. This time, 5 or 10 mM FALD and 60 or
150 mM methanol (MeOH) were added to the mixture. The activity was measured by the
addition of the target enzyme.

Alcohol oxidase

Activity of ppAOX was determined in a coupled approach with HRP by measuring the
reduction of ABTS at 418 nm. Standard reaction containing additional 1.25 mM ABTS,
150 mM MeOH, and 1 ul HRP (1 mg/mL). The reaction was started by addition of ppAOX to

the reaction mixture.

Stability analysis
Thermostability analysis

Melting point analysis was performed in 25 pL reaction volume with 2 pL SYPRO™ Orange
(1:80 dilution) 2 pl of protein, and 5 mM or 10 mM FALD or 60 mM, 90 mM or 150 mM
MeOH in the cascade matrix. Measurements were performed with a CFX96 Touch Real-Time
PCR detection system (Biorad). The temperature was increased in increments of 1 °C from
25°C to 100 °C with 1 kelvin per minute increase. The melting curves were prepared as
described in the manufacturer's instructions (Biorad). Melting point data were derived from the

minimum of the negative derivative of the fluorescence curve versus temperature (Biorad).

Formaldehyde stability analysis

FALD stability of kbDhaK was determined by assaying the activity of kbDhaK by using the
coupled PyK/LDH assay system described before. 1 mg/mL kbDhaK was incubated with
I mM, 2.5 mM, 5 mM and 10 mM FALD in the cascade matrix at 30 °C by using a nutating
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shaker (VWR Rocking Platform, VWR, Germany).[5!3] Samples were taken after 0 h, 1 h and
3 h of incubation. Samples were pre diluted 1:100 and 20 pl of this dilution were used to start
the reaction in a final volume of 200 ul. For FALD separation experiment, samples were
incubated as described before for 2 h. After this incubation, samples were centrifuged for
10 min (10000 g) using centrifugal filters modified PES 10 kDa (VWR). Enzymes were re-
diluted in cascade matrix and further incubated as before. Sampling and reaction measurement

was conducted as described before.

Thermodynamic pathway analysis

Analysis of the thermodynamic driving force of the cascade was performed using max-min
driving force (MDF) calculations. To generate estimates of the change in Gibbs energy values,
the eQuilibrator (3.0) pathway analysis web tool with default settings was used (Figure S2).1514
Metabolite concentrations ranged from 1 uM to 10 mM, a pH of 7.5, an ionic strength of 0.25
M, and a -log[Mg**] (pMg) of 3, as well as the reaction definitions. The derived values were
then used in the MDF framework using the eQuilibrator (3.0) pathway analysis web tool (Figure

S2).

Cascade reactions
Dihydroxyacetone cascade

Initial cascade reactions for optimization of enzyme composition were set up in 50 ul scale in
2 ml tubes. 100 mM HEPES pH 7.5, 200 mM ammonium sulphate, 2 mM ATP, 5 mM NAD",
5 mM MgCl, 0.1 mM MnCl,, 0.5 mM TPP and 0.5 mM GI1P as well as 20 mM of DHA were
mixed. Enzymes were concentrated using centrifugal filters modified PES 10 kDa (VWR).
Reactions were started with addition of the target enzyme composition (Table S3) and incubated

at 30 °C with an Eppendorf shaker (600 rpm, ThermoMixer C, Eppendorf, Germany).

Alanine cascade optimization

Initial cascade reactions for optimization were set up in 50 pl scale in 2 ml tubes. 100 mM
HEPES pH 7.5, 200 mM ammonium sulphate, 2 mM ATP, 5 mM NAD", 5 mM MgCl,,
0.1 mM MnCly, 0.5 mM TPP and 0.5 mM G1P as well as 60 mM, 90 mM or 150 mM of MeOH
were mixed. Enzymes were concentrated using centrifugal filters modified PES 10 kDa (VWR).

Reactions were started with addition of target enzyme composition (Table S3) and incubated at
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30 °C. To provide sufficient oxygen during the reaction time, tubes were incubated by using a

nutating shaker.

Final alanine cascade setup

Final cascade reactions were set up in 500 ul scale in 50 ml tubes. 100 mM HEPES pH 7.5,
200 mM ammonium sulphate, 2 mM ATP, 5 mM NAD', 5mM MgCly, 0.1 mM MnCl,,
0.5 mM TPP and 0.5 mM GI1P and 60 mM or 150 mM MeOH were mixed. Enzymes were
concentrated using centrifugal filters modified PES 10 kDa (VWR). Reactions were started
with addition of target enzyme composition and incubated at 30 °C (Table S3). To counteract
the high Km of alcohol oxidase to oxygen induced by 150 mM MeOH,!S!*! we gassed the 50 ml
tubes with oxygen for 20 minutes before starting the reaction. To provide sufficient oxygen

during the reaction time, tubes were incubated by using a nutating shaker.

Quantification of metabolites
Methanol quantification

MeOH was quantified by headspace GC-FID (Thermo Scientific Trace GC Ultra, equipped
with a flame ionization detector (FID) and a Headspace Tri Plus auto sampler) equipped with a
Stabilwax column (30 m, 0.25 mm internal diameter, 0.25 pum film thickness (Restek,
Bellefonte, USA)) with helium as carrier gas similar to Guterl and co-workers.[S!! The oven
temperature was held at 50 °C for 2 min and raised with 10 °C/min to 80°C held for 1 min.
Cascade samples were diluted 1:10 in water and filtered using modified PES 10 kDa (VWR)
centrifugal filters. 200 pL of the dilution was added to a 5 ml headspace vial for analysis. Prior
to injection samples were incubated at 40 °C for 15 min. Injection was carried out via split
mode with 10 ml/min flow, with an injection volume of 700 ul using headspace mode. The
methanol standard curve (30 - 0.1 mM) was prepared in the cascade matrix and treated similarly

to the cascade samples.

Alanine quantification

Alanine quantification was carried out in two different ways. For optimization of enzyme load,

S161 Samples were diluted 1:10

a fluorescence assay based on Gmelch and co-workers was used.!
in water and filtered using centrifugal filters modified PES 10 kDa (VWR). After filtration

samples were again diluted 1:10. 5 pl of sample were combined with 8 pl of 1 M borate buffer
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pH 10.0, 45 pl of 0.1% fluorescamin in dry acetonitrile and 100 pl of water. Fluorescence was
measured with a Varioscan spectral scanning multimode reader (Thermo electron corporation)
(Kem: 486 nm, Kex: 396 nm). Alanine standard (0 — 50 mM) in cascade matrix was prepared and

measured in a similar way.

Alanine detection of cascades with final parameters was carried out as described by Begander
and co-workers!®!”! using an HPLC (Ultimate300 HPLC-system, Dionex Softron GmbH,
Germaring, Germany) system. For the quantification, derivatisation with OPA/3-MPA reagent
was used, as recommended by the manufacturers of Dr. Maisch GmbH (Ammerbuch-
Entringen, Germany). As column, a GromSil OPA-3, 3 uM, 125 mm % 4.0 mm from Dr. Maisch
GmbH (Ammerbuch-Entringen, Germany) was used. Samples were diluted 1:10 or 1:20 in
water and filtered using centrifugal filters modified PES 10 kDa (VWR). After filtration, 8 pl
of sample were combined with 40 pl of 1 M borate buffer pH 10.7, 8 ul of I-norvaline (1.02
mM) as internal standard and 184 pl of water. For derivatisation and monitoring 14 pl of this

mixture were mixed with 6 pl of OPA-reagent 1:10 diluted in 1 M borate buffer pH 10.7.

Alanine standard curve was prepared in a similar way with a maximum concentration of
2.5 mM alanine in the matrix of the cascade with 200 mM ammonium sulphate, 2 mM ATP,
5mM NAD", 100 mM HEPES pH 7.5, 200 mM ammonium sulphate, 2 mM ATP, 5 mM
NAD", 5 mM MgClz, 0.1 mM MnCl,, 0.5 mM TPP and 0.5 mM G1P.

Formaldehyde guantification

[S18] For this purpose,

Quantification of FALD was performed by the acetylacetone method.
Nash reagent was prepared by mixing 0.1 M acetic acid, 0.2% (v/v) acetylacetone and 3.89 M
ammonium acetate. 50 pL of this solution was added to 50 pL of the appropriately diluted
sample and incubated for 30 min at 37 °C in a 96-well plate. After incubation, absorbance was
immediately measured at 412 nm with a Biotek epoch-2 microplate spectrophotometer
(Biorad). FALD concentration was determined from a standard curve of formaldehyde (0 - 1

mM) in the cascade matrix on the same plate.

Dihydroxyacetone quantification

DHA was quantified by the diphenylamine (DPA) method.[5!”! The DPA reagent consists of
DPA (0.3 g), 10% H2SO4 (v/v) and acetic acid. 135 pL of the DPA reagent was mixed with 15

&
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uL of the appropriately diluted sample in a 96-well PCR plate without skirt (Brand). The plate
was sealed with a 96-well plate sealing mat (Brand) and fixed by two metal plates. The samples
were incubated for 30 min in a sand bath previously heated to 105 °C for at least 90 min. After
incubation, the samples were cooled at room temperature for 15 minutes. Immediately after
cooling, 100 pl of the sample was placed in a 96-well plate and absorbance was measured at
615 nm with a Biotek epoch-2 microplate spectrophotometer (Biorad). DHA concentration was
determined using a standard curve of dihydroxyacetone (0 - 3 mM) in the cascade matrix on

the same plate.

HEPES detection

HEPES was detected using an HPLC (Ultimate300 HPLC-system, Dionex Softron GmbH,
Germaring, Germany) system coupled to an ELSD detector, equipped with a Triart Diol-HILIC
column (100 x 2.0 mm, 1.9 um, YMC). Separation was conducted at 7 °C with a flow rate of
0.4 mL/min, by using a gradient elution: Buffer A: 0.1% formic acid pH 4.5 titrated with
ammoniac, Buffer B: 0.1% (v/v) formic acid in acetonitrile. Elution started with 2 minutes of
isocratic elution with 15% (v/v) buffer A and 85% (v/v) buffer B. After 2 minutes a linear
gradient was applied for 3 minutes which reached 30% (v/v) buffer A and 70% (v/v) buffer B.
This following isocratic elution for further 4 minutes. After these 4 minutes buffer ratio was set
back to 15% (v/v) buffer A and 85% (v/v) buffer B followed by 7 minutes of isocratic elution.
Signal analysis was conducted by using Chromeleon Software (Thermofisher Scientific).
Samples were diluted to have a maximum concentration of 1.5 mM HEPES in 70% acetonitrile.
HEPES standard curve was prepared in a similar way with a maximum concentration of 3 mM

HEPES. Injection volume was 0.5 — 10 pL.



Submitted Manuscript: Confidential

Supplementary figures and tables
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Figure S1.

SDS-gel of cascade enzymes normalized to 3 ug protein. As protein marker PageRuler™
unstained protein ladder was used.
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MDF = 11.08 kJ/mol

Physiological concentrations (1 mM)
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Figure S2.

Max-min driving force analysis of methanol to alanine pathway with ArG’° values in green
corresponding to default conditions of eQuilibrator pathway tool with physiological
concentrations pH: 7.5, ionic strength: 0.25, pMg: 3. Grey line represents optimized metabolite

concentrations regarding maximal MDF. Red line represents estimated thermodynamical
bottleneck reactions.5'*!
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Figure S3.

Change in activity of dihydroxyacetone kinase (kbDhaK), pyruvate kinase (taPyK) and
phosphoglycerate mutase (gsPgM), upon addition of manganese, ATP and ADP. Effect of Mn?*
on activity of A: kbDhaK, B: taPyK and C: gsPgM. Regulatory effect of ATP/ADP on D:
kbDhaK and E: taPyK. Reactions were performed in triplicate (n = 3) and analyzed as described
in the methods. Error bars represent SD.
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Figure S4.

Variation of cascade enzyme concentration for the production of L-alanine. A: L-alanine titers
of the DHA cascade starting from 20 mM DHA. The enzyme composition is similar in all six
approaches except for the named enzyme of which the concentration was significantly
increased in each approach. B: L-alanine titers of the MeOH cascade starting from 60 mM
methanol. The enzyme composition is similar in both approaches except for the kbDhaK. The
concentration of kbDhaK was significantly increased in the second approach. Reactions were

performed in duplicates (n = 2) and analysed as described in the methods. Error bars represent
SD.
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Figure S5.

Melting curves of cascade enzymes in cascade matrix without, with 60 mM and 150 mM
methanol addition. A: ppAOX, B: FLSM3, C: kbDhaK, D: gsTpl, E: tkGapN, F: gsPgM, G:
tmENO, H: taPyK, I: bsAlaDH. Measurements were performed in triplicate (n = 3) and
analysed as described in the Methods. Error clouds represent SD.
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Figure S6.

Melting curves of cascade enzymes in cascade matrix without, with 5 mM and 10 mM
formaldehyde addition. A: ppAOX, B: FLSM3, C: kbDhaK, D: gsTpl, E: tkGapN, F: gsPgM,
G: tmENO, H: taPyK, I: bsAlaDH. Measurements were performed in triplicate (n = 3) and
analysed as described in the methods. Error clouds represent SD.
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Figure S7.

Activity of cascade enzymes with addition of various formaldehyde
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and methanol

concentrations at 30 °C. A: ppAOX, B: FLSM3, C: kbDhaK, D: gsTpl, E: tkGapN, F: gsPgM,
G: tmENO, H: taPyK, I: bsAlaDH. Measurements were performed in triplicate (n = 3) and
analysed as described in the methods. Error bars represent SD.
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Figure S8.

Analysis of L-alanine production of MAP 1.0 as well as L-alanine production and methanol
consumption rates of MAP 1.0 and MAP 2.0. A: Time course of L-alanine production of MAP
1.0 in mM with 60 mM, 90 mM and 150 mM substrate concentration. L-alanine production was
monitored using HPLC detection by derivatisation with OPA. B,C,D: Rates of L-alanine
production and methanol consumption with 60 mM, 90 mM and 150 mM substrate
concentration B: MAP 1.0 L-alanine production rates, C: MAP 2.0 L-alanine production rates,
D: MAP 2.0 methanol consumption rates. Reactions were performed in triplicate (n = 3) and
analyzed as described in the methods. Error bars represent SD.
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Figure S9.

Time course of HEPES buffer during the cascade. HEPES concentrations are normalized to the
0 h sample to detect evaporation effects. Reactions were performed in triplicate (n = 3) and
analyzed as described in the methods. Error bars represent SD.
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Figure S10.

Time course of methanol consumption of MAP 2.0 control experiment without addition of
ppAOX and FLS. Reactions were performed in triplicate (n = 3) and analysed as described in
the methods. Error bars represent SD.



Submitted Manuscript: Confidential

Table S1.
Enzyme list with expression conditions, enzyme yield, cloning method, and origin organism.
Enzyme
Molecular NCBI . Restriction . Expression yield
Enzyme Abb. weight [Da] Accession code Organism enzymes Flasmid conditions [Mgprotein/
Lcellculmre]
Alcohol oxidase AOX 73898 XP_002494271.1 Pichia pastoris
Catalase CAT 57220 BAV22054.1 Corynebacterium
glutamicum
Computational 70
designed protein TB-media
Formolase/FormolaseM3 FLS/FLSM3 60313 originated from Ndel/Xhol pET24a 25 °C ’
Pseudomonas
fluorescens
ZY-media 128
Dihydroxyacetone Kinase DhaK 58475 WP_029604097.1 Kozakia baliensis Ndel/Xhol pET28a 25 oC ’
) 144
Triosephosphate Tpl 29345 WP_033015090.1 Geobacillus Ndel/Sacl pET28a  2Y media.
isomerse stearothermophilus 25°C.
6
Glyceraldehyde-3- Thermococcus ZY-media.
phosphate dehydrogenase GapN 335488 BAD84894.1 kodakarensis Ndel/Xhol pET282 25°C
136
Geobacillus ZY-media.
Phosphoglycerate mutase PgM 59166 WP_033015095.1 stearothermophilus Ndel/Sacl pET28a 2500
Thermotoga ZY-media 4
Enolase ENO 49033 WP_004080719.1 naphthophila Bsal/Klenow...  pET28a 25 0C
Thermoplasma ZY-media 43
Pyruvate kinase PyK 61310 WP_010901306.1 acidophilum Bsal/Klenow... pET28a 2500
ZY-media 70
Alanine dehydrogenase AlaDH 39684 NP_391071.1 Bacillus subtilis Xbal/Xhol pET28a 16 °C ’
Assay enzyme Abb. M.O lecular Accession code Organism Restriction Plasmid Expr?s.smn
weight [Da] enzymes conditions
111
Glyceraldehyde-3- Clostridium ZY-media.
phosphate dehydrogenase GapN 34930 ADL50400.1 cellulovorans Ndel/Sacl pET28a 16 °C




Table S2.
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Enzymatic reactions, estimated Gibbs energy and shadow price provided by MDF-Analysis by
using default conditions of eQuilibrator pathway tool (pH 7.5, ionic strength: 0.25 M, pMg: 3.0.
ArG’°: Gibbs free energy of reaction at particular pH and ionic strength. ArG’m: Reaction Gibbs
energy in physiological conditions of 1 mM reactant concentrations. ArG’: Reaction Gibbs
energy after reactant concentration optimization. Shadow price: Measure of how a change in
constraint change the MDF.[5!4]

Enzyme Reaction formula Relative AG"  AGT™ AG' Shafiow
flux price
Alcohol oxidase Methanol + O, <=> H,0, + Methanal 3 -98.9 -98.8 -96.7 0.0
Catalase 3 H,0,<=>1.5 0,+3 H,0 1 -287.8  -262.2  -236.7 0.0
Formolase/FormolaseM3 3 Methanal <=> Glycerone 1 -80.6 -46.4 -413 0.0
Dihydroxyacetone kinase ~ Oyeerone + ATP <:Z§}y°er°ne phosphate 149 (149 -166 0.0
Triosephosphate isomerse Glycerone phosphate <=> D-Glyceraldehyde 1 5.6 5.6 -12.3 0.0
3-phosphate
Glyceraldehyde-3-phosphate NAD" + D-Glyceraldehyde 3-phosphate + | 480 480 38 0.0
dehydrogenase H,O <=> NADH + D-Glycerate-3-phosphate ' ' ' ’
Phosphoglycerate mutase D-Glycerate-3-phosphate <=> D-Glycerate-2- 1 4.5 4.5 -11.1 >0
phosphate
D-Glycerate-2-phosphate <=>
Enolase Phosphoenolpyruvate + H,O ! 38 38 -1 <0
Pyruvate kinase ADP+P hOSph"en"lgyTr;Vﬁte <= Pyruvate + 250 250 -129 0.0
. Pyruvate + NH; + NADH <=> L-Alanine +

Alanine dehydrogenase NAD* + H,0 1 -33.6 -16.5 -15.5 0.0

Note: The thermodynamic data derived from the web interface of eQuilibrator (https:/equilibrator.weizmann.ac.il/)
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Table S3.
Final enzyme compositions and substrate concentrations for different cascade versions.
DAP 1.0 MAP 1.0 MAP 2.0
Enzyme Conc. [mg/ml] Conc. [mg/ml] Conc. [mg/ml]
Alcohol oxidase 0.10 0.10
FormolaseM3 13.20
Formolase 27.78
Dihydrf)xyacetone 011 330 330
kinase
Trio.sephosphate 003 750 0.03
isomerse
Glyceraldehyde-3-
phosphate 3.00 3.00 3.00
dehydrogenase
Phosphoglycerate 255 255 55
mutase
Enolase 0.30 0.30 0.30
Pyruvate kinase 4.10 4.10 4.10
Alanine
dehydrogenase 0.02 0.02 0.02
Additional enzymes Conc. [U/mL] Conc. [U/mL] Conc. [U/mL]
Catalase 10000 10000
Substrates Conc. [mM] Conc. [mM] Conc. [mM]
DHA 20
MeOH 150 150
ATP 2 2 2
NAD* 5 5 5
(NH4):S0, 200 200 200
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Table S4.

Enzyme kinetics of cascade enzymes.* enzyme kinetics calculated as described by Jia et al.[>®!
Enzyme Keat [$7] K., [mM] K; [mM] n Source
PPAOX 5.7 0.6 (20
FLSM3 0.2375 23.59 521
kbDhaK 15.91 + 3.86 0.03 +0.01 This study

gsTpl 154.05 +3.39 3.60+0.11 This study
tkGapN 0.78 £ 0.07 0.24%0.03" 6.84=1.78 0.52+0.03 This study
gsPgM 7.56 £0.40 0.76 £0.11 This study
tmENO 9.28 +0.47 0.15+0.01 This study
taPyK 17.00 = 1.39 117027 This study

bsAlaDH 58.24+3.75 0.12+0.01 2.59+0.29 This study




Table S5.

Enzyme activities in cascade matrix with additional substrates and cofactors used in activity

assay.
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Enzyme Coupled Cofactors Substrate Activity
enzyme [U/mg]
12 -40
ppAOX [Sigma]
DhaK.
1 mM ATP.1 mM PEP.
FLSM3 PyK. 0.3 mM NADH 5 mM Formaldehyde 0.02+0.0
LDH
PyK. 1 mM ATP. 1 mM .
kbDhaK LDH PEP. 0.3 mM NADH 1 mM Dihydroxyacetone 8.4 +0.2
GAPDH, 2.5 mM NAD", 5 mM 1 mM Dihydroxyacetone
esTpl 3 pgK Kpi, | mM ADP phosphate 32713
tkGapN 5 mM NAD+. I'mM Glyceraldehyde- 5,
3-phosphate
Eno. 1 mM ADP I mM 3-
gsPgM PyK. 0.3 mM NADH Phosphoglycerate 0.4+0.0
LDH
PyK. 1 mM ADP. 1 mM 2-
tmENO 1y 0.3 mM NADH Phosphoglycerate 3.0+0.0
1 mM ADP. 0.3 mM
taPyK LDH NADH 1 mM PEP 72+0.1
2.5 mM Pyruvate.
bsAlaDH 0.3 mM NADH 200 mM (NH4)2S04 40.5+2.6.
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7. Abbreviations

(NH4)2SO4
°C
uL

pum
ABTS

ADH
ADP
Al
AlaDH
AIDH
AlsS
ATP
bp
C1
C3
C4
C5
Co6
CaClz
CIP
CO
CO2
CoA
Cu
Cu-ZnO
CVv
DHA
DhaK
DHAP
DHAS
DMSO
DNA
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Abbreviations

Ammonium sulfate
Degree celsius
Micro liter
Micro meter
2,2'-Azino-di(3-ethylbenzthiazolin-6-
sulfonséiure)
Alcohol dehydrogenase
Adenosine-5'-diphosphate
Artificial intelligence
L-Alanine dehydrogenase
Aldehyde dehydrogenase
Acetolactate synthase
Adenosine-5'-triphosphate
Base pair
One carbon molecule
Three carbon molecule
Four carbon molecule
Five carbon molecule
Six carbon molecule
Calcium chloride
alkaline phosphatase
Carbon monoxide
Carbon dioxide
Coenzyme A
Copper
Copper-zinc oxide
Column volume
Diyhdroxyacetone
Dihydroxyacetone kinase
Dihydroxyacetone phosphate
Dihydroxyacetone synthase
Dimethyl sulfoxide

Deoxyribonucleic acid



Abbreviations

dNTP
e.g.

E. coli
EDTA
ENO
FALD
FID
FLS
FLSM3
FRET

FSA

GA
GALS
GapDH

GapN

GC
gDNA

Gt

h

H»
H.O
H>0O»

H>SO4

HCl

HEPES

HF-Buffer

HILIC
His¢Tag
HPLC
IEA
IvC
IivD
IMAC

Desoxyribonukleosidtriphosphate
For example
Escherichia coli
Ethylenediaminetetraacetic acid
Enolase
Formaldehyde
Flame ionization detector
Formolase
Formolase variant M3
Forster resonance energy transfer
Fructose-6-phosphate aldolase
gram
Glycolaldehyde
Gycolaldehyde synthase
Glyceraldehyde 3-phosphate dehydrogenase
Glyceraldehyde 3-phosphate dehydrogenase non-
phosphorylating
Gas chromatography
Genomic DNA
Giga tonne
hours
Hydrogen
Water
Hydrogen peroxide
Sulforic acid
Hydrochloric acid
4-(2-hydroxyethyl)-1-piperazineethanesulfonic
acid
High-Fidelity DNA Polymerase buffer
Hydrophilic interaction chromatography
Polyhistidin-Tag with six histidin
High-performance liquid chromatography
International Energy Agency
ketol-acid reductoisomerase
dihydroxy-acid dehydratase

immobilized metal ion affinity chromatography
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Abbreviations

In vitro prototyping and rapid optimization of

iPROBE
biosynthetic enzymes
IPTG Isopropyl B-D-1-thiogalactopyranoside
K>,HPO4 Dipotassium phosphate
kB Kilo base
Keat Turnover number
KCl Potassium chloride
kDA Kilo Dalton
KDC alpha-keto-acid decarboxylase
K'eq Equilibrium constant
KH>PO4 Monopotassium phosphate
K Michaelis Menten Konstant
KOH Potassium hydroxide
kPa Kilo pascal
L Liter
LB lysogeny broth
LC Column Liquid chromatography column
LDH Lactate dehydrogenase
MAP Methanol to L-Alanine pathway
MDF max-min driving force
MgCl, Magnesium chloride
MgCl, * 6H20 Magnesium chloride hexahydrate
MgSO4 Magnesium sulfate
MgSO4* TH20 Magnesium sulfate heptahydrate
Milli-Q water Ultrapure water
min Minute
mL min’! Mili Liter per minute
mM Milli molar
MnCl, Manganese chloride
MnCl, * 4H,O Manganese chloride tetrahydrate
Na,;HPO, Disodium phosphate
NaCl Sodium chloride
NAD" B-Nicotinamidadenindinucleotid
NADH B-Nicotinamidadenindinucleotid reduced
NADP* B-Nicotinamidadenindinucleotidphosphat
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NADPH

NaH2POq4

NaH,PO4 * H,O

NaOH

ng
nM

ODsoo

OPA
PCR
PEP
PES
PgM
pH
PHB
PyK
rpm
RT
RuMP

SACA pathway

SAM

SBtab

SDS-PAGE

SEC
slm

SOB-medium
SOC-medium

SOP
TAE-buffer
TB
TCA cycle

Abbreviations

B-Nicotinamidadenindinucleotidphosphat
reduced
Monosodium phosphate
Monosodium phosphate hydrate
Sodium hydroxide
Nano gram
Nano molar
optical density measured at a wavelength of
600 nm
ortho-phthalaldehyde
Polymerase chain reaction
Phosphoenolpyruvate
polyethersulfone
Phosphoglycerate mutase
pH-Wert
Polyhydroxybuttersdure
Pyruvate Kinase
revolutions per minute
Room temperature
ribulose monophosphate pathway
Synthetic Acetyl-CoA pathway
S-Adenosyl-Methionine
SBtab is a set of syntax rules and conventions that
simplify data processing and thereby facilitate data
exchange
Sodium dodecyl sulfate polyacrylamide gel
electrophoresis
Size exclusion chromatography
Standard liter per minute
Super Optimal Broth-Medium
Super Optimal broth with Catabolite
repression-Medium
standard operating procedures
Tris-acetate-EDTA-buffer
Terrific broth

tricarboxylic acid cycle
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Abbreviations

Tetramethylethylenediamine

TEMED
TktA Transketolase
Twm Melting temperature
Tm Melting point
Tpl Triosephosphate isomerase
TPP Thiamine pyrophosphate
Tris Tris(hydroxymethyl)aminomethane
TTN total turnover number
TUM Technical University of Munich
U Unit
uv Ultraviolet
\% Voltage
v% v! Volume% per volume
wv! Weight per volume
ww! Weight per weight
X1P xylulose-1-phosphate
g G force
XI pathway xylose Isomerase pathway
xylose reductase/ xylose dehydrogenase
XR/XDH pathway
pathway
XuMP Xylulose monophosphate pathway
XylA Xylulose isomerase
XylB Xylulokinase
YahK Alcohol dehydrogenase of Escherichia coli
YjgB Alcohol dehydrogenase of Escherichia coli
YqhD Alcohol dehydrogenase of Escherichia coli
ZnO Zinc oxide
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