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Summary

A circular economy requires the re-valorization of waste products. Since the beginning of the
industrial age, one of the major emissions of human civilization has been CO.. While it could
be regarded simply as a pollutant, it is, intrinsically, a resource — not only a carbon source, but
also the main carbon source supporting all life on the planet. While it is sensible to use it as
such, its chemical conversion into useful compounds is challenging — while nature has evolved
pathways for its assimilation for millions of years. Biological systems for CO:z valorization have
therefore come into focus. In addition to CO., other one-carbon (C1) compounds, in particular
methanol and formate, have been suggested for electro-biochemical applications. In these two-
step processes, C1 compounds are generated by electrochemical hydrogenation of CO:and
subsequently utilized by biological platform organisms as a source of both carbon and

reductive power.

Out of the Cl compounds, formate is biologically assimilated at the highest energetic
efficiency. Natural formate assimilations, however, is limited to specialist microbes that can be
challenging to cultivate or genetically modify. The generation of synthetic formatotrophs,
therefore, offers the potential of broadening the scope to more commonly used platform
organisms such as E. coli. Here, two modes of action can be followed — one, the transposition
of natural formate assimilation pathways and two, the generation of fully synthetic pathways
for formate assimilation. In this thesis, two modules for synthetic formate assimilation are
developed through rational enzyme engineering. First, a module for the reduction of formate
to formaldehyde via formyl phosphate is created, permitting integration of formate into
otherwise methanol-assimilating pathways. Second, a novel carboligase is designed that is
able to condense formaldehyde with formyl-CoA, an activated formate species, into the C2
compound glycolyl-CoA. The combination of these two modules displays a potential for
formate assimilation into a C2 compound at higher efficiency than previously published
routes. In summary, this thesis enriches the scope of synthetic formatotrophy by two powerful

building blocks that enable new paths in carbon metabolism.
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Zusammenfassung

Eine wahrlich zirkuldare Wirtschaft bedingt die Aufwertung von Abfallstoffen. Seit Beginn der
Industrialisierung ist CO: eines der grofiten Abfallprodukte der Menschheit. Wahrend man
dieses Gas als reine Verunreinigung betrachten kann, ist es doch hauptsachlich eine Ressource
—nicht blofs eine Kohlenstoffquelle, but die Hauptquelle alles organischen Kohlenstoffs, ohne
die Leben auf der Erde in dieser Form nicht entstanden ware. Obwohl es also sinnvoll ist, es
als solche zu nutzen, ist die chemische Konversion von CO: in industriell relevante Produkte
schwierig. Im Kontrast dazu hat die Natur tiber Jahrmillionen an der Kohlenstoffassimilierung
gefeilt. Aus diesem Grund riicken biologische Systeme der COz-Aufwertung immer mehr in
den Fokus. Abgesehen von CO: konnen auch andere Einkohlenstoffe, vor allem Formiat und
Methanol, in bioelektrischen Hybridsystemen verwertet werden. In solchen werden die Stoffe
tiber die elektrochemische Hydrogenation von CO: hergestellt und im Anschluss von

biologischen Platformorganismen als Kohlenstoff- und Energiequelle genutzt.

Formiat sticht hier hervor, da es die hochste energetische Effizienz fiir die biologische
Assimilierung bietet. Allerdings ist die natiirliche Formiatassimilierung auf mikrobielle
Spezialisten beschrankt, die schwierig zu kultivieren oder genetisch unverfiigbar sind. Aus
diesem Grund bietet die Etablierung synthetischer Formatotrophie eine Gelegenheit, besser
etablierte biologische Plattformen wie E. coli zu nutzen. Hierfiir gibt es zwei verschiedene
Optionen — zum einen die Transplantation natiirlicher Formiatassimilierung, und auf der
anderen Seite die Konstruktion vollsynthetischer Stoffwechselwege. Diese Arbeit beschéftigt
sich mit der Generation zweier synthetischer Formiatassimilierungsmodule. Zuerst wird eine
Reaktionskaskade zur Reduktion von Formiat zu Formaldehyd {iiber Formylphosphat
etabliert, welche die Integration von Formiat in methylotrophe Stoffwechselwege ermdglicht.
Im Anschluss wird eine neuartige Carboligase entworfen, die Formaldehyd und Formyl-CoA
in den Zweikohlenstoff Glycolyl-CoA umwandelt. Eine Kombination dieser Module zeigt
deren Potential fiir die effiziente Formiatassimilierung zu einem Zweikohlenstoff auf.
Zusammengefasst bereichert diese Arbeit das Feld der synthetischen Formatotrophie um zwei

potente Bausteine, die dem Kohlenstoffstoffwechsel neue Wege ermoglichen.

XV
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General Introduction

Carbon at the intersection of biology and chemistry

Life on earth is built upon a backbone of carbon. Organic matter contains approximately 50%
carbon’ 2. Two large fields of natural sciences are almost exclusively concerned with carbon-
based molecules - organic chemistry and biochemistry. Organic chemists mostly deal with
compounds useful to humans, such as plastics, fuel, pharmaceuticals or dyes. Biochemists, on
the other hand, have long been concerned exclusively with the understanding of natural
processes — the chemistry of metabolism, of biosynthesis or of cellular mechanisms. In recent
years, organic chemistry and biochemistry have begun to merge — biochemical processes are
used to produce pharmaceuticals?, to generate fuel?, or to manufacture and degrade plastic>3.
This intersection of the two fields is enabled by the efficiency of natural catalysts - enzymes.
Where chemical synthesis commonly requires heat and high pressure, enzymes can perform
identical reactions at ambient temperature and atmospheric pressure. In addition, where a
chemist may control two or three reactions at a time, potentially having to extract and purify
intermediary products, a biochemist may mix-and-match dozens of enzymes to create long

production chains — as nature has done for millions of years.

A completely new field has emerged based around this idea: synthetic biology. Natural
compounds have been extracted from organisms dating as far back as 3500 BC, used mostly
for cosmetics and pharmaceuticals, which are still their major applications today?’. This
approach is intrinsically limited: it is strictly defined by the course evolution has taken.
Products that conceptually could exist do not, simply because organisms did not evolve in an
environment conducive to them. They may be produced at low yield or require difficult
cultivation conditions. In addition, organisms are limited to a defined amount of energy and
carbon sources and are unable to escape this limitation unless high selective pressure is
applied, meaning cultivation costs may be un-economical. Synthetic biology aims to expand
biological systems past the limits of evolution in a tailor-made approach that heavily relies on
modularity — an incremental alteration of multiple (rate-limiting) components of a given

production route.

On the product side, targets can either be existing chemicals or “designer” products created

by the incorporation of non-natural building blocks. Biological production of these
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compounds often relies on enzyme promiscuity - the ability of an enzyme to recognize non-
native substrate’’ - and enzyme engineering — altering enzymes for improved activity on the
desired substrate’> 3. On the production side, metabolic engineering’>'® is the most powerful
tool. In the classical sense, this approach alters existing pathways by introduction of small
production modules and regulation of genetic elements to optimize flux towards the desired
production route. Advances in systems biology have added a host of computational tools for
flux balance analysis to the toolkit’®’s, while progress in synthetic biology allows the
introduction of more complex production routes, better regulation thereof, and, importantly

for this thesis, enables metabolic utilization of non-native carbon sources.

Given the staggering rate of greenhouse gas emissions and the rapid progression of man-made
climate change, the re-design and improvement of natural carbon assimilation has come into
focus: aiming to extract CO:z from the atmosphere and convert it into value-added products®.
Broadly, this approach divides into two core modules: one, designing new pathways for
carbon assimilation into central metabolism and two, implementing pathways for producing
value-added molecules downstream of the assimilation. These modules may be combined in
a single platform organism, split between a carbon fixing and a product-generating organism,

or carried out fully in vitro.

One-carbon assimilation as the basis for synthetic metabolism

Nature derives a vast majority of its biomass directly or indirectly from photosynthesis®.
Seven natural carbon assimilation pathways have been discovered, the Calvin-Benson-
Bassham (CBB) cycle?, the reverse tricarboxylic acid (rTCA) cycle?, the dicarboxylate/ 4-
hydroxybutyrate (DH/4HB) cycle?, the 3-hydroxyproprionate/ 4-hydroxybutryrate
(3HP/4HB) cycle** and the 3-hydroxyproprionate (3HP) bicycle?, the Wood-Ljungdahl
pathway (WLP)?, the reductive glycine pathway (rGlyP)?2,. These are joined by three natural
one-carbon (C1) assimilation pathways, the ribulose monophosphate (RuMP) pathway?,
xylulose monophosphate (XuMP) pathway,*’ and the serine cycle,?’ which assimilate reduced

Cl1 species like CO, formate, formaldehyde, methanol and methane (Figure 1, Table 1).

Thus, nature has found metabolic solutions to valorize C1 compounds with different oxidation

states (Figure 1). Here, assimilation of CO: is the least efficient as it is fully oxidized. In

2
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contrast, all other C1 species can be oxidized, generating energy for the cell in the form of
reducing equivalents, usually NAD(P)H. With exception of the WLP, carbon is assimilated at
oxidative states +IV (CO. HCOs) and 0 (formaldehyde/ 5,10-mTsF), representing the most
electrophilic C1 species (Figure 1, Table 1). Formate, methanol and methane are usually

oxidized to a more reactive species before assimilation.

2[H] 2[H] o) 2[H) o) 2[H) H 2[H]
2fe] 2e] 2e] _2f1 H 26 H
[C=0] =—== 0=C=0 —— == )< )<
ot 5t H 5 (@] H 5 H H 6*
carbo_n cfarb_on formate formaldehyde methanol methane
monoxide dioxide

Figure 1 Overview of relevant one-carbon species. Oxidation numbers are indicated in red roman

numerals. Partial charges are indicated in blue.

Synthetic C1 metabolism aims to expand beyond natural carbon assimilation to valorize excess
carbon emissions. This includes transplantation of natural C1 assimilation pathways to
different, better-understood platform organisms or introduction of individual enzymes to
existing pathways to either improve or enable carbon assimilation®”%. In addition, fully
synthetic pathways can be constructed by combining existing enzymatic functions and may

contain enzymes with altered functions that catalyze non-native, promiscuous reactions? .

Synthetic pathways are commonly generated via design-build-test cycles. In the design phase,
hypothetical pathways are constructed based on known (and sometimes, unknown)
enzymatic functions. These designs are then evaluated for feasibility. Here, kinetic, energetic
and thermodynamic parameters as well as implementation limitations are evaluated.
Thermodynamics are considered based on computational modelling of the Gibbs free energy
profile (ArG’) of partial reactions or whole pathways using tools such as eQuilibrator’s 7. A
second commonly used metric is the Max-min Driving Force (MDF) that identifies the
reactions of the pathway that are most thermodynamically constrained’. Energetic
considerations take into account the amount of reductive (NAD(P)H, FADH?2 etc.) or energy
carrying (NTPs, CoA-esters, etc.) equivalents consumed per turn of the cycle or per assimilated
carbon. Finally, implementation feasibility is considered — taking into account the number of

enzymes required, interactions with native metabolism, side-product formation and oxygen

3
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tolerance. Often, these considerations are in opposition to one another, i.e. an energetically
efficient pathway may be kinetically inefficient. After the design phase, the most promising
pathways are assembled and characterized. This is usually done in vitro, where reaction
parameters are more easily controlled and complexity is minimized. If activity is observed,
optimizations may be implemented, such as replacements of the most limiting steps, removal

of toxic side-product, etc.

Crucially, design-build-test cycles are not only applied to whole pathways, but also to
individual enzymes, where kinetic parameters may be improved or selectivity increased by
targeted or untargeted mutagenesis. These enzyme engineering efforts are often employed to
switch an enzyme’s activity from its native to a promiscuous one. The resulting variants can
be core components to synthetic pathways, if one of the desired reactions is not naturally

occurring.

Table 2 lists the current landscape of synthetic carbon assimilation. For synthetic C1
assimilation pathways, three benchmarks exist: (I), functionality in vitro, (I), functionality in
vivo and (III), sustained growth. Some of the listed pathways, such as the ASAP#* and rGPS-
MCG*, do not aim at in vivo implementation and therefore are not concerned with benchmarks
(IT) and (III). Others, such as the CETCH or the homoserine cycle, were aimed at sustained
growth, but so far either were only active in vitro or showed activity in vivo when co-fed on
other substrates*#. Notably, fully orthogonal carbon assimilation that is assisted by a second
substrate can be desired, as it allows a decoupling of cellular growth from product synthesis®.
Similarly, whole-cell biocatalysts may be used, where cells are first grown and enzymes
produced before C1 substrates are added. This is mostly applicable for pathways requiring the
addition of high titers of formaldehyde, which is highly cytotoxic, such as the FORCE
pathway*. Finally, very few synthetic pathways have been shown to achieve sustained growth

on a C1 source, such as the serine threonine cycle*.



5
Table 1 Natural C1 assimilation pathways. CBB: Calvin-Benson-Bassham cycle, rTCA: reverse tricarboxylic acid cycle, DC/4HB: dicarboxylate/ 4-hydroxybutyrate cycle,

WLP: Wood-Ljungdahl pathway, rGlyP: reductive glycine pathway, 3HP/4HB: 3-hydroxyproprionate/ 4-hydroxybutryrate cycle, 3HP: 3-hydroxyproprionate bicycle, RuMP:
ribulose monophosphate pathway, XuMP: xylulose monophosphate pathway, SerC: serine cycle, 5-mT4F: 5-methyl-T4F; 5,10-mT4F: 5,10-methylene-T4F, Me-CoFeSP: Methyl-

cobalt- and iron-containing corrinoid iron—sulfur protein

metabolic carbon source/ pathway intermediate
assimilating enzyme C1 substrate acceptor molecule
co COJ | CHOOH |CH:0 | CHsOH | CHa gensy P
HCOs3
CBB2 ribulose-1,5-bisphosphate carboxylase/ oxygenase CO2 ribulose-1,5-
bisphosphate (C5)
TCAZ 2-ketogluterate synthase CO2 succinyl-CoA (C4)
F
isocitrate dehydrogenase CO2 a-ketoglutarate (C5)
pyruvate:ferredoxin oxidoreductase CO2 acetyl-CoA (C2)
DC/4HB* phosphoenolpyruvate carboxylase HCOs" phosphoenole pyruvate
(C3)
3HP/4HB2 acetyl-CoA/propionyl-CoA carboxylase HCOs" acetyl-CoA (C2)
acetyl-CoA/propionyl-CoA carboxylase HCOs" propionyl-CoA (C3)
3Hp2 acetyl-CoA/propionyl-CoA carboxylase HCOs" acetyl-CoA (C2)
acetyl-CoA/propionyl-CoA carboxylase HCOs" propionyl-CoA (C3)
WLP2 CO dehydrogenase/ acetyl-CoA synthase CO/ C1-C1 condensation
’ Me-CoFeSP
[GIVP27. 28 glycine cleavage/ synthase system CO2/ C1-C1 condensation
4 5,10-mT4F
RUMP29 3-hexulose-6-phosphate synthase CH20 ribulose-5-phosphate
(C5)
XuMP30 dihydroxyacetone synthase CH20 xylulose-5-phosphate
(C5)
serine hydroxymethyl transferase 5,10-mT4sF glycine (C2)
SerC*’ phosphoenolpyruvate carboxylase HCOs" phosphoenole pyruvate
(C3)




Table 2 Synthetic C1 assimilation pathways. @ designed for in vitro application  in vitro activity confirmed, in vivo activity desired ¢ in vivo activity confirmed ¢ sustained growth

on C1 source observed. Back: native activity, purple: promiscuous activity, blue: engineered activity. 5,10-mT4F: 5,10-methylene-T4F

substrate/ pathway intermediate

COJ/ assimilating enzyme C1 substrate acceptor molecule
HCOs CHOOH | CH20 CHsOH CHa

CETCH¢ 455 crotonyl-CoA carboxylase/reductase CO2 crotonyl-CoA (C4)
crotonyl-CoA carboxylase/reductase CO2 acryloyl-CoA (C3)

(GPS-MCG#a phosphoenolpyruvate carboxylase HCOs" phosphoenole pyruvate (C3)
crotonyl-CoA carboxylase/reductase CO2 crotonyl-CoA (C4)

POAPIEh pyruvate carboxylase HCOs" pyruvate (C3)
pyruvate synthase CO2 acetyl-CoA (C2)

MCG#o¢ phosphoenolpyruvate carboxylase HCOs" phosphoenole pyruvate (C3)

GED37¢ 6-phosphogluconate dehydrogenase CO2 ribulose-5-phosphate (C5)

serine threonine#d serine hydroxymethyl transferase 5,10-mT4F glycine (C2)
phosphoenolpyruvate carboxylase HCOs" phosphoenole pyruvate (C3)

od. serinee serine hydroxymethyl transferase 5,10-mT4F glycine (C2)
phosphoenolpyruvate carboxylase HCOs" phosphoenole pyruvate (C3)

homoserine e serine aldolase CH20 glycine (C2)
4-hydroxy-2-oxobutanoate aldolase CH20 pyruvate (C3)

FORCE#6: 2-hydroxyacyl-CoA lyase CH20, fCoA

ethylene glycole®’°

GAA GAPATZ® glyoxylate carboligase

ASAP#0a

HWLS53¢, CHLO C1-C1 condensation

SMGF54¢ formolase

C4 sugar®52

lin. Met.%6.

SACAS7¢ benzoylformate decarboxylase

Reverse PFL%:° pyruvate formate lyase HCOOH Acetyl-CoA (C2)
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The formate bio-economy

Out of the C1 compounds, formate is possibly the easiest to handle. CO, CO: and CHsare
gaseous and have low solubility in water, therefore they are challenging to make available to
microorganisms in high concentration. Common workarounds for CO: assimilation are an
increase of CO2 content in the atmosphere or the use of bicarbonate, which has much higher
solubility. Methanol is fully miscible with water, but evaporates quickly, is flammable and
highly toxic to human workers. Formaldehyde, while gaseous and highly soluble in water, is
cytotoxic at micromolar concentrations (see CHAPTER 1, Supplementary Figure 11a) and the
least suitable C1 feedstock. Formate is highly soluble in water, poses no risk to humans and
is tolerated at milllimolar titers by microorganisms (see CHAPTER 1, Supplementary Figure
11b). In addition, the energetic efficiency of formate assimilation has been calculated to be
higher than that of any other C1 compound? ¢°. Therefore, formate has been proposed as the
core compound of a circular bioeconomy®!. Herein, it is proposed that formate can be
generated with relative ease from CO: using electrochemical hydrogenation®?¢4. Alternatively,
CO:z can be reduced to formate by the highly oxygen-sensitive formate dehydrogenase of the
WLP%. Formate valorization can then occur via natural formatotrophs using the serine cycle,
the WLP or the rGlyP. However, native formatotrophs are usually unsuited for industrial
applications as their genetic availability is limited. Therefore, natural formate assimilation
pathways have been transplanted into common platform organisms. The rGlyP in particular
is of high interest here, as it is short, linear and aero-tolerant and requires the transplantation
of only a few enzymes®. In addition, multiple synthetic formate assimilation pathways have
been constructed, some based on the existing serine cycle or WLP# % 5 another employing
the reverse reaction of pyruvate formate lyase® ¢ and finally, a host of pathways based on

formaldehyde-assimilating lyases have been demonstrated# 57-57. 65,

Synthetic formate to formaldehyde conversion

In formatotrophs, formate is exclusively assimilated via tetrahydrofolate (T4F, in bacteria) or
tetrahydromethanopterine (HsMPT, in archaea). In Figure 2, the activation of formate to TsF
bound C1 species is shown. Metabolic integration occurs at the levels of 5,10-methylene-TsF

(5,10-mT4F, serine cycle and rGlyP) and 5-methyl-TsF (5-m TsF, WLP), corresponding to the
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oxidative states of formaldehyde and methanol. 5,10-mTsF can spontaneously hydrolyze to
formaldehyde and TsF®. This feature was employed in a synthetic pathway to produce
relevant levels of free formaldehyde that could be assimilated by formolase®® 7°. This
engineered benzaldehyde lyase converts 3 molecules of formaldehyde to dihydroxyacetone,
which can be channeled into central metabolism via phosphorylation. In a similar fashion, it
can be imagined that strictly methylotrophic pathways like the RuMP, XuMP or homoserine
pathway — all of which use free formaldehyde in their assimilating reactions — could be turned

into formatotrophic pathways.

R R
HN R H H—N
N-C R R
o} /_(’ C\b N’ N H
1l (I: H
HN  NH  p-C~o HN  N-H +N~= N
formate
N 7 o N 7 o /
I\P: ATP I\P: 20 NAD(P NAD(P
Ha H,
tetrahydrofolate 10-formyl-T4F 5, 1 O-methenyI-T4F 5,10-methylene-T4F 5-methyI-T4F

Figure 2 Activation of formate using the natural T4F cascade. Oxidation numbers are indicated in

red roman numerals. Adapted from Bierbaumer et al., 202277,

When applied for formaldehyde production, the TsF cascade suffers from a few drawbacks.
While T4F is used by aerobic organisms, it degrades oxidatively in vitro’?, making it difficult
to implement TsF-based cascades in cell-free systems. Up to 5,10-mT4F, the cascade employs
three enzymes, (see CHAPTER 1, Figure 1), resulting in a relatively high burden on cells
(over)expressing it. Finally, the system is limited by spontaneous hydrolysis of the relatively
stable 5,10-m TsF72. As an alternative, a two enzyme system for the activation of formate to
formaldehyde was designed based on the promiscuous activities of acetyl-CoA synthetase
(ACS) and acyl-CoA reductase (ACR), employing two ATP equivalents to activate formate to
formyl-CoA, followed by a reduction to formaldehyde® ¢ 7 (see CHAPTER 1, Figure 1). While
this cascade is both shorter and not limited by a spontaneous reaction, it also requires one
additional ATP equivalent compared to the T4F route. To circumvent this additional cost, the

activation of formate to formyl phosphate by the formate kinase (FOK) activity of acetate
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kinase (ACK)*, followed by transfer to formyl-CoA by E. coli phosphate acetyl transferase
(PTA) was proposed*, although PTA activity on formyl phosphate was never demonstrated.
This alternative requires the same amount of energy and enzymes as the T4F cascade, while
actively producing formaldehyde. Yet another, more elegant solution reducing both energy
demand and the number of enzymes is the activation of formate to formyl phosphate by FOK
followed by a reduction to formaldehyde by a reductase. However, such a formyl phosphate
reductase (FPR) has never been described. In CHAPTER 1, FPR activity is demonstrated in
members of four reductase families and an enzyme with improved in vivo activity is produced
by targeted mutagenesis. The resulting FOK-FPR module is proposed as a suitable candidate
for implementation in existing pathways, replacing the CoA or TsF modules used therein. A
particular benefit of FOK-FPR compared to a CoA-based route is a lack of interaction with the
CoA pool of the cell. CoA reductases are notoriously promiscuous, with most formyl-CoA
reductases reducing acetyl-CoA just as readily. Only limited success has been achieved trying
to limit acetyl-CoA reduction while maintaining formyl-CoA reduction®. FOK-FPR does not

have a direct influence on the CoA pool of the cell, circumventing this limitation.

Thiamine diphosphate as the basis of C1-C1 additions

Carbon assimilation can broadly be divided into two modes of action: direct C1-C1 additions
and C1-Cn additions utilizing longer-chained acceptor molecules, the latter being much more
common (Table 1 & 2). As shown in Figure 1, C1 substrates either have electrophilic character
(COy, CO, formate, formaldehyde and methanol) or are inert (methane). Therefore, the easiest
way of performing a C1 addition is the generation of a nucleophile on an acceptor molecule.
In most reaction cascades, these nucleophiles are generated by proton abstraction proximal to
carbonyl groups, generating enolates with high nucleophilic character (Figure 3). The main
drawback of C1-Cn additions is the requirement for acceptor substrate regeneration at the
expense of energy. This results in a cyclic structure of pathways using C1-Cn additions, which

are usually long and relatively complex.
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Figure 3 Enolate generation as the basis of nucleophilic attacks in longer chain acceptor
molecules. Shown is the mechanism of 3-Hexulose-6-phosphate synthase. Adapted from Bierbaumer
et al.,, 202277

In contrast, C1-C1 additions do not require acceptor molecules, thus allowing a linear
funneling of the C1 substrates into central metabolism. The only two natural pathways
capable of direct C1-C1 addition, the WLP and rGlyP, utilize complex mechanisms to perform
these additions. The CO dehydrogenase/ acetyl-CoA synthase of the WLP pathway contains
a highly oxygen sensitive metal cluster that enables the condensation of CO with Me-
CoFeSP7, while the glycine cleavage system of the rGlyP generates a lipoamide carrier
protein-bound NH2-CH2-S-R intermediate, which is subsequently transferred to PLP and
attacks CO2¢. Therefore, the discovery of a low-complexity solution was highly desirable and
has been found in the form of thiamine diphosphate (ThDP) dependent enzymes# 4 51-57,
ThDP is a unique cofactor capable of performing Umpolung of carbons bound to its
thiazolium ring (Figure 4), inverting electrophilic C1 species to nucleophiles. This chemical
trick allows ThDP enzymes to remain structurally and mechanistically simple. ThDP is
employed in nature by transketolases”, decarboxylases” and even in C1 metabolism by
dihydroxyacetone synthase””. Members of the benzaldehyde lyase® 70, benzoylformate
decarboxylase®, glyoxylate carboligase® and 2-hydroxy-acyl-CoA lyase# 8 (HACL) families
have been shown to catalyze ThDP-dependent C1-C1 additions.
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Figure 4 Postulated ThDP-dependent mechanism of the enzymatic formose reaction. ThDP is
activated to a carbanion by deprotonation and attacks formaldehyde. The formation of a carbanion
intermediate reverses the positive partial charge of the carbon atom into a negative charge, permitting
nucleophilic attack on a second formaldehyde molecule. Glycolaldehyde is released and ThDP is

regenerated. Adapted from previous publications?% 8.

Notably, the enzymatic efficiency of HACL outperforms that of all other mentioned
carboligases by one to two orders of magnitude (Table 3). In contrast to the other enzymes
that catalyze the formose reaction to produce glycolaldehyde (C2) or dihydroxyacetone (C3)
(Figure 4), HACL requires two substrates, formaldehyde and formyl-CoA, creating glycolyl-
CoA (C2) (CHAPTER 2, Figure SI 2). The beneficial kinetic parameters of this glycolyl-CoA
synthase (GCS) reaction make it an attractive target for further engineering efforts. However,
engineering of HACL has yielded no improvement thus far®’, and as its structure has not been
solved, targeted mutagenesis is difficult. Fortunately, within the related and structurally well-
characterized oxalyl-CoA decarboxylase (OXC) family, C1-Cn addition of formyl-CoA to
longer-chained aldehydes was observed®. Reasoning that OXC therefore may also be capable
of performing the GCS reaction and be a good target for structure-based enzyme engineering,
CHAPTER 2 is concerned with generating a bona fide GCS out of Methylorubrum extorquens
OXC (MeOXCQ). A use-case for GCS is well established in the FORCE system?*, where it serves
as the core module for the generation of a variety of C2 compounds. Improvements to the
efficiency of the enzyme has direct impact on yield and contributes to the viability of

bioconversion systems compared to traditional production routes.
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Table 3 kinetic parameters of C1-C1 carboligases.

family enzyme (l;‘ﬁt) (n’fw) (T\ﬁ/ﬁ/')
benzaldehyde lyase formolase®® 70 (to DHA) n.d. n.d. 4.7
glyoxylate carboligase EcGCL R484M N283Q L478M>%6 0.1 18 5.2
benzoylformate decarboxylase | glycolaldehyde synthase®” 1.6 170 9.6
2-hydroxy-acyl-CoA lyase RuHACL G390N (formaldehyde)® || 3.1 30 100
2-hydroxy-acyl-CoA lyase RuHACL G390N (formyl-CoA)8° 14 0.2 6600

Aims of the thesis

A sustainable C1 bio-economy relies on the establishment of (energy)-efficient pathways for
C1 assimilation and product generation. This need is driven in large part by the low energy
(electron) content of C1 feedstocks compared to traditional feedstocks such as sugarss .
Accounting for oxidative phosphorylation, glucose assimilation (via glycolysis) produces 6
ATP equivalents, whereas its production from CO: via the CBB cycle consumes 17 ATP
equivalents. Even CH4 assimilation — being the most reduced C1 source — via the RuMP
pathway produces only 4 ATP equivalents. While in vitro cascades and photoautotrophic
organisms can gain their energy from “limitless” electron sources like electricity or light, other
organisms are dependent on alternative electron sources such as hydrogen or the Cl1
compound itself®> %. Hence, it is of high importance for such systems to conserve the energy
they expend. Therefore, generating synthetic modules with either higher enzymatic activity
(lowering the requirement for enzyme production) or lower energy expense (lowering the
depletion of ATP/ NAD(P)H pools) can improve the metabolic capacity of Cl-consuming

organisms.

In this thesis, enzyme engineering is employed to achieve this aim. CHAPTER 1 seeks a
kinetically, energetically and thermodynamically favorable formate to formaldehyde
conversion cascade. This hypothetical route — FOK-FPR - requires the discovery of a novel
non-natural reaction. FPR activity can be probed for in different phosphate reductase families
and improved by homologue screening and targeted enzyme engineering. The chapter strives

for improved formaldehyde production in vivo to enable future implementation in whole-cell
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bioconversion systems# or even as a module enabling full formatotrophic growth, i.e. in

conjunction with the RuMP pathway that has already been established in E.coli*.

CHAPTER 2 lines up downstream of CHAPTER 1 with its aim of finding an efficient enzyme
for C1-C1 addition. OXC was previously identified as a highly efficient and promiscuous C1-
elongating carboligase®?, suggesting it as a good template for an engineered GCS activity.
After establishing basal GCS activity, the well-characterized active site of OXC can be
subjected to structure-based enzyme engineering to improve efficiency. An improved GCS
can then be implemented into existing whole-cell bioconversion systems?®, acting as a funnel

for C1 compounds into value-added product or central metabolism.

In conjunction, the two chapters provide an efficient, low-energy option for synthetic C1

assimilation using formate as feedstock.
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Abstract

To realize a carbon-neutral bio-economy, the concept of electrobiocatalysis has been
developed, in which CO2 is first chemically reduced to formate and subsequently assimilated
by engineered microbes. A key step in the assimilation of formate is its reduction into
formaldehyde, which is chemically challenging. Here, we developed a two-enzyme route in
which formate is activated into formyl phosphate and reduced by NAD(P)H. The formyl
phosphate route operates at the thermodynamically lowest limit compared to any other C1-
activation pathway. Exploiting promiscuity of acetate kinase and N-acetyl-y-glutamyl
phosphate reductase, we demonstrate the phosphate route in vitro and in vivo. Through
enzyme engineering, we created a reductase variant with improved formyl phosphate
conversion in vivo and only little cross-talk with native metabolism. We further show that our
route can be interfaced with recently developed pathways to provide the kinetically and
thermodynamically most efficient route from formate into C2-compounds demonstrated to

date.
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Introduction

One of the major goals for establishing a carbon-neutral (or carbon-positive) bio-economy is
the valorization of carbon dioxide as a feedstock. While a variety of novel CO:-fixing cycles
and microorganisms have been described recently '3, the direct use of CO: in biotechnology
still poses several challenges and limitations, among others its low solubility in water. An
alternative is the chemical conversion of CO: into soluble one-carbon (C1) compounds that
can be further converted by biological platform organisms. One of the most promising C1-
molecules in such chemo-bio hybrid approaches is formate. Formate can be produced
electrochemically or by catalytic hydrogenation*?, is fully miscible with water, non-flammable

and of little toxicity to the human worker’.

To develop a formate-based bio-economy, recent efforts have focused on converting common
platform organisms, such as Escherichia coli into synthetic formatotrophs that accept formate
as both carbon and energy source ¢ °. Formatotrophy naturally relies on the activation of
formate to the tetrahydrofolate (T4F) cofactor and subsequent reduction to methylene- T4F (TsF
cascade, Fig. 1). Methylene-T4sF can be channeled into central metabolism directly via the
serine cycle’” or the reductive glycine pathway!’’. Alternatively, methylene-TsF can
spontaneously hydrolyze, releasing formaldehyde, which can enter central carbon
metabolism through the ribulose monophosphate pathway’?, xylulose monophosphate
pathway’3, homoserine cycle’, or formolase pathways’>*%, although the hydrolysis rate is too
slow to fully sustain growth. Aside biological application, formaldehyde is an attractive target
for chemical synthesis that is difficult to access via purely chemical routes due to an over-

reduction to methanol?0 21,

Direct activation of formate to formaldehyde does not occur in nature, but would be highly
desirable, as pathways would no longer depend on a spontaneous hydrolysis step. For that
reason, different new-to-nature pathways have been proposed and/or developed. One option
is the activation of formate to formyl-CoA, followed by the reduction to formaldehyde
through the promiscuous activities of acetyl-CoA synthase (ACS) and acyl-CoA reductase
(ACR) > 192223 Compared to the natural TsF cascade, no hydrolysis is required and one
enzyme less is needed. However, the CoA-based cascade requires hydrolysis of one additional

phosphoanhydride bond for activation (ATP > AMP + PP;, Fig. 1). While the CoA-based route
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has been demonstrated in a proof-of-principle, residual activities of ACS with acetate and
ACR with the native CoA metabolite pool (e.g., acetyl-CoA) currently limit the application of

the CoA-based route in vivo®.

ATP
CoA NAD(P)H
H—) )-J\ /COA H
AMP CoA
PP formyl-CoA

11Coon
L, == Lk == L

formate formyl phosphate formaldehyde
ATP
THF N,R THF
_R
FTLN op /_(7 \—o /_(\N . spon.
Pl uN NH NAD(P)H HN N// ’
4 MTC 4
N o) mtp H0 N
,N H,N
formyl-TaF methylene-T4sF

Figure 1 Pathways for the activation of formate to formaldehyde using reactive intermediates.
Enzymes are indicated in color under the reaction arrows. Promiscuous activities are indicated in
magenta, native reactions are given in blue. * indicates putative reactions. ACS = acetyl-CoA synthase,
ACR = acyl-CoA reductase, PTA = phosphate acetyl transferase, ACK = acetate kinase, FPR = formyl
phosphate reductase, FTL = formate tetrahydrofolate ligase, MTC = methylene tetrahydrofolate
cyclohydrolase, MTD = methylene tetrahydrofolate dehydrogenase, T4F = tetrahydrofolate, spon. =

spontaneous hydrolysis.

Another way to activate carboxylic groups prior to reduction is through phosphorylation.
Recently, a three-enzyme route was proposed, in which formate is first activated to formyl
phosphate (using acetate kinase, ACK), transferred to CoA via phosphate acetyl transferase

(PTA) and further reduced by ACR??¢. However, as this route also relies on an ACR, it faces
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the same interference with the acetyl-CoA pool. To circumvent these challenges, the direct
reduction of formyl phosphate would be a highly attractive alternative; however, such activity

has not been described in the literature so far.

Here, we sought to establish the direct reduction of formyl phosphate into formaldehyde
through engineering a formyl phosphate reductase (FPR). We described promiscuous FPR
activity in four enzyme families and identified a variant of N-acetyl-y-glutamyl-phosphate
reductase from Denitrovibrio acetiphilus (DaArgC) that produces relevant levels of
formaldehyde from formate in vivo when co-produced with ACK. Using a semi-rational
enzyme engineering approach, we identified a triple variant (DaArgC3) that shows a
complete loss of the native enzyme activity, a 300-fold shift in specificity towards formyl
phosphate and decreased side-reactivity with acetyl phosphate. We further showed that in
combination with ACK, DaArgC3 operates at the thermodynamically possible limit,
outcompeting any other solution for the conversion of formate into formaldehyde. When
interfaced with the FORCE pathway?, our ACK-DaArgC3 route is kinetically and
thermodynamically superior to any other cascade, thus representing the most efficient route

towards C2-compounds from formate described thus far.

Materials & Methods

Chemicals

Chemicals were obtained from Sigma-Aldrich (Munich, Germany) and Carl Roth GmbH
(Karlsruhe, Germany). Biochemicals and commercial enzymes were obtained from Thermo
Fisher Scientific (St. Leon-Rot, Germany) and New England Biolabs GmbH (Frankfurt am
Main, Germany). Gel and Plasmid purification kits were procured from Machery Nagel

(Diiren, Germany).

Strains and Plasmids

Strains and plasmids are listed in Tables 1-2. Primers (Table 3) were obtained from Eurofins

MWG GmbH (Ebersberg, Germany). Gene fragments were ordered from TWIST Bioscience
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(San Francisco, USA). Sequencing was performed by Microsynth Seqlab (Géttingen,

Germany)

Table 1 Bacterial strains

strain genotype use manufacturer

BL21 (DE3) E. coli str. B F— ompT gal dem lon protein production  Invitrogen
hsdSB(rB-mB-) A(DE3 [lacl lacUV5-T7p07
ind1 sam7 nin5]) [malB+]K-12(AS)

BL21 (DE3) 4frmRAB BL21 (DE3) AfrmRAB::Kan protein production  Ari
Satanowski,
MPI Marburg
BL21 (DE3) 4frmRAB BL21 (DE3) AfrmRAB ApflAB protein production  Hai He,
ApflIAB MPI Marburg
DH5a fhuA2 A(argF-lacZ)U169 phoA ginV44 @80  vector Invitrogen
A(lacZ)M15 gyrA96 recA1 relA1 endA1 thi-  propagation,
1 hsdR17 cloning

Restriction ligation cloning (RELC)

In vivo construct pCDFDuet-1_EcAckA_DaArgC was constructed using standard RELC.
First, pCDFDuet-1 and pET28a_DaArgC were digested at 37 °C, 1 h with Ndel and Xhol, with
FastAP supplemented to pCDFDuet-1 (Thermo Scientific), gel purified and ligated at 16 °C,
overnight using T4 ligase (NEB). Ligation reactions were heat-inactivated at 65 °C and
transformed into chemocompetent E. coli DH5a. Individual clones were evaluated for
successful integration using Microsynth T7term primer. In the next step, RELC was performed
with the resulting pCDFDuet-1_DaArgC and pCA24N_EcAckA using BamHI and HindIII as
described above. Successful integration was evaluated by sequencing with DuetDOWNI1

(AddGene)

Golden Gate (GG) vector construction

The primer and vector combinations for GG vector construction are given in Table 4.

GG parental vectors pCDFDuet-1_EcAckA_GFP and pET28a_GFP were constructed by
Golden Gate cloning. Fragments were amplified using NEB Q5 polymerase in a FlexCycler?
(Analytic Jena). Annealing temperatures were calculated by NEB Tm calculator v1.13.0. PCR

product was purified and eluted in water. GG reactions were set up using NEB T4 ligase and
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buffer as well as NEB Bsal-HF V2. Cycles were 15x 1.5 min, 37°C and 3 min, 16 °C. After
ligation, the reactions were kept at 16 °C. GG reaction was transformed into chemocompetent
E. coli DH5a without purification. Successful integration was evaluated by green/white

screening of the colonies and sequencing with Microsynth primer T7term.

For GG constructs based on the parental constructs, gene fragments were either produced in
the identical fashion or obtained with appropriate GG overhangs and codon-optimized for E.
coli from TWIST Biosciences. In the GG reaction, after 15 cycles, T4 ligase was inactivated by
heat-shock at 50 °C, 5 min, permitting removal of relegated Bsal sites. Finally, Bsal was

inactivated at 80°C and the reactions were treated as described above.

ISM library generation of DaArgC

pCDFDuet-1_EcAckA_DaArgC was mutated using degenerated primers. During the course
of the ISM, primers were adjusted to include the mutations found during screening. PCR
reactions were run in a FlexCycler? (Analytic Jena) using the saturation mutagenesis protocol
for NEB Q5 polymerase and annealing temperatures calculated by the NEB Tm calculator
v1.13.0. PCR products were gel purified and digested at 37 °C overnight using Thermo Fisher
Dpnl. After PCR purification, the DNA was transformed into E. coli DH5a and evaluated for

successful integration by sequencing with Microsynth T7term primer.
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Table 2 Plasmids

name relevant genotype UniProt-ID  source
insert
pCA24N_EcAckA CamR, Escherichia coli ackA, Plac ASKA collection?”
pCA24N_ecASD CamR, Escherichia coli asd, Plac ASKA collection?”
pCA24N_EcArgC CamR, Escherichia coli argC, Plac ASKA collection®”
pCA24N_ecGapA CamR, Escherichia coli gapA, Plac ASKA collection®”
pCA24N_ecProA CamR, Escherichia coli proA, Plac ASKA collection?”
pCDFDuet-1 StrepR, lacl - Novagen
pCDFDuet-1_EcAckA_GFP StrepR, Escherichia coli ackA, sfGFP, POAGA3 This study
Plac
pCDFDuet-1_EcAckA_AtArgC StrepR, Escherichia coli ackA, POABA3/ This study
Arabidopsis thaliana argC, Plac Q93770
pCDFDuet-1_EcAckA_BcArgC StrepR, Escherichia coli ackA, Bacillus POAGA3/ This study
clausii argC, Plac Q5WEW7
pCDFDuet-1_EcAckA_CsArgC StrepR, Escherichia coli ackA, POAGA3/ This study
Caldicellulosiruptor saccharolyticus A4XIN9
argC, Plac
pCDFDuet-1_EcAckA _DaArgC StrepR, Escherichia coli ackA, POAGBA3/ This study
Denitrovibrio acetiphilus argC, Plac D4H3H4
pCDFDuet-1_EcAckA_DaArgC1  StrepR, Escherichia coli ackA, POAGA3/ This study
Denitrovibrio acetiphilus argC G182V, D4H3H4
Plac
pCDFDuet-1_EcAckA_DaArgC2 StrepR, Escherichia coli ackA, POAGAS3/ This study
Denitrovibrio acetiphilus argC S178V D4H3H4
G182V, Plac
pCDFDuet-1_EcAckA _DaArgC3 StrepR, Escherichia coli ackA, POAGBA3/ This study
Denitrovibrio acetiphilus argC S178V D4H3H4
G182V L233I, Plac
pCDFDuet- StrepR, Escherichia coli ackA, POABA3/ This study
1_EcAckA_DaArgC2* Denitrovibrio acetiphilus argC S178V, D4H3H4
Plac
pCDFDuet- StrepR, Escherichia coli ackA, POABA3/ This study
1_EcAckA_DaArgC3* Denitrovibrio acetiphilus argC S178V D4H3H4
L233l, Plac
pCDFDuet-1_EcAckA EcArgC StrepR, Escherichia coli ackA, POABA3/ This study
Escherichia coli argC, Plac P11446
pCDFDuet- StrepR, Escherichia coli ackA, POABA3/ This study
1_EcAckA_EcPTArgC Pseudidiomarina taiwanensis argC, AO0A432ZG
Plac 32
pET28a_GFP KanR, sfGFP - This study
pET28a_AtArgC KanR, Arabidopsis thaliana argC, Plac Q93770 This study
pET28a_BcArgC KanR, Bacillus clausii argC, Plac Q5WEW7 This study
pET28a_CsArgC KanR, Caldicellulosiruptor A4XJIN9 This study
saccharolyticus argC, Plac
pET28a_DaArgC KanR, Denitrovibrio acetiphilus argC, D4H3H4 This study
Plac
pET28a_DaArgC1 KanR, Denitrovibrio acetiphilus argC D4H3H4 This study
G182V, Plac
pET28a_DaArgC2 KanR, Denitrovibrio acetiphilus argC D4H3H4 This study
S178V G182V, Plac
pET28a_DaArgC3 KanR, Denitrovibrio acetiphilus argC D4H3H4 This study
S178V G182V L233I, Plac
pET28a_DaArgC2* KanR, Denitrovibrio acetiphilus argC D4H3H4 This study
G182V, Plac
pET28a_DaArgC3* KanR, Denitrovibrio acetiphilus argC D4H3H4 This study
S178V L233|, Plac
pET28a_EcPTArgC KanR, Pseudidiomarina taiwanensis AO0A432ZG  This study
argC, Plac 32
pET28a_StAckA KanR, Salmonella typhimurium ackA, P63411 TWIST Bioscience

pMC_V_01_Part Entry sfGFP

Plac
AmpR, sfGFP

Stukenberg et al.?8
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Table 3 Oligonucleotide primers. Bold font indicates Bsal recognition site, lines indicate

oligonucleotide overhangs. Degenerate codons are indicated in italics.

name Sequence

28a_RDM_fw GAGCGAGAGAGACCGCTGCTAACAAAGCCCG

28a_RDM_rv GAGCATAAGAGACCGTGATGATGATGATGATGGC
28a_Bsal_fw GAGGGTCTCACGAGCACCACCACC

28a_Bsal_rv GAGGGTCTCACATATGGTATATCTCCTTCTTAAAGTTAAAC
ASKA-argC_Bsal_fw GTTGGTCTCATATGTTGAATACGCTGATTGTGGG
ASKA_CDFDuet_Bsal_rv GACGGTCTCGCTCGAGTTAGCGGCCGCATAGG

AtArgC_fw GTTGGTCTCATATGAGTACCGCAAGC

AtArgC_rv GACGGTCTCGCTCGAGCGGGAACAGGGGTTG

BcArgC_fw GTTGGTCTCATATGGAAGTTGGCATTATTGG

BcArgC_rv GACGGTCTCGCTCGAGCGGGTACATAGGAACTG

CsArgC_fw GTTGGTCTCATATGATCAAAGCCAGCATTATTGG

CsArgC_rv GACGGTCTCGCTCGAGAAAATATTCACCAACAATGACC
DaArgC_RDM_fw GAGGGTCTCATATGAAGGTTTCGGTTATCGG
DaArgC_RDM_rv GAGGGTCTCGCTCGAGTTATAAGATCCCG

DaArgC_fw GTTGGTCTCATATGAAGGTTTCGGTTATCG

DaArgC_rv GACGGTCTCGCTCGAGTAAGATCCCGAGTGTATCG
DaArgC_S178_NNK GATCATTGCGGACTCCAAANNKGGGGTGACCGGGGCCGGTC
DaArgC_S178_rv GGAGTCCGCAATGATCCCCTCTGGTGAGATCAAGCCGGCC
DaArgC_G182_NNK CTCCAAATCTGGGGTGACCNNKGCCGGTCGTAAGGCCGAC
DaArgC_G182_rv GGTCACCCCAGATTTGGAGTCCGCAATGATCCCCTCTGG
DaArgC_A183_NNK CAAATCTGGGGTGACCGGGNNKGGTCGTAAGGCCGACATTG
DaArgC_A183_rv CCCGGTCACCCCAGATTTGGAGTCCGCAATGATCCCCTC
DaArgC_Y203_NNK CAATGAGGACTTTCGTCCTNNKGCCATTTTCTCACACCGTC
DaArgC_Y203_rv GGACGAAAGTCCTCATTGCACTCACAGAAGGAATACGC
DaArgC_L233_WDK CGTCTTATTCACCCCGCACWDKATCCCTGCAAGTAAGGGC
DaArgC_L233 rv GTGCGGGGTGAATAAGACGTTCGTCTCTTTTCCAGTCTC
DaArgC_GV_S178_NNK GATCATTGCGGACTCCAAANNKGGGGTGACCGTGGCCGGTC
DaArgC_GV_A183_NNK CAAATCTGGGGTGACCGTGNNKGGTCGTAAGGCCGACATTG
DaArgC_GV_A183_rv CACGGTCACCCCAGATTTGGAGTCCGCAATGATCCCCTC
DaArgC_SV-GV_A183_NNK CAAAGTGGGGGTGACCGTGNNKGGTCGTAAGGCCGACATTG
DaArgC_SV-GV_A183_rv CACGGTCACCCCCACTTTGGAGTCCGCAATGATCCCCTC
DaArgC_S178V-G182_fw CAAAGTGGGGGTGACCGGGGCCGGTCGTAAGGCC
DaArgC_S178V-G182_rv GGCCTTACGACCGGCCCCGGTCACCCCCACTTTG
GFP_Bsal_fw GAGTATGAGAGACCTCGTGAGACGGAAAGTGAAAC
GFP_Bsal_rv GAGCTCGAGAGACCCATGAGACGTATAAACGCAG
EcPTArgC_fw GTTGGTCTCATATGCACCAGGAAAAAAGC

EcPTArgC_rv GACGGTCTCGCTCGAGCAACACGGCACTACG
pCDF_Bsal_fw GAGGGTCTCACGAGTCTGGTAAAGAAAC

pCDF_Bsal_rv GAGGGTCTCACATAATGTATATCTCCTTCTTATAC

Duet_ DOWN1 GATTATGCGGCCGTGTACAA

T7term TGCTAGTTATTGCTCAGCGG

RDM_DaArgC_fw CATCATCATCATCACGGTCTCTTATG

RDM_DaArgC_rv GCAGCGGTCTCTCTCGAGTTA
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Table 4 Golden Gate construction of plasmids. Gene fragments are indicated by *. Conditions given

for DaArgC also apply to DaArgC variants.

construct insert/template primer fw primer rv
DaArgC3_RDM_template pCDFDuet- DaArgC_RDM_fw DaArgC_RDM_rv
1_EcAckA _DaArgC3
pET28a 28a_RDM_fw 28a_RDM _rv
pCDFDuet- pCDFDuet- pCDF_Bsal_fw pCDF_Bsal_rv
1_EcAckA_GFP 1_EcAckA_DaArgC
pMC_V_01_Part Entry GFP_Bsal_fw GFP_Bsal_rv
sfGFP
pET28a_GFP pET28a 28a_Bsal_fw 28a_Bsal_rv
pMC_V_01_Part Entry GFP_Bsal_fw GFP_Bsal_rv
sfGFP
pCDFDuet- AtArgC*

1_EcAckA_AtArgC

pCDFDuet-
1_EcAckA_BcArgC

pCDFDuet-
1_EcAckA_CsArgC

pCDFDuet-
1_EcAckA_DaArgC

pCDFDuet-
1_EcAckA_EcArgC

pCDFDuet-
1_EcAckA _EcPTArgC

pCDFDuet-1_EcAckA_GFP
BcArgC*

pCDFDuet-1_EcAckA_GFP
CsArgC*

pCDFDuet-1_EcAckA_GFP
DaArgC*

pCDFDuet-1_EcAckA_GFP
pCA24N_EcArgC

pCDFDuet-1_EcAckA_GFP
EcPTArgC*

pCDFDuet-1_EcAckA_GFP

ASKA-argC_Bsal_fw

ASKA_CDFDuet_Bsal_rv

pET28a_GFP pCDFDuet-1_EcAckA_GFP  GFP_Bsal_fw GFP_Bsal_rv
(pET28a)
pET28a 28a_Cterm_Bsal_fw  28a_Cterm_Bsal_rv
pET28a_AtArgC pCDFDuet- AtArgC_fw AtArgC_rv
1_EcAckA_AtArgC
pET28a_GFP
pET28a_BcArgC pCDFDuet- BcArgC _fw BcArgC_rv
1_EcAckA_BcArgC
pET28a_GFP
pET28a_CsArgC pCDFDuet- CsArgC_fw CsArgC_rv
1_EcAckA _CsArgC
pET28a_GFP
pET28a_DaArgC pCDFDuet- DaArgC_fw DaArgC_rv
1_EcAckA_DaArgC
pET28a_GFP
pET28a_EcPTArgC pCDFDuet- EcPTArgC_fw EcPTArgC_rv
1_EcAckA_EcPTArgC
pET28a_GFP

Random mutagenesis of DaArgC3

The template for random mutagenesis, DaArgC3_RDM_template, was constructed using a

pET28a backbone by Golden Gate as depicted in Table 4. From this template, DaArgC3 was
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randomized using primers RDM_DaArgC_fw and RDM_DaArgC_rv in a 50 pl reaction
containing 1x Mg-free Taq buffer (NEB), 7 mM MgClI2, 50 uM MnCl2, 400 pM dATP and
dGTP, 2 mM dTTP and dCTP, 400 uM of each primer, 5 ng/ul template and 1 pl Taq
Polymerase (NEB). The PCR was cycled at 95 °C, 30 sec initial denaturation, 30 cycles of 95°C,
30 sec melting, 66 °C, 1 min annealing, 68 °C, 2 min extension, with a final extension of 68 °C,
10 min. The product was PCR purified and directly used in a Golden Gate reaction with
pCDFDuet-1_EcAckA_GFP. After transformation, 10 individual clones were sent for
sequencing to determine the error rate. A library of a size of 2500 clones was generated by

washing the transformation plates with LB and performing a pooled DNA extraction.

Single site mutagenesis of DaArgC2 and DaArgC3

G182 was reconstructed in vectors pCDFDuet-1_EcAckA_DaArgC2 and pCDFDuet-
1_EcAckA_DaArgC3 using primers DaArgC_S178V-G182_fw and DaArgC_S178V-G182_rv.
Saturation mutagenesis was performed as described above. The resulting vector were
pCDFDuet-1_EcAckA_DaArgC2" and pCDFDuet-1_EcAckA_DaArgC3* were used as
template for onboarding of DaArgC2* and DaArgC3* into pET28a using the GG protocol

given above.

Protein purification

Protein purification was carried out in E.coli BL21 DE3 using the method published before®.

Phylogenetic analysis of the ArgC family

E.coli ArgC was analyzed using BLASTP 3° and 500 homologs were exported. Using hhfilter
31, all homologs with greater than 60% identity to the E.coli variant were excluded, resulting
in 118 sequences. The tree was constructed in MEGA X32. The evolutionary history was
inferred using the Neighbor-Joining method #. The bootstrap consensus tree inferred from 50
replicates was taken to represent the evolutionary history of the taxa analyzed’‘. Branches

corresponding to partitions reproduced in less than 50% bootstrap replicates were collapsed.
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Evolutionary distances were computed using the Poisson correction method and are in the
units of the number of amino acid substitutions per site. All ambiguous positions were
removed for each sequence pair (pairwise deletion option). There were 1203 positions in the

final dataset.

SDS-PAGE analysis of protein production

BL21 DE3 AfrmRAB or BL21 DE3 AfrmRAB ApflAB containing pCDFDuet-1_EcAckA_xxArgC
were grown in 600 pl LB 50 pg/ml streptomycin in 2.0 ml 96 Deep Well Plates with V Bottom
(Plate One) and grown overnight. The following day, the cultures were transferred 30 ul into
600 ul M9 20 mM glucose, 50 pg/ml streptomycin, grown for 2 h at 37°C, cooled to 25 °C,
induced with 250 uM IPTG and grown for 16 h at 25 °C. After expression, cells were harvested
and resuspended in 50 ul H20. 5 pl of the suspension were added to 5 pl of water and 10 pl
of SDS loading buffer (Thermo Fisher) and heated at 95 °C for 30 min. 10 pl of the resulting
sample were separated on a commercial SDS gel (BioRad) and stained with Simply Blue

SafeStain (Invitrogen).

Crystallization of DaArgC and DaArgC3

DaArgC and DaArgC3 were purified as described above. Immediately after affinity
purification, the eluate was loaded onto a HiLoad 16/600 Superdex 200 pg column (GE
Healthcare) equilibrated in SEC Buffer (75 mM KCl, 25 mM HEPES-KOH pH 7.8). Fractions
corresponding to dimeric enzyme were collected, pooled and concentrated to 10 mg/mL on
10,000 MWCO filters (Amicon Ultra). Enzyme purity was evaluated via SDS page. Crystal
plates were set up using the sitting drop vapor diffusion method, diluting equal volume of
enzyme in reservoir solution. The reservoir solution for DaArgC contained 0.2 M potassium
bromide, 0.2 M potassium thiocyanate, 0.1 M sodium cacodylate pH 6.5, 3 % w/v y-PGA (Na*
form, LM) and 2 % v/v PEG 500 MME and the reservoir for DaArgC3 contained 0.2 M sodium
chloride, 0.1 M HEPES pH 7.5 and 25%(w/v) PEG 4000.

X-ray diffraction data for DaArgC and DaArgC3 were collected at the Beamline ID30B

(European Synchrotron Radiation Facility, Grenoble, France). All images were processed
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using XDS %. The datasets were scaled using Scala of the CCP4 program suite 3. The Phenix
software package % was used to perform molecular replacement (PhaserMR) for phasing of
both datasets by using the N-acetyl-y-glutamyl-phosphate reductase from Shigella flexneri
(PDB 3dr3) as search model 3. Initial models were built with phenix.autobuild and refined
with the phenix.refine and Coot¥. Data collection and refinement statistics are provided in

Table 5.

Table 5. Data collection and refinement statistics.

DaArgC DaArgC3
Data collection
Beam line ESRF ID30B ESRF ID30B
Wavelength (A) 0.97625 0.97625
Space group 12 P 212124
Cell dimensions
a, b, c(A) 86.7,77.8,122.0 91.9, 109.6, 133.2
o, B,y (%) 90.0, 92.9, 90.0 90.0, 90.0, 90.0

Unique reflections
Resolution (A)

merge

55250 (5200)
42.69 -1.99 (2.06 - 1.99)
0.02854 (0.2347)

66892 (6707)
42.31 -2.194 (2.27 -2.19)
0.03863 (0.1318)

1/ o(l) 13.45 (2.91) 13.50 (5.56)
CCir 0.999 (0.936) 0.996 (0.952)
Completeness (%) 99.13 (93.33) 96.33 (97.87)
Redundancy 6.5 (6.5) 3.2(3.2)
Refinement
No. reflections 55208 (5191) 66884 (6707)
Ruwork | Riree 0.1843/0.2152 0.1883/0.2069
No. atoms (non-hydrogen) 5439 10561

Protein 5217 10023

Ligand/ion 2 Na* 4 Na*

Water 220 534
B-factors (average) 45.76 38.56

Protein 45.62 38.44

Ligand/ion 35.60 32.98

Water 49.11 40.84
R.m.s. deviations

Bond lengths (A) 0.014 0.004

Bond angles (°) 1.220 0.680
Rotamer outliers (%) 0.35 0.37
Ramachandran favored (%) 97.45 96.26
Ramachandran outliers (%) 0.30 0.31
PDB ID 8AFU 8AFV

Values in parentheses are for highest-resolution shell.

Formyl phosphate synthesis

To an aqueous solution of dipotassium phosphate (1 mL, 1 M, 1 equiv.), acetic formic
anhydride (0.106 g, 1.2 equiv.) was added. The solution was mixed shortly and monitored by
SIP{"H}-NMR. The first measurement after 1 minute shows that 59% of dipotassium phosphate

was converted to formyl phosphate. (Supplementary Fig. 2-4)
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The decomposition of formyl phosphate was carried out under similar conditions applied in
the enzymatic process. An aliquot of a solution of dipotassium phosphate prepared as
described above (0.1 mL) was added to a solution of MOPS buffer 0.5 M and magnesium
chloride 0.01 M (0.9 mL) mixed shortly and directly monitored via 3'P{'"H}-NMR. The
concentration of formyl phosphate linearly decreased at a rate of -0.34 %min?

(Supplementary Fig. 5).

NMR analysis

"H- NMR measurements for the formic acetic anhydride synthesis were conducted at room
temperature on a Bruker AS 400 (Bruker Corporation, Billerica, MA, USA) spectrometer. The
chemical shift 0 is given in ppm and was referenced to the solvent residual signal. 'H- and 3'P-
measurements for the formyl phosphate formation and decomposition were conducted at

30 °C on a Bruker AV 300 spectrometer.

Spectrometric analysis

All photo-spectrometric assays were carried out in 100 pl of reaction volume in a High
Precision Cell 10 mm Light Path quartz cuvette (Hellma Analytics) using a CARY 60 UV-Vis
Spectrophotometer (Agilent) Kinetic program. Unless otherwise mentioned, components
were added to the cuvette in the order that they are listed, and the last indicated component
was used to start the reaction. NAD(P)H consumption or production was assessed by tracking

the absorbance at 340 nm in 0.5 s intervals over time.

Kinetics of AckA on formate. Reactions were measured at 37 °C and contained 100 mM
HEPES-KOH pH 7.5, 10 mM MgClz, 1 mM ATP, 250 puM NADH, 5 mM PEP, 1:40 PK/LDH
mix and 0.1 uM ACKA. Formate concentrations were 3, 10, 20, 50, 150 and 300 mM. Initial

velocities were determined and a Michaelis Menten kinetic was constructed.

Activity of DaArgC on N-acetyl-y-glutamyl phosphate. Reactions were measured at 30 °C
and contained 100 mM MOPS pH 7.0, 10 mM MgClz, 5 mM ATP, 250 uM NADPH,1 uM ArgB,
0.1 uM DaArgC and 50 mM N-acetyl-y-glutamate.
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Activity of DaArgC on acetyl phosphate. The Assay was carried out at 30 °C in an Infinite M
PLEX plate reader (Tecan) on half-well plates (Greiner) with a liquid column height of 4 mm.
Reactions contained 100 mM MOPS pH 7.0, 10 mM MgClz, 250 uM NADPH, 1 uM DaArgC

and 50 mM acetyl phosphate.

Formaldehyde detection via Nash assay

Formaldehyde was detected by reaction with the Nash reagent: 2 M ammonium acetate, 20
mM acetyl acetone and 50 mM acetic acid. Samples were diluted 1:1 into the reagent. Where
required, a formaldehyde calibration curve in the sample matrix was added for quantification.
After incubation for 1 h at 37 °C, the brightly yellow diacetyldihydrolutidine was formed,
which was detected by fluorescence measurements at 412 nm excitation/ 505 nm emission in
both 96-well and 384-well formats in an Infinite M PLEX plate reader (Tecan). Side-reactivity

with formyl phosphate, formyl-CoA or acetaldehyde was not observed (Fig. SI 6).

In vitro reactions
Reactions were carried out at 30°C and started by addition of formate. Samples were taken
in regular intervals as indicated below. Samples were quenched 1:1 in 10% formic acid, then

one volume equivalent of Nash reagent was added for detection.

Comparison of formyl phosphate reductases. Reactions contained 100 mM MOPS-KOH pH
7.0, 10 mM MgClz, 5 mM ATP, 1 mM CoA, 250 uM NAD(P)H, 50 mM formate, 2 uM EcAckA
and 2 uM of ArgC, ASD, GapA or ProA. Time points were taken at 1, 5, 10 and 15 min.

Comparison of ArgC homologs. Reactions contained 100 mM MOPS-KOH pH 7.0, 10 mM
MgClz, 5 mM ATP, 250 uM NADPH, 50 mM formate, 1 puM EcAckA and 5 uM ArgC. Time

points were taken at 1.5, 5, 10 and 20 min.

Characterization of DaArgC. Reactions contained 100 mM MOPS-KOH pH 7.0, 10 mM
MgClz, 5 mM ATP, 250 uM NADPH, 200 mM ammonium formate (and/ or 200 mM
ammonium acetate), 10 uM EcAckA and 1 uM DaArgC (if doubled; 20 or 2 uM enzyme). Time

points were taken at 0.5, 1, 2 and 3 min.
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In vitro characterization of variants on NADPH and NADH. Reactions contained 100 mM
MOPS-KOH pH 7.0, 10 mM MgClz, 5 mM ATP, 250 uM NADPH or 250 uM NADH, 50 mM
ammonium formate, 2 uM EcAckA and 2 uM DaArgC. Time points were taken at 1, 5, 10 and

15 min.

Kinetic characterization of DaArgC variants. After measurements, initial slopes were
calculated and Michaelis Menten plots were constructed. Formyl phosphate. Formyl
phosphate was produced as described above. The synthesis was incubated for 1 min before
being added 1:10 into the enzymatic reaction containing 500 uM MOPS pH 7.0, 10 mM MgCls,
1 mM NADPH and 5 uM DaArgC variant. Time points were taken at 1, 2, and 3 min. NADPH.
Reactions contained 100 mM MOPS-KOH pH 7.0, 10 mM MgCl;, 5 mM ATP, 500 mM
ammonium formate, 10 uM EcAckA and 1 uM of DaArgC variants. NADPH was added in
the range of 2.5 uM up to 500 uM. Time points were taken at 1, 2 and 3 min for DaArgC,
DaArg(C2* and DaArgC3* and 1, 3 and 5 min for DaArgC1-3. NADH. Reactions contained 100
mM MOPS-KOH pH 7.0, 10 mM MgClz, 5 mM ATP, 250 mM ammonium formate, 10 uM
EcAckA and 1 pM of DaArgC variants NADH was added in the range of 10 pM up to 2000
uM. Time points were taken at 1, 4 and 8 min. Initial slopes were calculated and Michaelis

Menten plots were constructed.

Lysate reactions

Lysate activity of pCDFDuet-1_EcAckA_DaArgC. pCDFDuet-1_EcAckA_DaArgC was
transformed into BL21 DE3 AfrmRAB. The next day, 30 ml overexpression culture was
grown to OD in LB at 37 °C, cooled to 25 °C, induced by addition of 250 uM IPTG and
incubated overnight at 25 °C. The next day, the culture was spun down and the resulting
pellet resuspended in 500 ul CellLytic™ B Cell Lysis Reagent (Sigma Aldrich). After
incubation at room temperature for 10 min, the cell debris was spun down and the lysate
stored on ice. Formaldehyde production was assayed in reactions containing 100 mM
MOPS-KOH pH 7.0, 10 mM MgClz, 5 mM ATP, 250 uM NADPH, 50 mM formate and 1:10
lysate. Two controls were additionally supplemented with 5 uM purified EcAckA or

DaArgC. Time points were taken at 0, 20, 40 and 60 min.
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In vivo reactions

pCDFDuet-1 and pCDFDuet-1_EcAckA_DaArgCx were transformed into BL21 DE3
AfrmRAB or BL21 DE3 AfrmRAB ApflAB. LB overnight cultures were set up in triplicates. The
next day, 600 pul M9 + 20 mM glucose was inoculated with 30 pl overnight culture and
grown on 2.0 ml 96 Deep Well Plates with V Bottom (Plate One) for 2 h at 37 °C. Cells were
induced by addition of 250 uM IPTG, and incubated 16 h at 25 °C. The next day, formate
was added to the reaction, incubated at 30 °C and time points were taken as indicated,

stored at -20°C and then quantified.

In vivo activity of pCDFDuet-1_EcAckA_DaArgC. 50 mM ammonium formate was added
to the cells. Time points were taken at 0, 1, 2 and 4 h. The identical method was applied to

evaluate the in vivo activity of the ArgC homologs.

ISM of DaArgC. Single colonies of transformed ISM libraries were directly inoculated into
600 ul M9 + 20 mM glucose and grown for 8 h at 37°C before proceeding as described above.
50, 25 or 5 mM of ammonium formate were added to the supernatant. Samples were taken at

2or4h.

RDM of DaArgC. Libraries and controls were transformed into BL21 DE3 AfrmRAB. Using a
PIXL Colony Picking Robot (Singer Instruments), cell were picked into 100 ul LB 50 ug/ml
Kanamycin, 50 pg/ml streptomycin in a 384-well format. Cells were grown overnight at 1000
rpm in an Infors Multitron incubator set to 80% humidity. From the master plate, 30 pl culture
were transferred into 600 ul M9 50 pg/ml Kanamycin, 50 pg/ml streptomycin + 20 mM glucose
and at 37 °C for 2 h on 2.0 ml 96 Deep Well Plates with V Bottom (Plate One). Cultures were
induced with 250 uM IPTG and incubated 16 h at 25 °C. 5 mM ammonium formate was added

and samples were taken at 4 h.

In vivo activity of pCDFDuet-1_EcAckA_DaArgC variants. 500, 50, 5 or 0 mM ammonium
formate were added to the cells. Time points were taken at 0, 1, 2 and 4 h. Slopes were

calculated using linear regression.
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Statistics
Data was evaluated in GraphPad Prism 9. Data was fit using the linear regression and
Michaelis Menten tools using standard settings. Where relevant, mean and standard error

were calculated by the program.

LC-MS detection of glycolyl-CoA

Glycolyl-CoA production was detected by LC-MS. Reactions contained 100 mM MOPS-KOH
pH 7.0, 10 mM MgCl2, 150 pM ThDP, 0.5 mM ADP, 5 mM ATP, 0.5 mM CoA, 250 uM
NADPH, NAD+ and/or NADH and/or 0.5 mM KxHyPOs pH 6.9, 10 uM MeOXC4 and 5 uM of
LmACR, EcAckA, DaArgC, BsACS and/or EcPTA as well as 200 mM NHas formate.

Quantitative determination of glycolyl-CoA was performed using a LC-MS/MS. The
chromatographic separation was performed on an Agilent Infinity II 1290 HPLC system using
a Kinetex EVO C18 column (150 x 1.7 mm, 3 um particle size, 100 A pore size, Phenomenex)
connected to a guard column of similar specificity (20 x 2.1 mm, 5 um particle size,
Phenomoenex) a constant flow rate of 0.25 ml/min with mobile phase A being 0.1 % formic
acid in water and phase B being 0.1 % formic acid methanol (Honeywell, Morristown, New
Jersey, USA) at 40° C. The injection volume was 2 ul. The mobile phase profile consisted of
the following steps and linear gradients: 0 — 1 min constant at 5 % B; 1 — 4.5 min from 5 to 80
% B; 4.5 — 5.5 min constant at 80 % B; 5.5 — 5.6 min from 80 to 5 % B; 5.6 to 8 min constant at 5
% B. An Agilent 6470 mass spectrometer was used in positive mode with an electrospray
ionization source and the following conditions: ESI spray voltage 5500 V, nozzle voltage 500
V, sheath gas 400° C at 11 1/min, nebulizer pressure 20 psig and drying gas 100° C at 5 I/min.
Compounds were identified based on their mass transition and retention time compared to
standards. Chromatograms were integrated using MassHunter software (Agilent, Santa
Clara, CA, USA). Absolute concentrations were calculated based on an external calibration
curve prepared in sample matrix. Mass transitions, collision energies, Cell accelerator voltages
and Dwell times have been optimized using chemically pure standards. Parameter settings

are given in Table 6.
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Table 6 Parameter settings for LC-MS detection of glycolyl-CoA

Compound Quantifier Collision Qualifier Collision Dwell Fragmenter | Cell
Energy Energy voltage Accelerater
Volatege
Glycolyl-CoA [826.1>319.4 |24 826.1>428.4 |25 200 140 5
Results

Acetate kinase as formate kinase

To establish the formyl phosphate route, we first focused on identifying a formate kinase
(FOK) that could catalyze the phosphorylation of formate. Only very few examples of FOK
activity have been reported, however, no corresponding genes have been identified, thus far?.
Nevertheless, an acetate kinase from Salmonella typhimurium (StAckA) was described to
catalyze the phosphorylation of formate?. We characterized the FOK activity of StAckA and
its E.coli homolog (EcAckA) in more detail. Based on its slightly more favorable catalytic
properties, we chose EcAckA for our formate reduction cascade (Table 7, Supplementary Fig.

7).

Table 7. Kinetic parameters of acetate kinases on formate.

K, app (mM) Keat, app (5'1) Keat! Km (M'1S'1)
EcAckA 106 = 10 22+0.9 2.1x102
StAckA 1179 16 £ 0.5 1.4 x 102

Phylogenetic screening reveals enzymes with formyl phosphate reductase activity
Next, we focused on identifying a formyl phosphate reductase (FPR). While the reduction of
formyl phosphate into formaldehyde has not been described, thus far, the reduction of acyl-
phosphates into aldehydes is known to occur naturally. We evaluated four different
reductases that catalyze such reactions for activity towards formyl phosphate: N-acetyl-y-
glutamyl phosphate reductase (ArgC), aspartate semialdehyde dehydrogenase (ASD),
glyceraldehyde-3-phosphate dehydrogenase (GapA) and y-glutamyl phosphate reductase

(ProA) (for their native reactions, see Fig. SI 8). Because formyl phosphate is unstable and
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difficult to isolate, we produced it in situ using ECAckA. When testing the four candidates
from E. coli (ecASD, EcArgC, ecGapA, ecProA), we detected FPR activity in all cases, albeit at
very low rates (Fig. 2a). EcArgC and ecGapA performed best under the chosen conditions,
with formaldehyde production rates of 2.2 puM/min and 1.9 uM/min, respectively. GapA is a
key enzyme in glycolysis and uses NADH-as cofactor, while ArgC is involved in arginine
biosynthesis and NADPH-dependent. We reasoned that an NADPH-dependent enzyme
might be better suited for in vivo applications, due to the higher NADPH/NADP* ratio, which
would strongly favor the reduction reaction. Hence, we chose ArgC as FPR candidate for

further engineering®.

Next, we constructed a phylogenetic tree of 118 ArgC homologs and selected five
representative variants from distinct clades for further biochemical characterization (Fig. 2b).
While four of the homologs displayed no FPR activity, ArgC from D. acetiphilus (DaArgC)
showed a formaldehyde production rate of 8 uM/min, a 4-fold higher activity than EcArgC
(Fig. 2¢).
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S i ArgC 3 S
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) g < 1901 ¢ BcArgC
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+—TT 1 0+ 40//j —
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Figure 2 Discovery of promiscuous formyl phosphate reductase activity in diverse metabolic
enzymes. a Comparison of multiple E.coli enzymes’ formyl phosphate reductase activity. ECAcCkA was
used to produce formyl phosphate in situ. The formaldehyde concentration was determined using the
Nash assay. Mean and standard error are shown. Data points were baseline-corrected against a no
formate control. Curves were fit using linear regression of the data points in GraphPad Prism 9.0.2. b
Phylogeny of ArgC homologs. 50x bootstrap Neighbor-Joining tree of homologs with < 60% identity to
EcArgC is shown. Chosen representative homologs are indicated on the tree. ¢ Comparison of ArgC
homologs regarding their activity toward formyl phosphate. Assay was performed as in A. at =
Arabidopsis thaliana, bc = Bacillus clausii, cs = Caldicellulosiruptor saccharolyticus, da = Denitrovibrio
acetiphilus, ec = Escherichia coli, pt = Pseudidiomarina taiwanensis.
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Initial characterization of the formate reduction module

We next reconstituted and tested the complete formyl phosphate route. When combining

purified DaArgC with excess concentrations of EcAckA in vitro, formaldehyde was produced

at a rate of 33 uM/min (Fig. 3a). We also observed activity of the cascade in bacterial lysate at

a rate of 1.1 uM/min, when using an inducible double expression system (pCDFDuet-

1_EcAckA_DaArgC) that produced both enzymes in approximately equal amounts, as judged

by SDS page analysis (Fig. 3b). Spiking purified enzyme into the lysate confirmed that

DaArgC was the rate-limiting enzyme.
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Figure 3 Characterization of the EcAckA + DaArgC cascade. a In vitro formaldehyde production.

Formaldehyde was detected by Nash assay. Mean and standard error are shown; n = 3. b Activity in

bacterial lysate. Purified DaArgC or EcAckA were added to lysate to determine the rate-limiting enzyme.

pur. = purified. Formaldehyde was detected as in A. Mean and standard error are shown; n = 3. ¢

Formaldehyde production by the cascade in BL21 DE3 AfrmRAB in the presence or absence of formate.

e.v. = empty vector. Formaldehyde was detected as in A. Mean and standard error are shown; n = 3. d
SDS-PAGE of EcAckA and DaArgC production in BL21 (DE3) AfrmRAB cells.
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In the following, we also demonstrated that the module was active in vivo, using E. coli BL21
DE3 AfrmRAB, in which the glutathione-dependent formaldehyde detoxification system was
knocked out. When adding 50 mM formate to a growing E. coli BL21 (DE3) AfrmRAB culture
transformed with pCDFDuet-1_EcAckA_DaArgC, we observed formaldehyde production at
roughly 10 uM/h. Induction and production of both EcAckA and DaArgC were required for
formaldehyde output (Fig. 3c). Formaldehyde production in the absence of formate was
marginal (likely caused by basal formate levels produced in cellulo by pyruvate-formate lyase
(PFL), see below) (Fig. 3c, Supplementary Fig. 9). Interestingly, DaArgC was the only ArgC
homolog that produced significant formaldehyde levels in the in vivo system (Supplementary
Fig. 10b). We also assessed cell survival under the assay conditions, as both formate and
formaldehyde are toxic to E.coli (Fig. SI 11). However, after incubation under the assay
conditions, all cells, including the controls (empty vector, DaArgC only, EcAckA only) could

be successfully rescued in LB medium (Supplementary Fig. 12).

Overall, this data demonstrated that the formyl phosphate route was active and showed in
vitro rates comparable to published cascades using formyl-CoA as intermediate (5 pM/min in
vitro, 10 uM/min in cell lysate, Supplementary Table 1), notably without any further

optimization’ ' 2, In vivo productivity of these routes had been observed, but not quantified.

Engineering DaArgC towards improved FPR activity

Although in vivo productivity of the formate-phosphate route was already at par with recently
reported systems, our lysate experiments had indicated that DaArgC was rate-limiting, likely
limiting formaldehyde production in vivo. Thus, we aimed at improving the enzyme’s FPR
activity through protein engineering. To that end, we solved the enzyme’s crystal structure

and identified key active site residues (Fig. 4a, Supplementary Fig. 13).

The ArgC active site can be divided into three parts, the NADPH-binding domain, the
catalytic site, and a substrate-binding channel. The catalytic site consists of catalytically active
C149 and the HRH motif (residues 208-210) responsible for binding the phosphate and

carbonyl group of the substrate (gray labelling in Fig. 4a).

46



A new-to-nature cascade for phosphate-dependent formate reduction

C Round 1

Round 2

g A ™~
b

parent plasmid

targeted or randem mutageneSIS

0 O

variant Ilhrary
I\ transformation /J

libraries in E.coli BL21 (DE3) AfrmRAB

L,,, growth and induction _J

P
formaldehyde
000000000000
\_ enzyme overproduction cultures )
Round 2* S178V

[formate] = 50 mM . og

[formate] = 25 mM

[formate] = 25 mM" o
o o

5 °

2 %

— e

[} A

-g- @ FEL s

= v Yuv

[ 8 24

K] &% 7590

© 33 208

£ a4

= a °

2
n =480 n=384 n =528 o
Round 3 S178V Round 4 S178V Round 5 S178V

[formate] = 5 mM

[formate] = 5 mM

B OO B a
= <
ardrir g

[

>

£

<

=3
=3
[ZE
D>

>z
qmmg}
<

E DO
L

[N

DO 4499 9K Db
<

=13

NS
S

B
DEKF

> d<dd<dd B

P49 SO
BRI <R <KD

g¥

<l

o

[ ]
B 99 JEDR
e

n=192

[formate] =5 mM

n =2304

o S5178-NNK
o G182-NNK

A183-NNK o L233-WDK
Y203-NNK o parent

= RDM

Figure 4 Enzyme engineering of DaArgC. a Cartoon depiction of the active site and substrate-binding
domain of DaArgC (PBD-ID 8AFU, resolution 2.0 A). NADPH (grey) is superimposed based on the
structure of Mycobacterium tuberculosis ArgC (PBD-ID 213G). The HRH motif responsible for binding

of the phosphate and carbonyl group of the native substrate and the cysteine forming a covalent

intermediate are labelled in light grey. Residues accommodating the branched side-chain of N-acetyl-

v-glutamyl phosphate are labelled in black. b Schematic depiction of the library screening method. ¢

Iterative Saturation and Random Mutagenesis of DaArgC. Variants of DaArgC were generated by

47



A new-to-nature cascade for phosphate-dependent formate reduction

Saturation Mutagenesis (Rounds 1-4) or Random Mutagenesis (RDM) and produced in BL21 DE3
AfrmRAB. Formate was added to the supernatant of the cultures as indicated on the top left of the
graphs. After incubation, samples were taken and formaldehyde was detected by Nash assay to
evaluate relative performance. Mutants displaying increased activity were used as parent in the next
round as indicated above the graphs. The NNK codon encode all 20 possible amino acids and one stop
codon. The WDK codon encodes one stop codon and 11 amino acids: C, F, K, I, L, M, N, R, S, W, Y.

Symbols represent individual measurements.

The substrate channel includes a GAG motif (residues 182-184) and surrounding residues that
accommodate the branched side-chain of N-acetyl-y-glutamyl phosphate (black labelling in
Fig. 4a). To increase ArgC activity with formyl phosphate, we aimed at improving
accommodation of formyl phosphate in the active site by introducing larger amino acid
residues in key positions to close up the active center of the enzyme, aiming to exclude native
substrate and improve binding of formyl phosphate. Thus, we targeted five residues of
DaArgC (5178, G182, A183, Y203 and L233) (Fig. 4a) and used iterative saturation mutagenesis
(ISM)#! to screen for favorable amino acid exchanges. ISM was performed in BL21 DE3
AfrmRAB transformed with variants of pCDFDuet-1_EcAckA_DaArgC. Individual colonies
were picked and subjected to in vivo screens for formaldehyde production using the Nash
assay (Fig. 4b). We screened approximately 4000 variants and incrementally lowered the
formate concentration from 50 to 5 mM to screen for DaArgC variants with improved Kw.
Round 1 of mutagenesis resulted in variant DaArgC G182V (DaArgC1), which was followed
by a 5178V in round 2 of mutagenesis (DaArgC2). Using double variant DaArgC2 as a
template, we discovered a L233I substitution that showed an additional beneficial effect,
resulting in triple variant DaArgC3.Although the improvements were rather small, they were
consistently discovered in replicates (Fig. 4c). When using DaArg(C3 as template for iterative
or random mutagenesis, no further improvements were discovered: round 4 yielded no

further variants and round 5 only silent mutations.
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Figure 5 Validation of DaArgC variants. a Crystal structure of DaArgC (PBD-ID 8AFU, 2.0 A) and b
DaArgC3 (PBD-ID 8AFV, 2.2 A). NADPH (grey) is modelled based on the structure of Mycobacterium
tuberculosis ArgC (PBD-ID 213G). Active site residues affected by mutagenesis are shown as sticks. ¢
In vivo productivity of DaArgC variants. ECAckA and DaArgC variants were produced in E. coli BL21
DE3 AfrmRAB ApflAB and formate was added to the supernatant. The rate of formaldehyde production
was evaluated by linear regression of four time points. Mean and standard error are shown; n = 3. d
Formaldehyde production by DaArgC variants in bacterial lysate. Enzymes were produced in in BL21
DE3 AfrmRAB and chemically lysed. Reactions were supplemented with purified ECAckA or DaArgC to
determine the rate-limiting enzyme. Data was evaluated as in d. Mean and standard error are shown;
n = 3. e Cofactor utilization of DaArgC variants. Purified DaArgC variants were coupled to EcCAckA and
given NADH or NADPH as reduction equivalent. Data was evaluated as in d. Mean and standard error

are shown; n = 3.
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Confirmation of improved FPR activity in DaArgC variants

To validate the screened candidates, we expressed the three variants in E.coli BL21 DE3
AfrmRAB ApflAB. Deletion of pflAB was used to suppress PFL-mediated formate production
in BL21 DE3 AfrmRAB, which posed a problem, when testing the engineered DaArgC variants
at low formate feeding conditions (i.e., 5 mM, see Supplementary Fig. SI). When testing the
different enzyme variants, in vivo formaldehyde production increased from DaArgC to
DaArg(C3, while enzyme production levels remained unchanged, as judged by SDS-PAGE
analysis (Fig. 5c, Supplementary Fig. 14). Across all substrate concentrations, DaArgC3
showed a four-fold improved formaldehyde productivity over DaArgC. Interestingly, on 500
mM formate, control vectors carrying only DaArgC variants showed formaldehyde formation
up to 5 uM/h, suggesting that endogenous EcAckA was sufficient to produce formyl

phosphate at high external formate concentrations.

In lysate-based assays, supplementation with either EcAckA or DaArgC showed the
EcAckA+DaArg(C3 system was still limited by DaArgC3 (Fig. 5d). However, much to our
surprise, the engineered DaArgC variants did not show improvement over the wild type
enzyme in bacterial lysate assays (50 mM formate, Fig. 5d). In fact, DaArgC1 and DaArgC2
were 3- and 1.5-fold slower than wild type. Final variant DaArgC3 showed activities
comparable to the wild type in lysate. Using purified enzyme, an even more pronounced
decrease in activity between wild type and variants was observed (Fig. 5e). These findings

raised the question how mutagenesis had affected the kinetic parameter of the enzyme.

Changes in kinetic traits of DaArgC variants do not explain in vivo improvements.
To understand why the engineered enzymes showed improved performance in in vivo assays,
but not in lysate assays, we decided to characterize the different variants in more detail in
vitro. To obtain substrate for assays, we chemically synthesized formyl phosphate. As formyl
phosphate rapidly hydrolyses in water (Supplementary Fig. 2 & 5), it is not possible to
prepare standard aqueous solutions. Therefore, we formed formyl phosphate in situ from
acetic formic anhydride and dipotassium phosphate and immediately added the crude
product solution to the enzyme assays. This limited the maximum substrate concentration in

our reaction mixtures to 50 mM. It is worth noting, however, that the hydrolytic
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decomposition rate of formyl phosphate of -0.34%min' is negligible as compared to enzymatic

reaction, thus not invalidating the assay (see above).

At 50 mM formyl phosphate, the wild type DaArgC showed an apparent ket of 0.1 s, but was
not fully saturated. Variants DaArgC1l, DaArgC2 and DaArgC3 showed similar turnover
numbers (0.1-0.2 s'), but were already saturated at apparent Kv's (formyl phosphate) between
2-5 mM (Table 8, Supplementary Fig. 15). We next coupled DaArgC variants to EcAckA to
determine the kinetic parameters for the NADPH cofactor. Wild type DaArgC showed a kcat
of ~0.7 s at an apparent Ku of ~0.2 mM. The different variants all showed specific activities of
0.1-0.3 s, and a decreased apparent Km (NADPH) of ~0.05 uM. Surprisingly, when testing
NADH as alternative cofactor, which is not accepted by wild type DaArgC, we found that
DaArgC1-3 used it at about 10% catalytic efficiency compared to NADPH (Table 8, Fig. 5e).
The Km for NADH was approximately 6-fold higher compared to NADPH (~0.3 mM), while
the specific activities were at about 50% of the activity with NADPH (~0.1 s), indicating that

variants DaArgC1-C3 had evolved to additionally accept NADH as redox cofactor.

Table 8. Kinetic parameters of DaArgC variants. Michaelis Menten fit and standard error of
triplicates. (" indicates measurements coupled to EcAckA. @ maximal activity observed, [formyl
phosphate] = 46 mM, @) activity below detection limit, n.d. = not detected.

enzyme | formyl phosphate NADPH®™ NADH® NADPH/
NADH
KM, app kcat, app kcat/KM KM, app kcat, app kcat/KM KM, app kcat, app kcat/KM kcat/KM (NADPH)/
(mM) (s™) (M7s™) | (mM) (s™) (M's™) | (mM) (s (M7's™) | Keal K (naDH)
DaArgC no fit 012 + - 0.16 += 0.66 * 4.1x10° | >500®-  <0.005¢ <1©) >4.1x10°
0.04 0.02 0.03 .
DaArgC1 | 317 011 + 24 004 + 014 + 35x10° | 028 + 0.08 + 2.8x10% | 1.3x10’
0.01 0.01 0.02 0.05 0.00
DaArgC2 | 389 0.17 + 3.1 006 + 026 *+ 43x10° | 030 + 012 + 4.0x10%2 | 1.1x10°
0.02 0.02 0.03 0.04 0.00
DaArgC3 | 187 012 + 46 005 + 023 + 46x10° | 034 + 009 + 26x10% | 1.8x10°
0.02 0.01 0.02 0.05 0.00

G182V relaxes redox cofactor specificity of DaArgC

During the course of experimental evolution, DaArgC1-C3 had gained the ability to accept

NADH in addition to NADPH, allowing the variants to access NADH as an alternative
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cofactor pool. We thus aimed to understand the molecular basis for this cofactor selectivity.
When we re-established the glycine residue at position 182 in DaArgC2 and DaArgC3
(creating variants DaArg(C2* and DaArgC3*), NADPH selectivity of the variants was fully
restored, indicating that the glycine to valine substitution was responsible for the observed

cofactor flexibility (Supplementary Table 2, Supplementary Fig. 15).

The ability of G182V to relax cofactor specificity of the enzyme towards NADH is surprising,
since changes in cofactor specificity usually require more intense engineering efforts* .
NADPH specificity in ArgC is achieved in the wild type by a tight hydrogen network of the
2’ phosphate with the side- and main chains of residues T9, S33, E34 and T35 (derived from
comparison with mtArgC#). The position of these residues are not significantly affected in
DaArg(C3 and remain within hydrogen bond distance of the 2’-phosphate (Supplementary
Fig. 16). G182 is not proximal to the phosphate group of NADPH, but lies within the
conserved GAG motif of the substrate-binding channel (residues 182-184). Notably, two
amino acids flanking the GAG motif, T181 and R185, form hydrogen bonds to the
nicotinamide group and the diphosphate of NADPH, respectively (Supplementary Fig. 16).
While we could not observed major changes between the TGAGR loop of DaArgC and the
TVAGR loop of DaArgC3 in the NADP*/NADPH-unbound state (RMSD 0.119), it is known
that in mtArgC# the GAG motif moves closer to NADP* in the bound state. It is therefore
possible that V182 affects loop movement, resulting in a tighter binding of the cofactor and
hence a decreased the Kw, app for NADPH (Table 8). A tighter binding of the nicotinamide
moiety may also positively affect NADH binding (compensating the missing 2’-phosphate
interaction), and explain the decrease in ke, app in the G182V variant, in case NADP* release

becomes rate limiting.

Exclusion of native substrate by the DaArgC variants contributes to in vivo activity
To further understand how the engineered enzymes perform in respect to their native
reaction, we evaluated the activity of purified DaArgC1-C3 towards N-acetyl-y-glutamyl-
phosphate (Fig. 6). We produced N-acetyl-y-glutamyl-phosphate, in situ from N-acetyl
glutamate and ATP, using E.coli acetyl glutamate kinase (ArgB). Wild type DaArgC showed

a turnover of about 1 s with N-acetyl y glutamyl phosphate which is in line with activities of
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approximately 0.6 s for other ArgC homologs* . Activity with the native substrate was
almost three orders of magnitude reduced in all variants (Fig. 6a). When testing for reaction
with acetyl phosphate that might act as competing substrate in vivo, we observed that activity
of DaArgC1-3 towards acetyl phosphate was two orders of magnitudes decreased compared
to that of the wild type, and one order of magnitude lower in respect to FPR activity, (Fig. 6a).
Notably, activity with acetyl phosphate decreased stepwise in the engineered variants (Fig.
6a). Our results showed that during the course of engineering, DaArgC1-3 lost their native
activities in favor of the engineered FPR activity with an almost 300-fold switch in selectivity
(Fig. 6b). In summary, the variants no longer interfere with amino acid biosynthesis and show
reduced activity with acetyl phosphate, thus limiting interference with the acetyl-CoA pool,

which allows DaArgC1-3 to operate completely orthogonal to native metabolism in vivo.

a 1o b 250 284x = DaArgC
~ 200 ‘ =3 DaArgCt
‘© 100d = % mEm DaArgC2
— == L -1
é 5 150- Em DaArgC3
3 10 = 7
c ;
5 £ 100
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Figure 6 DaArgC variants show an improved selectivity for formyl phosphate over native
substrate. a Activity of DaArgC variants on native and promiscuous substrates. Shown are mean and
error; n = 3. b Selectivity of variants on FoP over the other substrates. Bars represent calculated
selectivities (VO(FoP)/VO(NAcGIuP) and vO(FoP)/vO(NAcGIuP) without error propagation. NAcGIuP = N-
acetyl-y-glutamyl-phosphate; FoP = formyl phosphate, AcP = acetyl phosphate

FPR can be integrated into an in vitro cascade converting formate to glycolyl-CoA

Recently, the FORCE pathway was developed. In this pathway, formaldehyde is converted to
formyl-CoA. One formaldehyde and one formyl-CoA are then condensed into the C2
compound glycolyl-CoA through either members of the 2-hydroxy-acyl-CoA synthase
(HACL) or the oxalyl-CoA (OXC) family?> 26 . To start this pathway directly from formate

instead of formaldehyde, we aimed at coupling our formyl phosphate route to acylating CoA-
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reductase LmACR (to convert formaldehyde into formyl-CoA) and engineered OXC-family

member MeOXC4? for glycolyl-CoA formation from formaldehyde and formyl-CoA (Fig. 7a).
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Figure 7 MeOXC4 can be used in an enzymatic cascade to produce glycolyl-CoA from formate.
a Scheme and LC-MS extracted ion counts for the production of glycolyl-CoA by
EcAckA+DaArgC+LmACR+MeOXC4. b Scheme and LC-MS data of glycolyl-CoA production by
different activation modules. ATP and NAD(P)H consumption per C2 unit formed are indicated above

the bars. Shown are mean and error; n = 3.

When testing EcAckA+DaArgC with LmACR?" 22 2 and MeOXC4, we observed that our
formyl phosphate/CoA route indeed produced glycolyl-CoA (Fig. 7a). Notably, this formyl
phosphate/CoA route outcompeted a completely CoA-based route (BsACS” + LmACR) by
150%. We also established and tested all other potential combinations involving formyl-CoA
and formyl phosphate, using EcPTA to link CoA- and phosphate-pools (Fig. 7b). However,
the EcAckA+DaArgC+LmACR route was the fastest combination in vitro. Moreover, the
EcAckA+DaArgC+LmACR route operates at the thermodynamic minimum, requiring the
hydrolysis of two phosphoanhydride bonds and one reducing equivalent per C2 unit formed.
Overall, these results showed that the EcAckA+DaArgC+LmACR route is kinetically and
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thermodynamically superior to all other potential glycolyl-CoA forming pathways and at the

theoretically possible energetic minimum for the formation of C2- compounds from formate.

Discussion

Here, we established a formyl phosphate route from formate to formaldehyde that operates
at the thermodynamically possible minimum and involves two new-to-nature enzyme
activities: FOK and FPR. To that end, we harnessed the latent formate kinase activity in
EcAckA and detected FPR activity in four E. coli reductases; ArgC, GapA, ASD and ProA.
Based on the favorable activities of ArgC with formyl phosphate, we focused on further
improving this FPR activity. Phylogenetic screening identified a superior ArgC homolog from
D. acetiphilus that we further improved by directed evolution. We employed directed and
(limited) saturation mutagenesis to convert DaArgC into a bona fide FPR. During three
rounds of mutagenesis, in vivo activity of variant DaArgC3 was improved 4-fold over wild
type in vivo and a 300-fold selectivity switch for formyl phosphate over its native substrate

was observed.

Although we observed increased activity of DaArgC1-3 in vivo, this was not reflected in our
cell lysates and in vitro measurements. Usually, isolated enzymatic bio-catalysis is not directly
transferable to complex metabolic networks, for a multiplicity of unpredictable reasons. We
speculate, that a combination of increased cofactor availability (NADH and NADPH) and
cofactor affinity (decreased Km for NADPH) allows DaArgC1-3 to operate as an orthogonal
FPR in vivo. The complete loss of activity with its native substrate, N-acetyl-y-glutamyl
phosphate, and a reduced side activity with acetyl phosphate additionally contributes to that

effect.

Through the formyl phosphate route, formaldehyde is readily produced from formate in vitro
and in vivo at the cost of only one energy-rich phosphoanhydride bond and one reducing
equivalent (i.e., NAD(P)H). Compared to previously published formate to formaldehyde
conversion via formyl-CoA™> 17, 19,2225, 4749 the formyl phosphate sequence requires one fewer
energy-rich phosphoanhydride bond. It operates entirely orthogonal to the acetyl-CoA pool.

Compared to the natural formyl-TsF route’®, the cascade does not need the complex TsF
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cofactor, requires fewer enzymes and does not depend on spontaneous hydrolysis, which

makes the FOK-FPR cascade superior to both routes.

Recently, the landscape of synthetic formate assimilation has expanded upon by the HWLS!$
and SMGF? pathways that assimilate formate via formaldehyde. Integration of FOK-FPR into
these systems may have beneficial effects due to a lowered protein burden and reduced
thermodynamic cost (phosphoanhydride hydrolysis) and/or kinetic constraints (spontaneous
methylene-TsF hydrolysis) compared to CoA- and TsF-based routes. In a proof-of-principle,
we showed that our cascade has the potential to feed the FORCE pathway?¢, which assimilates
formaldehyde and formyl-CoA into glycolyl-CoA. FOK-FPR, when combined with LmACR
and MeOXC4, produced glycolyl-CoA, the first intermediate of the FORCE pathway, at rates
outcompeting any other possible cascade and at the theoretically possible energetic minimum
in vitro. Implementing FOK-FPR in vivo could expand FORCE for the assimilation of formate,

in addition to methanol and formaldehyde.

The most limiting factor of the FOK-FPR cascade currently is its inhibition by acetate. While
the FPR reaction discriminates well against acetyl phosphate, ECAckA is still a native enzyme
and readily accepts acetate. A bona fide formate kinase would confer complete orthogonality,
preventing metabolic crosstalk of the cascade. A specific formate kinase was described in the
1960s ?* and might offer a solution, however, the corresponding gene has never been
identified. Alternatively, ACK templates could be engineered towards more specific formate

kinase activity.

Here, we designed, established and prototyped a new-to-nature formate reduction module in
vitro and in vivo. Our study provides the basis for a subsequent in vivo implementation of this
formyl phosphate-based route that extends the existing formate to formaldehyde conversion
pathways and enriches the metabolic landscape of formate assimilation by another, highly

efficient alternative.
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Supplementary Figures

Synthesis of formic acetic anhydride

The synthetic procedure described hereafter has been carried out under an argon atmosphere
using Schlenk-technique according to a literature procedure®. Sodium formate (1.1 eq., 220
mmol, 14.96 g) was dispersed in dry diethyl ether (50 mL) and cooled to 0 °C. To this slurry,
acetyl chloride (1 eq., 200 mmol, 15.698 g) was added dropwise over 25 minutes. The mixture
was vigorously stirred at 0 °C for 32 h until acetyl chloride was completely consumed as
confirmed by monitoring the reaction via 1TH-NMR. The mixture was filtered and the solid
residue washed once with diethyl ether (10 mL). Filtrate and washing solution were combined
and the volatiles removed at 0 °C under reduced pressure of 50 mbar. Acetic formic anhydride
was obtained as colorless liquid (12.96 g) with a purity of 90.6 % as determined by NMR
(impurities: acetic anhydride (3.9 %), acetic acid (1.2 %) and diethyl ether (4.7 %))

(Supplementary Figure 1).
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a O . O 0°C O O .
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b Compound Integral Molar ratio [%]
Formic acetic anh. 83.83 90.6
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Supplementary Figure 1 Synthesis of formic acetic anhydride a Reaction conditions for the
synthesis of formic acetic anhydride. b 'TH-NMR of reaction mixture. Formic acetic anhydride shows a
signal at 2.2 ppm for its CH3 group and at 8.99 ppm for its CH group. Diethyl ether shows a triplet at
1.12 ppm and a quartet at 3.4 ppm. Side products are acetic acid at 2.00 ppm (CH3), acetic anhydride
at 2.14 ppm (CH3) and residual signals exist for acetyl chloride (2.36 ppm) and sodium formate (8.68

ppm).
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Formyl phosphate synthesis

To an aqueous solution of dipotassium phosphate (1 mL, 1 M, 1 equiv.), acetic formic
anhydride (0.106 g, 1.2 equiv.) was added. The solution was mixed shortly and monitored by
31P{1H}-NMR. The first measurement after 1 minute shows that 59% of dipotassium
phosphate was converted to formyl phosphate The concentration of formyl phosphate
linearly decreases at a rate of -1%min-1 (Figure SI2). At the end of the reaction, the pH of the

solution was around 4.

The integral ratio of the 31P{1H}-NMR signals was used for quantification. At 0.1 ppm the
singlet from dipotassium phosphate is detected, while formyl phosphate shows a singlet
at -2.1 ppm (Figure SI 3). This assignment was confirmed by 31P-NMR where formyl
phosphate shows a doublet at -2.1 ppm (JPH= 5.8 Hz) and in 1H-NMR a doublet at 8.3 ppm
(JPH= 5.8 Hz) for the formyl group (Figure SI 3). 1H-31P-HMBC-NMR confirmed this
assignment (Figure SI 4). Both doublets also become singlets in the respective 1TH{31P} and
31P{1H}-NMR decoupled spectra (Figure SI 3).
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Supplementary Figure 2 Hydrolysis of formyl phosphate a Scheme for the synthesis of formyl
phosphate followed by its hydrolysis to formate and phosphate. b Hydrolysis rate of formyl phosphate
as determined by quantitative 3'P{"H}-NMR integrals of formyl phosphate (formyl) and dipotassium

phosphate (dipotassium). Only points on red line were included in linear fit.
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Supplementary Figure 3 Coupled and decoupled NMR of formyl phosphate A doublet is created
by coupling between CH group and phosphorous. Measuring with suppressed coupling removes the
doublet, confirming the proximity and formation of formyl phosphate. a "H{3'P}-NMR and 'H-NMR of
formyl phosphate. Doublet indicates formyl phosphate, singlet at 8.22 ppm indicates formic acid. b
31P{"H}-NMR and 3'P-NMR of formyl phosphate. Doublet indicates formyl phosphate, singlet at 0.1 ppm
indicates dipotassium phosphate.
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Supplementary Figure 4 Synthesis of formyl phosphate. a Reaction conditions for the synthesis of
formyl phosphate. b '"H-3'"P-HMBC-NMR for formyl phosphate.
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Hydrolysis rate of formyl phosphate under reaction conditions

The decomposition of formyl phosphate under similar conditions applied in the enzymatic

process was investigated. An aliquot of a solution of formyl phosphate prepared as described

above (0.1 mL) was added to a solution of MOPS buffer 0.5 M and magnesium chloride 0.01

M (0.9 mL) mixed shortly and directly monitored via 3P{'H}-NMR.
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Supplementary Figure 5 Hydrolysis of formyl phosphate in reaction conditions. a Reaction

conditions of formyl phosphate preparation for ArgC activity assays. b Hydrolysis rate of formyl

phosphate as determined by quantitative 31P{1H}-NMR integrals of formyl phosphate (formyl) and

dipotassium phosphate (dipotassium).
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The concentration of formyl phosphate linearly decreased at a rate of -0.34 %min™. This
experiment confirms that the hydrolytic decomposition is negligible as compared to

enzymatic reaction.
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Supplementary Figure 6 Controls for the Nash reaction. a reactivity of Nash reagent with formyl-CoA
and formyl phosphate. Formyl-CoA and formyl phosphate were produced in situ by FCS and FOK,
respectively. b reactivity of Nash reagent with acetaldehyde. ¢ Reactivity of Nash reagent with
formaldehyde in the presence and absence of 50 mM acetaldehyde. AU = arbitrary units. AcALD =
acetaldehyde. FALD = formaldehyde.
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Supplementary Figure 7 Kinetics for formyl-phosphate synthesis from formate by acetate
kinases. a Kinetic determination of S. typhimurium AckA. b Kinetic determination of E. coli AckA. Initial
velocity was determined in ftriplicates and a Michaelis Menten kinetic was constructed. Individual
replicates are shown.
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Supplementary Figure 8 Native function and promiscuous activities of formyl phosphate reductase

candidates. Chemical structure of native substrate is given. Graphs depict FPR activity and relevant

controls. Shown are mean and standard error of triplicates with linear fit.
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Supplementary Figure 9 Validation of DaArgC variants. a Background formaldehyde production in
BL21 DE3 AfrmRAB and BL21 DE3 AfrmRAB ApflAB on 0 mM and 5 mM formate. Shown are mean

and standard error; n = 3. b Metabolic network of E. coli from glucose to acetyl-CoA. In anerobic

conditions, PFL produces formate and acetyl-CoA from pyruvate. PFL = pyruvate formate lyase. PCDH

= pyruvate dehydrogenase.
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Supplementary Figure 10 In vivo formaldehyde production by ArgC homologues. a

Formaldehyde production by EcAckA+ArgC in vitro including relevant controls. Formaldehyde was

detected by Nash assay. Shown are mean and standard error; n = 3. b Formaldehyde production by
the EcAckA+ArgC module in BL21DE3 AfrmRAB. Formaldehyde was detected by Nash assay. Shown

are mean and standard error; n = 3. ¢ SDS-Page of protein production. Bands for AckA and ArgC are

indicated.
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Supplementary Figure 11. Toxicity of formaldehyde (a) and ammonium formate (b) on the growth of
E.coli BL21 DES deficient in formaldehyde detoxification system frmRAB and/or pyruvate formate lyase

pfIAB. Shown are mean and standard error; n = 3.
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Supplementary Figure 12. Rescue of BL21DE3 AfrmRAB cells carrying EcAckA and/or DaArgC
variants after assay conditions (overexpression followed by 4 h incubation with 50 mM formate). Shown

are mean an standard error; n = 3.
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Supplementary Figure 13 Alignment of ArgC homologues. Conserved residues (70%) are highlighted. Conserved active site cysteine, GAG motif and HRH

motif are indicated. Target residues for saturation mutagenesis are labelled in red.
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Supplementary Figure 14 In vivo production of DaArgC variants SDS-Page of protein production
in BL21DE3 AfrmRAB ApfIAB. Bands for AckA and ArgC are indicated. Both sectors belong to the same

gel. Irrelevant bands were cut out.
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Supplementary Figure 15 Kinetic evaluation of DaArgC variants. Row 1 kinetics on formyl
phosphate. Row 2 kinetics on NADPH, coupled to saturating concentrations of formate and non-limiting
amounts of ECAckA. Row 3 kinetics on NADPH, coupled to saturating concentrations of formate and
non-limiting amounts of ECAckA. Shown are individual replicates and a Michaelis Menten fit.
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Supplementary Figure 16 Enzyme engineering of DaArgC. Cartoon depiction of the NADPH-binding
domains of mtArgC (PBD-ID 213G) and the putative NADPH-binding domains of DaArgC (PBD-ID
8AFU) and DaArgC3 (PBD-ID 8AFV). Relevant residues are labelled.
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Supplementary Tables
Supplementary Table 1 Literature efficiencies of ACS and ACR variants.
productivity

enzyme Km (mM) Kcat (s7) (UM formaldehyde/s)  publication
stACS ~120 ~12 Wang et al., 202123
mhACS ~90 ~6 Wang et al., 2021
ecACS ~50 ~8 Wang et al., 2021
arACS ~40 ~6 Wang et al., 2021
ttACS ~150 ~5 Wang et al., 2021
sdACS ~150 ~9 Wang et al., 2021
LmACR*** 104+ 2.2 0.99 + 0.07 Chou et al., 201922
ACS-bmACR* ~ 0.14 (lysate) Wang et al., 2021
ACS-LmACR* ~ 0.2 (lysate) Wang et al., 2021
BsACS-LmACR** ~0.08 (in vitro) Hu et al, 202279
BsACS-LmACR** ~0.08 (in vitro) Hu et al, 2022

Supplementary Table 2. Kinetic parameters of DaArgC variants DaArgC2* and DaArgC3*.
Parameters were determined by Michaelis Menten fit (see Figure Sl 15). Standard error of triplicates is
indicated. () indicates measurements coupled to EcAckA. @ maximal activity observed, [formyl-
phosphate] = 46 mM. n.d. = not detected

enzyme mutations formyl phosphate NADPH ( NADH®
KM, app kcal, app kcai/KM KM, app kcat, app kcai/KM KM, app kcal, app kcai/KM
(mM) (s™ (M's™) (mM) (s (M's™) (mM) (s™ (M's
")
DaArgC2* S178V no fit 0.14 + - 0.08 + 044 = 5.5*10°% n.d. n.d.
0.01@ 0.01 0.02
DaArgC3* S178V L233I no fit 0.10 £ - 0.06 + 038 6.3*10° n.d. n.d.
0.05@ 0.01 0.02
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Abstract

One of the biggest challenges to realize a circular carbon economy is the synthesis of complex
carbon compounds from one-carbon (C1) building blocks. Since the natural solution space of
C1-C1 condensations is limited to highly complex enzymes, the development of more simple
and robust biocatalysts may facilitate the engineering of C1 assimilation routes. Thiamine
diphosphate-dependent enzymes harbor great potential for this task, due to their ability to
create C-C bonds. Here, we employed structure-guided iterative saturation mutagenesis to
convert oxalyl-CoA decarboxylase (OXC) from Methylobacterium extorquens into a glycolyl-
CoA synthase (GCS) that allows for the direct condensation of the two C1 units formyl-CoA
and formaldehyde. Quadruple variant MeOXC4 showed a 100,000-fold switch between OXC
and GCS activity, a 200-fold increased GCS activity compared to the wild type and a
formaldehyde affinity that is comparable to natural formaldehyde-converting enzymes.
Notably, MeOCX4 outcompetes all other natural and engineered enzymes for C1-Cl
condensations by more than 40-fold in catalytic efficiency and is highly soluble in Escherichia
coli. In addition to increased GCS activity, MeOXC4 showed up to 300-fold higher activity than
the wild type towards a broad range of carbonyl acceptor substrates. When applied in vivo,
MeOXC4 enables the production of glycolate from formaldehyde, overcoming the current
bottleneck of C1-C1 condensation in whole-cell bioconversions and paving the way towards

synthetic C1 assimilation routes in vivo.
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Introduction

The synthesis of complex molecules from one-carbon (C1) compounds is key to a circular
economy. C1 compounds, in particular formate and methanol, can be derived directly from
CO: through several processes, including hydrogenation, photochemistry, electrochemistry or
biocatalysis,’® and further serve as feedstock for the formation of value-added products
through microbial fermentation.®® Because natural methylo- and formatotrophic
microorganisms are not well-suited for large-scale biotechnological processes, current efforts
aim at engineering well-established microbial platform organisms by implementing natural

and new-to-nature C1 converting pathways into these microbes.'*-3

As highlighted by several recent studies, linear C1 converting pathways are particularly
interesting,’0 121 since they minimally interfere with the host metabolism, and, unlike cyclic
pathways, are robust towards draining of intermediates. However, linear pathways require
the direct condensation of two C1 units, which is chemically challenging, due to the difficulty
to generate C1 nucleophiles (in contrast to C1 electrophiles, which are readily available,
notably in the form of CO: and formaldehyde). Only two enzymes are known that catalyze
direct C1-C1 condensation in nature: acetyl-CoA synthase (ACS) and glycine synthase (GS).
They are the key enzymes of the reductive acetyl-CoA pathway and the reductive glycine
pathway, respectively.’> ¢ GS and ACS are structurally and mechanistically highly complex
biocatalysts (the latter being limited to strictly anaerobic conditions),”” '8 which illustrates the
challenge of direct C1-C1 condensations and their implementation in microbial platform
organisms. Thus, the discovery or development of simpler C1-C1 carboligases could enable
new-to-nature linear carbon fixation pathways and ultimately facilitate the engineering of

whole-cell catalysts for efficient C1 conversions.”

One way to generate nucleophilic (one)-carbon centers is to invert the reactivity of a carbonyl
species through Umpolung, which enzymes can achieve through the cofactor thiamine
diphosphate (ThDP).? In recent years, several ThDP-dependent enzymes have been
engineered to catalyze Cl-extension reactions, which underscores the general potential of
these enzymes for synthetic carbon fixation pathways. The most prominent example is the
new-to-nature enzyme formolase (FLS), which was derived from benzaldehyde lyase.?!
Similarly, glycolaldehyde synthase (GLS) was engineered from benzoylformate

decarboxylase.?? Although in both cases a very low initial activity was improved ~100-fold by
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directed evolution, the final enzyme variants still exhibited low catalytic efficiencies (keat/Km <
10 M1 s7), as well as poor affinity for the highly toxic formaldehyde (Ku = 170 mM). While
these engineered enzymes indeed were able to support new-to-nature linear C1 assimilation
pathways in vitro, the low substrate affinity and activity limited their implementation in vivo

so far.21 22

We recently identified another class of ThDP-dependent enzymes as potential formaldehyde
carboligases. Members of the 2-hydroxyacyl-CoA lyase (HACL) / oxalyl-CoA decarboxylase
(OXC) enzyme family catalyze the condensation of formyl-CoA with formaldehyde to produce
glycolyl-CoA. This activity will be referred to as glycolyl-CoA synthase (GCS) (Figure 1A).2>
2 Notably, HACL from Rhodospirillales bacterium URHDO0017 (RuHACL) displayed more than
ten-fold higher catalytic efficiency (kct/Km = 110 M s'1) compared to the engineered FLS and
GLS. However, efforts of further engineering HACL towards higher GCS-activity have not
been successful?’, mainly because of the lack of structural information. So far, no HACL
structure is available and homology models fail to accurately predict the structure of the C-
terminal active site loop, which exhibits low sequence homology throughout the HACL/OXC

family (Figure S1). Moreover, another limitation of HACLs is their poor production in E. coli.?>

24

To overcome these challenges with HACLs, we recently focused on repurposing OXCs, which
naturally catalyze the decarboxylation of oxalyl-CoA, as formyl-CoA condensing enzymes.?
Here, we aimed at improving the GCS-activity of OXC to enable the production of glycolyl-
CoA at high rates under physiologically relevant formaldehyde concentrations (<0.5 mM).
Using structure-guided enzyme engineering, we converted OXC into a bona fide GCS through
several rounds of iterative site mutagenesis (ISM)* and demonstrated its function in an E. coli
whole-cell bioconversion system to improve current production limitations and pave the way

towards synthetic C1 fixation pathways.

Results

MeOXC structure identifies targets for mutagenesis
Previously, we showed that besides the decarboxylation of oxalyl-CoA into formyl-CoA, OXC

from Methylorubrum extorquens (MeOXC) is also capable of catalyzing the acyloin condensation
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of formyl-CoA with various aldehydes, including formaldehyde.”* However, the catalytic

efficiency of MeOXC with formaldehyde (keat/Kv =2 M's7) is far below that of RuHACL, which

is the best performing HACL known to date (keat/Kv =110 M-1s?). Additionally, the Ku for both

substrates is extremely high (formaldehyde: 100 mM and formyl-CoA: 3 mM; Table 1). We

therefore sought to engineer MeOXC towards a more efficient GCS.

A
e}
" JLS,CDA e . ! 2-hydroxyacyl-CoA
formyl-CoA R NR OH NFE OH 9
o = Riﬁ HRIQ_i 1 RfLS/COA
Coxl CoA . "

o) o-Coa TC0: (
enamine «-carbanion R=H

glycolyl-CoA

oxalyl-CoA

Figure 1. Crystal structure of MeOXC reveals
amino acids surrounding the ThDP cofactor as
potential targets for engineering GCS-activity.
A) Reaction scheme of OXC and HACL. The
reaction proceeds via the a-hydroxyl-CoA-
ThDP covalent intermediate on the ThDP
cofactor, which has an enamine and an a-
carbanion resonance structure. The
intermediate can perform a nucleophilic attack
on an aldehyde, giving rise to 2-hydroxyacyl-
CoA (glycolyl-CoA in the case of the GCS
reaction). B) Overall structure of MeOXC with
bound ThDP (orange). Shown is a
homotetramer. C) Amino acids of MeOXC
(blue) in the environment of ThDP (orange). The
C-terminal loop of the OfOXC structure is
shown in light brown. The simulated annealing
omit map around the refined ThDP is shown at
o0 = 4. The amino acids 148, E134, Y135, A415,
Y497, S568, E567 and 1571 were selected for
saturation mutagenesis, based on their
probable proximity to the a-carbanion/enamine

intermediate (see A and Figure S2).

MeOXC is closely related to OXC from Oxalobacter formigenes (OfOXC, 63% identity) and E.

coli (EcOXC, 61%), for both of which structures are available.?628

To gain insights into the specific active site topology of MeOXC, we solved the crystal structure

of the enzyme at a resolution of 1.9 A (Figure 1B). Overall, the structure is very similar to that
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of OfOXC (rmsd =0.425 A for 7230 aligned atoms). Because we could not observe electron
density after residue E567, we modeled the C-terminal part (16 residues) based on the OfOXC
structure (PDB ID 2ji7). In OfOXC this part is flexible and electron density for the closed

conformation was obtained only after soaking the enzyme with substrate or product.?

During catalysis, OXC and HACL both form the same a-carbanion/enamine intermediate
(Figure 1A and Figure S2). In HACL this intermediate is generated through proton abstraction
from formyl-CoA or by cleaving off the aldehyde moiety from a 2-hydroxyacyl-CoA
thioester,”” whereas in OXC this intermediate is formed by decarboxylation of oxalyl-CoA.?
To increase the GCS-activity of MeOXC, we sought to systematically alter the active site
around the ThDP cofactor with ISM.?> Based on the crystal structure, we identified eight
residues in proximity of the ThDP cofactor as targets: 148, Y134, E135, A415, Y497, E567, S568,
and 1571 (Figure 1C).

Establishing a high-throughput screen for GCS-activity

ISM requires screening of thousands of variants.’’ We thus conceived a high-throughput
screen based on the conversion of glycolyl-CoA to glycolate, which is subsequently oxidized
to glyoxylate by glycolate oxidase (GOX) under stoichiometric production of H2O: (Figure 2A).
H20: is quantified by horseradish peroxidase (HRP) that catalyzes the oxidation of Ampliflu

Red® to the fluorophore resorufin.

To convert glycolyl-CoA into glycolate, we sought to establish a glycolyl-CoA:formate CoA-
transferase (GFT). Such an enzyme would not only turn glycolyl-CoA into glycolate, but at the
same time also regenerate formyl-CoA from formate, thereby closing a catalytic cycle for the
continuous conversion of formate and formaldehyde into glycolate. We screened formyl-
CoA:oxalate CoA-transferase from Oxalobacter formigenes’ (FRC), propionate CoA-transferase
from Cupriavidus necactor®? (CnPCT) and Clostridium propionicum® (CpPCT), as well as 4-
hydroxybutyrate CoA-transferase from Clostridium aminobutyricum3 (ADbfT). The latter
showed best GFT activity (keatapp. =0.40 £ 0.01 57!, Kmapp(glycolyl-CoA) = 12 + 1 uM; Figure
2C&D and S3) and was chosen for the assay.
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We validated our screen with purified MeOXC, AbfT, human GOX* and HRP (Figure 2B &
S4) and further demonstrated that this assay could be used to quantify MeOXC activity from

E. coli lysates in 384-well plates.
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Figure 2. Establishing a high-throughput read-out for GCS-activity. A) Reaction scheme indicating
enzymes for each step. Overall, glycolyl-CoA formation is detected via the fluorophore resorufin. B)
Reaction progress of the OXC-AbfT-GOX-HRP cascade. Resorufin was detected via fluorescence in a
plate-reader and CoA-esters were detected by LC-MS. C) The reaction progress of AbfT-catalyzed CoA
transfer from glycolyl-CoA onto formate was monitored by LC-MS. D) Michaelis-Menten plot of AbfT with
glycolyl-CoA as donor and formate (25 mM) as acceptor. Error bars indicate the standard deviation of
three independent replicates.

Iterative Saturation Mutagenesis of MeOXC

Having established a high-throughput screen, we created saturation mutagenesis libraries of
the eight identified active site residues using the 22c trick (Figure S5).3” We employed sub-
saturating concentrations of formaldehyde and formyl-CoA (50 mM and 0.5 mM, respectively)
to screen for MeOXC variants with improved GCS-activity and higher affinity for both

substrates. In the first round of ISM (R1), libraries of position 48 and 571 contained only
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variants with reduced activity (Figure 3), suggesting that the isoleucines in both of these
positions are critical for catalysis. Therefore, these residues were not screened in the following
rounds R2 to R6. The libraries of the remaining six residues mostly contained variants with
WT-like activity but also some variants with significantly increased GCS-activity, validating
that these positions are potential targets to improve enzyme activity (Figure 3). The best

performing variant in R1 was an alanine to cysteine substitution in position 415.
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Figure 3. ISM of MeOXC for improved GCS-activity. MeOXC saturation mutagenesis libraries were
screened for GCS-activity using a fluorescent-based readout in cell-free extracts. Plotted is the maximal
slope (AU/h) versus end point (AU) of product formation. Each panel contains all libraries of the
corresponding round. The best performing variants of each round were sequenced and their substitution
is shown in the graphs with colored labels. The parent variant of each round is indicated above the
corresponding panel and was included in the screen as a reference. ¢t = formaldehyde concentration in

the screen, n = total number of screened clones per round, AU = arbitrary units.

Steady-state kinetics with purified enzyme showed that in the A415C variant the Km for
formaldehyde and formyl-CoA, decreased 3-fold and 19-fold, respectively (Table1),
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confirming that sub-saturating formaldehyde concentrations could be used in our screens to

identify enzyme variants with improved kinetics.

Based on the positive results of the first round, we continued with ISM by using the best
performing variant of each round as template and saturating all other remaining sites step-
wise. In R2, the substitution S568G conferred a ~3-fold improvement in formaldehyde affinity,
prompting us to decrease the formaldehyde concentration to 25 mM in R3, in which we
identified E135G. For R4, we further lowered the concentration of formaldehyde to 10 mM to
identify the substitution Y497F. In R5, we screened the remaining residues 567 and 134,
however, no more positive hits were found (Figure 3). We then screened a library in which
position 134 and 135 were combinatorically saturated (R6; 400 possible variants), but this
library also contained no improved variants (Figure 3). Thus, after screening ~3,600 clones in
six rounds, we obtained final variant MeOXC4 carrying four substitutions E135G, A415C,
Y497F, and S568G.

Table 1. Apparent steady-state parameters of MeOXC variants.

Formaldehyde Formyl-CoA

Enzyme f;it')app ff;”wi’)p f;f’i’ﬁ“ﬂ) é:it')app gx'\;)p é{sﬁ/:\(ﬂ%)
RuHACL? 3.3+0.3 29+8 110 1.5+0.1 0.20+0.05 7,200
MeOXC 0.2 +£0.01 100 + 20 2 0.31+0.08 3%2 100
MeOXC1 0.34+0.01 30%2 10 0.23+0.01 0.16+0.05 1,400
MeOXC2 0.57+0.05 12+3 50 043+0.02 0.09+0.02 5,100
MeOXC3 1.6+0.1 12+3 130 1.6+0.1 0.17£0.04 9,400
MeOXC4 2.0+0.2 5+1 400 24+0.2 0.22+0.03 11,000

Errors reflect the standard deviation of three independent measurements. Michaelis-Menten plots are

shown in Figure S7. a) data taken from Chou et al.?3

Carboligation activity is improved at the expense of decarboxylation activity in
MeOXC1-4
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Next, we characterized MeOXC4 and the intermediate variants from R1-3 (MeOXC1-3) in more
detail. All variants were produced in E. coli at levels comparable to the native EcOXC
(Figure 4A and S6), indicating that their improvement was based on increased catalytic
properties, and not on improved solubility and/or stability. The catalytic efficiency of the GCS
activity improved over each round of the ISM, ultimately resulting in a 200- and 110-fold
improvement in kcat/Km for formaldehyde and formyl-CoA, respectively, due to a lowered Ku

for both substrates, in combination with a tenfold increased ket (Table 1).
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Figure 4. Characterization of MeOXC mutants from the ISM. A) SDS-PAGE analysis of the variants
expressed in E. coli BL21(DE3). A total of 5 pg protein was loaded in each lane and empty pET-16b
was used as negative control. ECOXC is OXC from E. coli. B) Comparison of the aldehyde substrate
scope of MeOXC and MeOXC4. Reactions contained 1 mM formyl-CoA and the corresponding acceptor
substrate (formaldehyde, acetaldehyde, propionaldehyde, glycolaldehyde 100 mM; benzaldehyde,
phenylacetaldehyde 10 mM; acetone 1 M). Initial velocity was determined by LC-MS. Error bars show
the standard deviation of three replicates. Chemical structures of products are shown below the graph:
1 lactyl-CoA, 2 2-hydroxybutyryl-CoA, 3 glyceryl-CoA, 4 mandelyl-CoA, 5 3-phenyllactyl-CoA, 6 2-
hydroxyisobutyryl-CoA. Full datasets are shown in Figure $8.C) Comparison of the OXC- and GCS-
activities. OXC-activity is the velocity of oxalyl-CoA decarboxylation at 1 mM oxalyl-CoA, relative to the

WT. For GCS-activity, the absolute catalytic efficiency for formaldehyde is shown.
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While GCS-activity strongly increased over the course of the ISM, our MeOXC variants
gradually lost their native OXC-activity (Figure 4C). Final variant MeOXC4 retained less than
0.2% catalytic efficiency for oxalyl-CoA decarboxylation (keat =0.21 +0.01 s and Km =122 + 16
uM), which was exclusively due to a reduced ke, as the Km for oxalyl-CoA remained virtually
identical to WT MeOXC (105 uM).?* This finding is in line with previous studies on OfOXC
and MeOXC, where residues Y134, E135, Y497 and S568 were replaced by alanine without

significant changes to the Ku for oxalyl-CoA.* 28

Interestingly, when added to the reaction, oxalyl-CoA did not affect the GCS activity of
MeOXC4 (Figure S9), even at 1 mM, indicating that the enzyme’s original substrate does not
act as inhibitor, despite still showing a very favorable apparent Kum. This is probably due to a
decreased on-rate (kor) and/or an increased off-rate (ko) for oxalyl-CoA, and an opposite trend
for formyl-CoA. The latter was supported by further experiments, which showed that in the
presence of formaldehyde, MeOXC4 preferred carboligation and converted oxalyl-CoA after
decarboxylation directly into glycolyl-CoA (kos = 0.15 s!), releasing formyl-CoA only at a very
slow rate of <0.01 s'. This is in stark contrast to MeOXC WT, which shows a high formyl-CoA
release rate of 98 s after oxalyl-CoA decarboxylation, followed by slow carboligation (0.31 s-

1) (Figure S9).

Combined, the four substitutions in MeOXC4 directly affected catalytic activity, as well as ko
and ko rates of the different substrates, causing a specificity switch between native OXC
(oxalyl-CoA  decarboxylation) and GCS-activity (formyl-CoA condensation with
formaldehyde) of greater than 100,000-fold.

The reversible (de)carboxylation activity of MeOXC is lost in MeOXC4

To confirm that the switch in activity was achieved by suppressing the native OXC reaction,
we sought to also test the reverse reaction of OXC (i.e., the carboxylation of formyl-CoA). We
envisioned an enzyme cascade in which the product of the reverse reaction, oxalyl-CoA, is
constantly removed from the equilibrium by further reduction into glycolate (Figure S10A).
This setup would render the overall reaction thermodynamically favorable (AG = -19 k] mol-

1% and allow to measure the reverse reaction, in contrast to earlier efforts, which had failed.’”
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To convert oxalyl-CoA into glyoxylate, we characterized putative oxalyl-CoA reductase PanE2
from M. extorquens’® (Figure S10B). For the reduction of glyoxylate into glycolate, we
employed GhrB from E. coli.* Combined with PanE2 and GhrB, MeOXC catalyzed the
carboxylation of formyl-CoA at a rate of ~0.5 min"' (Figure S10C-E), while formyl-CoA
carboxylation was not detectable in MeOXC4 (Figure S10D), confirming that this variant had

indeed lost its native OXC-activity.

Structural basis for improved GCS-activity in MeOXC4
To rationalize the effect of the different substitutions on catalysis, we solved the crystal
structure of MeOXC4 to a resolution of 2.4 A, modelled its flexible C-terminus beyond E567 as
described before, and compared it to MeOXC WT and OfOXC.

Substitution A415C, which replaced fully conserved A415 in the HACL/OXC family by a
cysteine, caused a decrease in the apparent Ku for formyl-CoA by more than an order of

magnitude (Table 1).

Figure 5. Comparison of ThDP binding sites. ThDP is shown in orange, Mg?* in pale green. A) Active
site of MeOXC WT. B) Active site of MeOXC4. The substitution E135G gave rise to a cavity in the ThDP-
binding pocket, highlighted with the striped pattern. Consequently, Y134 may be optimally positioned for

proton transfer reactions of the glycolyl-CoA-ThDP adduct (see Figure S2).
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Structural analysis showed that C415 is in close proximity to S568 of the flexible C-terminal
loop reaching the active site, suggesting that this substitution is important to (re-) organize the
active site for the new substrate. Notably, no other amino acid substitution at this position has
a beneficial effect on catalytic efficiency (Figure 3), indicating that the sulfide moiety of the
cysteine seems to be important for formyl-CoA accommodation. However, when testing
corresponding substitution A389C in RuHACL, GCS-activity was decreased by almost 50% at
sub-saturating formyl-CoA concentrations (100 uM) (Figure S11), suggesting that formyl-CoA
accommodation in MeOXC1-4 differs from RuHACL.

Substitution S568G lies within the flexible C-terminal loop, adjacent to A415C and likely
provides space to accommodate the bulkier side chain of C415. This is in line with the
observation that S568G was only beneficial in combination with A415C and was not detected

in the first ISM round (Figure 3).

The third substitution E135G caused the greatest structural change by creating an extra cavity
at the active site (Figure 5). Notably, none of the ISM libraries at residue 134 contained a
variant of improved activity (Figure 3), suggesting that Y134 is important for GCS catalysis,
likely by facilitating protonation of the glycolyl-CoA-ThDP intermediate (Figure S2). Thus,
the E135G substitution does not serve in substrate accommodation, but likely allows optimal
positioning of Y134 during catalysis, which is supported by the fact that k«: was increased
approximately fourfold by the E135G substitution, while the apparent Ku for formyl-CoA was

slightly increased.

In OfOXC active site water molecules play a role during catalysis. Three ordered water
molecules (W1-3) are observed in a structure with a trapped a-carbanion/enamine
intermediate, with W2 (in close contact to W1 and W3) proposed to protonate Ca of the
intermediate (Figure S2).22 W1 is hydrogen-bonded to residues corresponding to Y134 and
E135, while Y497 and S568 form hydrogen bonds to W3.2¢ In MeOXC4 this hydrogen bonding
network to W1 and W3 is lost due to the E135G, Y497F and S568G substitutions. This change
in the water network likely helps to promote GCS-activity at the expense of the OXC reaction.
In summary, our structural analysis showed that the active site of MeOXC4 is re-organized for

improved substrate accommodation and increased catalytic activity.
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MeOXC4 shows a broad substrate scope for different C1 extensions

Having improved the catalytic efficiency of C1 extensions of formaldehyde by MeOXC4 by
more than two orders of magnitude, we wondered whether the engineered enzyme would
also promote the acyloin condensation of formyl-CoA with acceptor substrates other than
formaldehyde. Indeed, MeOXC4 accepted a broad range of aldehyde substrates, including
small hydrophilic and aliphatic aldehydes, bulky hydrophobic aldehydes and acetone (Figure
4B). The activity for all tested substrates was significantly higher than WT MeOXC (up to a
factor of 340 in the case of phenylacetaldehyde). This broad substrate scope makes MeOXC4 a
versatile catalyst for C1 extension of carbonyl acceptors that can be exploited for the
biocatalytic production of valuable 2-hydroxy acids, such as lactic acid, mandelic acid and 3-

phenyllactic acid.

Application of MeOXC4 to one-carbon bioconversion in E. coli whole-cells

Finally, we aimed at testing the performance of our engineered enzymes also in vivo. We
previously established an Escherichia coli whole-cell bioconversion system based on
RuHACL.? When combined into one pathway with an acyl-CoA reductase from Lysteria
monocytogenes (LmACR) and E. coli aldehyde dehydrogenase AldA (EcAldA), whole cells
converted formaldehyde into glycolate (Figure 6A). However, despite several attempts to
optimize glycolate production, carbon flux was insufficient to support biotechnological
applications, mainly due to the low abundance and the high apparent formaldehyde Km of
RuHACL, which posed a major bottleneck.?

To test the effects of engineered MeOXC in vivo, we replaced RuHACL with variants MeOXC1-
4 (Figure 6B). In line with the increasing GCS-activities of the different MeOXC variants,
glycolate production was successively increased. The best mutant, MeOXC4, outperformed
RuHACL in glycolate productivity twofold (Figure 6B), likely because of the enzyme’s more
favorable kinetics (keat/Km = 400 M s versus 110 M s for RuHACL) as well as improved
expression of MeOXC4 compared to RuHACL, even when the latter was codon-optimized, as

confirmed for the MG1655-derived host strain (Figure S12).

These result suggested that the other enzymes of the pathway, in particular LmACR (kcat/Km =

95 M1 s1)%, became rate-limiting. To optimize concentration of all enzymes in the pathway,
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we tested different expression levels, using a two plasmid system with independent inducible

promoters. MeOXC4 was expressed from the IPTG-inducible T7 promoter, while LmACR and

EcAldA

were co-expressed from a cumate-inducible T5 promoter (Figure 6C).

Combinatorically screening of several IPTG and cumate concentrations revealed that highest

glycolate production levels were reached at low induction levels of MeOXC4 ([IPTG] =40 uM)

and high induction levels of LmACR/EcAldA ([cumate] =400 uM) (Figure 6C).
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This is in contrast to our previous results, where productivity was highest at high RuHACL
and low LmACR/EcAIdA induction levels.”? Additionally, glycolate productivity was
decreased by more than two-fold, when we replaced LmACR by a different ACR,
Rhodopseudomonas palustris PduP#, which shows a higher ket but also higher Kwv for formyl-
CoA (Figure S13). Taken together, these results support the hypothesis that the glycolate
productivity of our system is currently not limited by C1-C1 condensation, but ACR activity
in vivo. Thus, enhancing ACR activity will be key towards improving and further developing

this C1 fixation pathway for biotechnological applications.

Discussion

Through ISM we successfully evolved OXC from M. extorquens into a bona fide GCS by
switching decarboxylation and carboligation activity of the enzyme by 100,000-fold (Figure
4C). Notably, none of the newly introduced amino acids of MeOXC4 is found in any HACL
homolog (Figure S1), indicating that through directed evolution an alternative (presumably
local) maximum in the GCS activity landscape was found. This raises the question how the

reactivity of OXC and HACL is determined.

It has been proposed that in OXC after decarboxylation the a-carbanion/enamine intermediate
is nonplanar, rendering the Ca more basic and facilitating the rate-limiting protonation step,
yielding formyl-CoA.? In contrast, an enamine-like planar structure was observed in ThDP-
dependent carboligases that require a carbonyl acceptor substrate.#’# It is tempting to
speculate that HACLs and MeOXC4 also stabilize the enamine state of the intermediate and

thereby favor nucleophilic attack on the carbonyl acceptor substrate.

Notably, engineered MeOXC4 shows kinetic parameters that are comparable with natural
formaldehyde converting biocatalysts. Only two naturally occurring enzymes are known to
be involved in formaldehyde fixation, 3-hexulose-6-phosphate synthase (HPS) in the ribulose
monophosphate pathway and formaldehyde transketolase (FTK) in the dihydroxyacetone
pathway. The reported values of the Michaelis constant for formaldehyde range between 0.15
to 3 mM and 0.4 mM to 1.9 mM for HPS and FTK, respectively.#+ With an apparent Km of
5 mM for formaldehyde, engineered MeOXCH4 is fully compatible with an in vivo application,

in contrast to other (engineered) C1-C1 carboligases that show apparent Kv values of 170 mM
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(GLS) and 29 mM (RuHACL) respectively, formaldehyde concentrations that are toxic to
E. coli. Compared to ACS and GS, MeOXC4 is a low-complexity C1-C1 carboligase that is
homotetrameric (i.e. requires only one gene), oxygen-insensitive and requires only ThDP and
Mg?* as cofactors. Additionally, MeOXC4 can be produced at high levels in E. coli, which makes
it a versatile tool for C1 extensions. Taken together, our results highlight the potential of
enzyme engineering to create new-to-nature C1 enzymes and pathways for a sustainable

(bio)catalysis and biotechnology.
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Materials & Methods

Chemicals

Chemicals were obtained from Sigma-Aldrich (Munich, Germany) and Carl Roth GmbH
(Karlsruhe, Germany). Coenzyme A was obtained from Roche Diagnostics Deutschland
GmBH (Mannheim, Germany). Biochemicals, commercially available proteins and materials
for cloning and protein production were obtained from Thermo Fisher Scientific (St. Leon-Rot,
Germany), New England Biolabs GmbH (Frankfurt am Main, Germany) and Macherey-Nagel
GmbH (Diiren, Germany). Primers and synthesized genes were obtained from Eurofins MWG

GmbH (Ebersberg, Germany).

Synthesis of CoA-esters

Formyl-CoA and oxalyl-CoA were synthesized and purified as described previously.!
Glycolyl-CoA, lactyl-CoA, mandelyl-CoA, 3-phenyllactyl-CoA and 2-hydroxyisobutyryl-CoA
were synthesized via carbonyldiimidazole coupling, as described previously? 3. Glyceryl-CoA
and 2-hydroxybutyryl-CoA were synthesized enzymatically. For glyceryl-CoA, 100 mM
sodium phosphate pH 6.5, 5 mM MgClz, 0.15 mM ThDP, 100 mM propionaldehyde, 10 mM
formyl-CoA were mixed and the reaction was initiated by adding MeOXC Y497A! to a final
concentration of 2 mg/mL. After 23 minutes at 30 °C, the reaction was quenched with formic
acid (final concentration 5% (v/v)). For 2-hydroxybutyryl-CoA, 100 mM sodium phosphate pH
6.5, 5 mM MgClz, 0.15 mM ThDP, 100 mM propionaldehyde, 10 mM formyl-CoA were mixed
and the reaction was initiated by adding MeOXC4 to a final concentration of 2 mg/mL. After

23 minutes at 30 °C, the reaction was quenched with formic acid (final concentration 5% (v/v)).

All CoA-esters were purified by preparative HPLC-MS with a methanol gradient in 25 mM
ammonium formate pH 4.2 (formyl-, glycolyl- and oxalyl-CoA) or 8.1 (glyceryl-, 2-
hydroxybutyryl-, 2-hydroxyisobutyryl-, lactyl-, mandelyl-, 3-phenyllactyl-CoA). The fractions

containing the product were lyophilized and stored at -20 °C.
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For use in assays and standards, CoA esters were dissolved in 100 mM potassium phosphate,
pH 5.5. The concentration was determined by enzymatic depletion with PduP? following

NADH consumption at 340 nm.

Cloning and Mutagenesis

Strains and plasmids are listed in Table S1. Human gox was codon optimized and synthesized
by Twist Bioscience, PCR amplified using the primers listed in Table S2 and cloned into
pET28b using Ndel and BamHI. panE2 was PCR-amplified from M. extorquens chromosomal
DNA using the corresponding primers (Table S2). The purified PCR products were digested
with Ndel and BamHI and ligated into pET-16b.

Point mutations were introduced by PCR using mismatch primers (Table S2). A 50 pL reaction
contained 60 ng of template DNA, 0.25 uM forward and reverse primer, 200 uM dNTP, 5 uL
10x Reaction Buffer, 1 uL Phusion polymerase (2 U/uL). Template plasmid was removed by
Dpnl digest (10 U) at 37 °C immediately after PCR amplification. Correct cloning was
confirmed by sequencing (Eurofins Genomics, Ebersbach, Germany and Microsynth AG,

Balgach, Switzerland)

For E. coli whole-cell bioconversion experiments, MeOXC and mutant variants 1-4 were PCR-
amplified using primers (Table S2) having 15-bp homology to the destination vector,
pCDFDuet-1 (Novagen). pCDFDuet-1 was linearized by restriction digest using EcoRI-HF
(NEB Inc.). PCR and digestion products were gel purified and ligated using the In-Fusion HD
EcoDry cloning kit (Takara Bio USA) following manufacturer directions. Resulting plasmids
isolated from single colonies were verified by sequencing (Eurofins Genomics LLC). Sequence
verified plasmids were further used to create bioconversion strains (Table S1) by

electroporation using standard protocols.

For E. coli whole-cell bioconversion experiments, MeOXC and mutant variants 1-4 were PCR-
amplified using primers (Table S2) having 15-bp homology to the destination vector,
pCDFDuet-1 (Novagen). pCDFDuet-1 was linearized by restriction digest using EcoRI-HF
(NEB Inc.). PCR and digestion products were gel purified and ligated using the In-Fusion HD
EcoDry cloning kit (Takara Bio USA) following manufacturer directions. Resulting plasmids
isolated from single colonies were verified by sequencing (Eurofins Genomics LLC). Sequence
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verified plasmids were further used to create bioconversion strains (Table S1) by

electroporation using standard protocols.

Protein Production and Purification

All proteins were heterologously produced in E. coli BL21 (DE3). 500 mL TB containing 100
ug/mL ampicillin (AbfT, FRC, GOX, MeOXC(1-4), PanE2, PCTs, PduP, RuHACL G390N,
RuHACL A389C G390N) or 34 pg/mL chloramphenicol (GhrB) was inoculated with freshly-
transformed cells and incubated at 37 °C. After reaching an ODsw of 0.8 expression was
induced by adding IPTG to a final concentration of 0.5 mM and the incubation temperature
was lowered to 25 °C. Cells were harvested after 16 h by centrifugation (4500x g, 10 min) and
resuspended in buffer A (500 mM KCl, 50 mM HEPES-KOH pH 7.8). If not used immediately,
cell pellets were stored at —20 °C. The cell lysate obtained by sonication was clarified by
centrifugation 75,000x g at 4 °C for 45 min. The supernatant was filtered through a 0.4 um
syringe tip filter (Sarstedt, Niimbrecht, Germany). Ni-affinity purification was performed with
an Akta FPLC system from GE Healthcare (GE Healthcare, Freiburg, Germany). The filtered
soluble lysate was loaded onto a 1 mL Ni-Sepharose Fast Flow column (HisTrap FF, GE
Healthcare, Little Chalfont, UK) that had been equilibrated with 10 mL buffer A. After washing
with 20 mL 85% buffer A, 15% buffer B (500 mM KCl, 50 mM HEPES-KOH pH 7.8, 500 mM
imidazole), the protein was eluted with 100% buffer B. Fractions containing purified protein
were pooled and the buffer was exchanged to storage buffer (150 mM KCl, 50 mM HEPES-
KOH pH 7.8) with a desalting column (HiTrap, GE Healthcare). PduP was applied to a 1 ml
StrepTrap column (GE Healthcare) that had been equilibrated with storage buffer. The column
was washed with storage buffer and the recombinant enzyme was eluted with storage buffer
containing 2.5 mM desthiobiotin. Proteins were concentrated by ultrafiltration (Amicon Ultra).
Concentration was determined on a NanoDrop 2000 Spectrophotometer (Thermo Scientific,
Waltham, MA, USA) using the extinction coefficient at 280 nm, as calculated by protparam
(https://web.expasy.org/protparam/). Enzyme purity was confirmed by SDS-PAGE. The
purified proteins were stored in 50% glycerol at 20 °C. MeOXC WT and mutants were flash-

frozen in liquid nitrogen and stored at 80 °C.
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SDS-PAGE analysis of OXC expression

Protein was produced as described above. Protein concentration in the clarified cell lysate was
determined with the Bradford assay, using bovine serum albumin for calibration.’ 5 pg of total
protein was loaded in each lane. As negative control, empty pET-16b plasmid was used and

MeOXC expression was compared to ECOXC (overexpressed from plasmid pCA24N-EcOXC).

Crystallization & Structure Determination

MeOXC and MeOXC4 were purified as described above. Immediately after affinity
purification, the eluate was loaded onto a HiLoad 16/600 Superdex 200 pg column (GE
Healthcare) equilibrated in SEC Buffer (75 mM KCl, 25 mM HEPES-KOH pH 7.8). Fractions
corresponding to tetrameric enzyme were collected, pooled and concentrated to 10 mg/mL on
30,000 MWCO filters (Amicon Ultra). Enzyme purity was evaluated via SDS page. The enzyme
was supplemented with 10 mM MgClz, 2 mM ThDP and 1 mM CoA and crystal plates were
set up using the sitting drop vapor diffusion method, diluting equal volume of enzyme in
reservoir solution. For MeOXC the reservoir solution contained 45 % w/v pentaerythritol
ethoxylate (3/4 EO/OH), 100 mM sodium acetate pH 4.6, 400 mM KCl); and for MeOXC4 25 %
w/v pentaerythritol propoxylate (17/8 PO/OH), 100 mM TRIS pH 8.5, 50 mM MgCl). Substrate
soaking with glycolyl-CoA improved the final resolution of the crystals without resulting in

clear electron density for these ligands.

Data for MeOXC was collected at the Beamline ID23 -1 (European Synchrotron Radiation
Facility, Grenoble, France), whereas data for MeOXC4 was collected at the Beamline P13
(Deutsches Elektronen-Synchrotron, Hamburg, Germany). All images were processed using
XDS.¢ The dataset was scaled using the program suite ccp4.” The Phenix software package®
was used to perform molecular replacement (PhaserMR) for phasing of the MeOXC dataset
by using the oxalyl-CoA decarboxylase from Oxalobacter formigenes (PDB 2C31) as search
model. The refined structure of MeOXC was then used as search model for MeOXC4. Initial
models were built with Phenix.AutoBuild and refined with the phenix.refine. Manual
refinement and ligand modelling was done in COOT.? Final B-facor refinement and water

positioning was also performed via phenix.refine.
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LC-MS/MS analysis of CoA-esters

Samples were prepared for LC-MS/MS analysis by quenching an aliquot of a reaction with
formic acid (final concentration 4%) and centrifuging for 10 min at 17,000 rcf to remove
precipitated proteins. CoA-esters were separated on an Agilent Infinity II 1290 HPLC system
equipped with an EVO C18 column (50 x 2.1 mm, 1.7 um particle size, 100 A pore size) and a
suitable guard column (20 x 2.1 mm, 5 pum particle size) (Phenomoenx, Torrance, CA, USA).
Flow rate was constant, at 0.25 ml/min and 25 °C. Mobile phase A consisted of 50 mM
ammonium formate and phase B of 99.9% methanol. 2 pl of sample were injected per run. The
following steps were employed: 0 — 4.5 min 3% B, 4.5 — 5.5 min linear gradient 3 from 80% B,
5.5 - 6.5 min 80 % B, 6.5 — 7.5 min from 80 to 3 % B, 7.5 — 8.5 min 3% B. Masses were detected
as follows on an Agilent 6495 ion funnel mass spectrometer in positive mode using an
electrospray ionization source: ESI spray voltage 1000 V, sheath gas 400° C at 12 I/min,
nebulizer pressure 20 psig, drying gas 100° C at 11 I/min. Components were identified by
retention time and mass transition. Integration of chromatograms was performed using the
MassHunter software (Agilent, Santa Clara, CA, USA). From the integrals, absolute

concentrations were calculated from an external calibration curve prepared in sample matrix.

LC-MS/MS analysis of glycolate and glyoxylate

Samples were prepared for analysis as described for the CoA-esters. An Agilent Infinity IT 1290
HPLC system equipped with a Kinetex Evo C18 column (150 x .12mm, 100 A, 1.7 um,
Phenomenex) and a 20 X 2.1 mm guard column was used for separation. Flow rate was
constant, at 0.1 ml/min and 25 °C. Mobile phase A was 0.1% formic acid in water and mobile
phase B was 0.1% formic acid in methanol. 0.5 pl were injected. The mobile phase profile was
as follows: 0 =5 min at 0 % B, 5 -7 min from 0 to 100 % B; 7 — 10 min at 100 % B; 10 — 10.1 min
from 100 to 0 % B; 10.1 — 20 min at 0 % B. Detection occurred in an Agilent 6470A mass
spectrometer in negative mode with an electrospray ionization source. Settings were ESI spray
voltage 4500 V, Nozzle Voltage at 500 V sheath gas 400° C at 11 1/min, nebulizer pressure 45
psig and drying gas 170° C at 5 I/min. Evaluation of the LC-MS/MS data was performed as

described for the CoA-esters.
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GFT screen

For the initial screen, 50 mM TES-KOH pH 6.8, 100 mM sodium formate and 1 uM transferase
(FRC, AbfT, CnPCT, CpPCT) were mixed in a 1.5 mL microfuge tube at 30 °C. The reaction
was started by addition of 1 mM glycolyl-CoA. Samples were taken after 5 and 60 min and
analyzed with the CoA ester method described above. For the second screen, 50 mM TES-KOH
pH 6.8, 50 mM sodium formate and 2.5 uM transferase (AbfT, CnPCT) were mixed in a 1.5 mL
microfuge tube at 30 °C. The reaction was started by addition of 0.5 mM glycolyl-CoA. Samples
were taken after 0, 1, 5, 30 and 120 min and analyzed with the CoA ester method described

above.

ISM of MeOXC

ISM was performed using the 22c trick’’ and the primers listed in Table S2. Briefly, NDT, VHG
and TGG forward primers were mixed at a ratio of 12:9:1 to create a forward primer mix. 50
ul PCR reactions contained 1x Q5 Buffer (NEB), 1x High GC enhancer (NEB), 0.4 mM dNTPs
(Thermo Fisher), 0.8 uM forward primer mix, 0.8 uM reverse primer, 50 ng template DNA and
0.5 pul Q5 HF polymerase (NEB). Per target site, 4 50 ul PCR reactions were run in parallel.
Two-step PCR Cycles were performed as follows: 30 s 98 °C, 32x [10 s 98 °C and 72 °C 6 min],
final extension 72 °C 15 min, 4 °C hold. PCR product was purified using the Machery Nagel
NucleoSpin Gel and PCR Clean-up kit and digested overnight at 37 °C using DpnlI FD (Thermo
Fisher) and the supplied buffer. Digested DNA was purified again and transformed into
chemically competent DH5a cells (Invitrogen) by standard methods. After selection on LB
plates supplied with ampicillin, colonies were washed from the plates, purified using the
NucleoSpin Plasmid Miniprep kit (Machery Nagel) and send for sequencing (Microsynth).
Library quality was evaluated from the Sanger sequencing traces (Figure S4). For the activity
screen, libraries were transformed into competent E.coli BL21(DE3). Transformants were
picked into 600 pul LB Ampioo in 2.0 ml 96 Deep Well Plates with V Bottom (Plate One). As a
control, each plate was also inoculated with the corresponding parent variant in the E.coli
BL21(DE3) background. The 96-well plates were sealed with Rotilabo Cell Culture Sealing
Film (Carl Roth) and grown overnight at 37 °C, 180 rpm. The next day, fresh plates were
inoculated using 30 pl of starter culture and again 600 ul LB Ampio. The master plates were

supplemented with 200 pl 80% glycerol per well and stored at -80 °C. The fresh plates were
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grown at 37 °C, 180 rpm to ODew = 0.4-0.6 and then induced by addition of 250 uM IPTG.
Overexpression occurred for 16 h at 25 °C, 180 rpm. Cells were harvested by centrifugation in
a Multifuge X1R (Heraeus) at 2000 g, 4 °C for 30 min. LB was removed and cell pellets were
lysed by addition of 60 ul CellLytic B Cell Lysis Reagent (Sigma Aldrich) and incubation for
10 min at 20 °C, 120 rpm. Cell debris was spun down by centrifugation at 2000 g, 4 °C for 5
min. Activity assays were performed on Nunc 384 shallow well plates (Thermo Fisher) in an
Infinite M PLEX plate reader (Tecan) using 100 mM K:HPOs, pH 7.5, 5 mM MgClz, 150 uM
ThDP, 50 mM formate, 50 — 10 mM formaldehyde, 0.5 mM formyl-CoA, 0.5 mM Ampliflu Red
(Sigma Aldrich), 1 U/mL horse-radish peroxidase (Sigma Aldrich), 2.5 uM purified GOX, 1 uM
purified AbfT and 20% (v/v) OXC lysate. Product formation was followed for 2 h. The maximal
slope was determined via the first derivative of the production formation. To identify positive
clones, end point concentration was plotted versus maximal slope. Positive clones were
sequenced using the frozen master plates for re-inoculation. Improved activity of the purified

enzyme mutant was confirmed using the same reaction conditions as for the library screen.

GCS kinetics

GCS kinetics for formaldehyde were determined in reactions containing 100 mM potassium
phosphate pH 6.9, 10 mM MgClz, 500 uM ADP, 150 uM ThDP and 1 mM formyl-CoA. Enzyme
concentration was varied for each mutant and initial velocity was determined for five
formaldehyde concentrations, as shown in Table S4. Similarly, kinetics for formyl-CoA were
determined using reactions containing 100 mM potassium phosphate pH 6.9, 10 mM MgCls,
500 uM ADP and 150 uM ThDP. Formaldehyde and enzyme concentration were varied for
each mutant to achieve saturating conditions and initial velocity was determined for six
formyl-CoA concentrations as shown in Table S4. Reactions were incubated at 30 °C and
samples were taken at 1, 2 and 5 min. Samples analysed by LC-MS as described above. Data
was analysed in GraphPad Prism using a Michalis Menten fit. A gel of the purified MeOXC

variants is shown in Figure S5. Michealis-Menten graphs are shown in Figure S6.
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Aldehyde scope of MeOXC vs MeOXC4

The aldehyde scope of MeOXC and MeOXC4 was evaluated via LC-MS. Reactions contained
100 mM potassium phosphate pH 6.9, 5 mM MgClz, 150 uM ThDP, 1 mM formyl-CoA, 10 uM
MeOXC or 5 uM MeOXC4 and either 100 mM formaldehyde, acetaldehyde, propionaldehyde
or glycolaldehyde, or 10 mM benzaldehyde or phenylacetaldehyde, or 1 M acetone. Reactions

were incubated at 30 °C and samples were taken after 0, 0.5, 1, 2, 3 and 5 minutes and analysed

via LC-MS.

Inhibition of MeOXC4 by oxalyl-CoA

The impact of oxalyl-CoA on the GCS reaction was determined via LC-MS. Reactions
contained 100 mM potassium phosphate pH 6.9, 10 mM MgClz, 150 uM ThDP, 1 mM formyl-
CoA and/ or 1 mM oxalyl-CoA, 50 mM formaldehyde and 1 pM MeOXC4. Reactions were

incubated at 30 °C and samples were taken after 0, 0.5, 1, 2, 3 and 5 minutes and analysed via

LC-MS.

Spectrophotometric enzyme assays

Spectrophotometric assays were performed on a Cary-60 UV/Vis spectrophotometer (Agilent)
at 30°C using quartz cuvettes (10 mm path length; Hellma). For the determination of steady-
state kinetic parameters, each concentration was measured in triplicates and the obtained
curves were fit using GraphPad Prism 7. The data was fit to the Michaelis-Menten equation to

obtain ket and Kum values.

ADST. For the glycolyl-CoA:formate transferase activity of AbfT an assay containing 50 mM
MES-KOH pH 6.8, 5 mM disodium oxalate, 50 mM sodium formate, 0.3 mM NADPH, 1.5 uM
FRC, 0.2 uM PanE2 and 2 uM AbfT was preincubated for 2 min and the reaction started by
adding glycolyl-CoA (2.5, 5, 10, 25, 100 and 150 uM). Reaction procedure was monitored by
following the oxidation of NADPH at 340 nm.

MeOXC forward. The oxalyl-CoA decarboxylase activity was measured as described
previously.’ 50 mM MES-KOH pH 6.5, 0.3 mM NADH, 10 mM MgCl,, 0.5 mM ADP, 0.15 mM

ThDP, 5 uM PduP, and OXC (concentration depending on the mutant) was preincubated for
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2 min and the reaction started by adding oxalyl-CoA (concentrations depending on the

mutant). Reaction procedure was monitored by following the oxidation of NADH at 340 nm.

MeOXC reverse. The reverse reaction of OXC was monitored by mixing 50 mM potassium
phosphate pH 6.5, 100 mM NaHCOs, 0.3 mM NADPH, 5 mM MgCl,, 0.5 mM ADP, 0.15 mM
ThDP, 1 mM formyl-CoA, 1ug/ml carbonic anhydrase, 0.6 uM PanE2, 2 uM GhrB, 6.6 uM
OXC. The reaction was started by adding OXC and formyl-CoA, respectively, and activity
monitored by following the oxidation of NADPH at 340 nm. Activity only occurred after

addition of the last component.

PanE2. For the oxalyl-CoA reductase activity of PanE2 an assay containing 100 mM potassium
phosphate pH 7.5, 0.5 mM NADPH, 18 nM PanE2 was preincubated for 2 min and the reaction
started by adding oxalyl-CoA to a final concentration of 5, 12.5, 25, 100 and 250 uM,
respectively. Reaction procedure was monitored by following the oxidation of NADPH at 365

nm (essnm = 3.4 mM' cm™).

PduP. Kinetic parameters for the activation of formaldehyde to formyl-CoA by PduP were
determined. Reactions contained 50 mM MOPS-KOH pH 7.8, 2.5 mM NAD*, 1 mM CoA and
180 nM PduP. Reactions were pre-incubated for 2 minutes and started by addition of
formaldehyde. Assays were performed at 30 °C. Reaction velocity was monitored as reduction

of NAD* at 340 nm.

E. coli whole-cell bioconversions

E. coli strains were pre-grown in a media containing M9 basal salts (6.78 g/L. Na2HPOs, 3 g/L
KH:POs, 1 g/L NH4Cl, 0.5 g/L NaCl, 2 mM MgSOs, and 15 pM thiamine-HCl) additionally
supplemented with 20 g/L glycerol, 10 g/L tryptone, 5 g/L yeast extract, 50 pg/mL carbenicillin,
50 pg/mL spectinomycin, and the micronutrient solution of Neidhardt.” To test RuHACL and
MeOXC variants, colonies of each strain were picked from LB-agar plates (with appropriate
antibiotics) and used to inoculate 200 uL of the above media in a 2 mL deep, square 96-well
plate (PlateOne). To test varying inducer concentrations, the strain expressing MeOXC4 was
pre-cultured overnight in LB media containing appropriate antibiotics and used to inoculate
an appropriate volume of the above media (1% inoculation). 200 uL of the inoculated media
was then distributed into the wells of a 2 mL deep, square 96-well plate. Plates containing
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inoculated media were covered with a rayon microporous film (USA Scientific) and incubated
in an incubating microplate shaker (VWR International) at 30°C and 1000 rpm. After 2.5 hours,
chemical inducers (IPTG and cumate) were added in the indicated concentrations.24 hours
after inoculation, cells were pelleted by centrifugation (3220xg, 8 min) and the pellet washed
with 1 mL of the M9 basal salt media with the micronutrient solution of Neidhardt and without
other additional supplements. Cells were pelleted again by centrifugation (3220xg, 8 min) and
the cell pellets were resuspended in 1 mL of the M9 basal salt media supplemented with the
micronutrient solution of Neidhardt and 5 mM formaldehyde. The plates were covered and
returned to the incubating microplate shaker (30°C, 1000 rpm). After 3 hours, final OD600 of
the cell suspension was measured using a Synergy H1 microplate reader (Biotek) by
transferring 50 pL of cells to a 96 well plate with 50 uL media in each well for dilution. Wells
containing 100 uL media were used as blanks. The deep-well plates were centrifuged (3220xg,
8 min) and glycolate in the supernatant was quantified by HPLC analysis using previously

reported conditions.’?

Cell pellets harvested after bioconversion were resuspended to 200D in B-PER® Bacterial
Protein Extraction Reagent (Thermo Fisher) supplemented with 0.1 mg/mL chicken egg white
lysozyme (Fisher) and 5 U/mL Benzonase® nuclease (Sigma) for cell lysis. After incubation in
room temperature for 15 minutes, 100 pL of each cell lysate was transferred to 1.5 mL
microcentrifuge tubes for centrifugation at 15,000xg for 5 minutes. The soluble cell lysates
obtained from the supernatant were analyzed using Protein 80 Kit (Agilent) by 2100

Bioanalyzer system (Agilent), following the manufacturer instructions.
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Supporting Tables

Table S1. Strains and plasmids used in this study.

Strain/Plasmid Description/Genotype Source
AC440 MG1655 A(DE3) AfrmA AfdhF AfdnG AfdoG AglcD::FRT Chou et al.”
BL21 (DE3) fhuA2 [lon] ompT gal (A DE3) [dcm] AhsdS Invitrogen
DH5a fhuA2 A(argF-lacZ)U169 phoA gIinV44 @80 Invitrogen

A(lacZ)M15 gyrA96 recA1 relA1 endA1 thi-1

hsdR17
pCDFDuet-1-P1-ntH6- pCDFDuet-1 with codon optimized 6xHis-tagged Chou et al.”
RUHACLG390N Rhodospirillales  bacterium  URHDO0017  hacl

(Uniprot: AOATH8YFL8) with a G390N mutation

under control of the T7lac promoter and /ac/
pCDFDuet-1-P1-ntH6-MeOXC(1- pCDFDuet-1 with 6xHis-tagged Methylorubrum  This study

4)
pET-16b-s-PduP
pCA24N-GhrB
pCA24N-EcOXC
pET-16b-AbfT
pSEVA581-CnPCT
pET-16b-CpPCT
pET-16b-FRC

pET-16b-MeOXC(1-4)

pET-16b-PanE2

pET-16b-RUHACL G390N
pET-16b-RUHACL A389C G390N
pET-28b-GOX
pETDuet-1-P1-LmACR-P2-

EcAldA

pETDuet-1-PCT5-LmACR-EcAIdA

pETDuet-1-PCT5-PduP-EcAldA

pTWIST-GOX
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extorquens oxc (or indicated mutant) under control
of the T7lac promoter and lac/

pET-16b with strep-tagged Rhodopseudomonas
palustris pduP under control of T7 promoter and /ac/
pCA24N with Escherichia coli ghrB under control of
T5 promoter and /ac/

pCA24N with Escherichia coli oxc under control of
T5 promoter and /acl

pET-16b with Clostridium aminobutyricum abfT
under control of T7 promoter and /ac/

pSEVAS581 with Cupriavidus necator pct under
control of T7 promoter

pET-16b with Clostridium pripionicum pct under
control of T7 promoter and /ac/

pET-16b with Oxalobacter formigenes frc under
control of T7 promoter and /ac/

pET-16b with Methylorubrum extorquens oxc (or
indicated mutant) under control of T7 promoter and
lacl

pET-16b with Methylorubrum extorquens panE2
under control of T7 promoter and /ac/

pET-16b with Rhodospirillales bacterium
URHDO0017 hacl with a G390N mutation under
control of T7 promoter and /ac/

pET-16b with Rhodospirillales bacterium
URHDO0017 hacl with the mutations A389C and
G390N under control of T7 promoter and /ac/
pET-28b with Homo sapiens gox under control of T7
promoter and /ac/

pETDuet-1  with codon optimized Lysteria
monocytogenes acr in the P1 cloning site and E. coli
aldA in the P2 cloning site both under control of the
T7lac promoter and lac/

pETDuet-1  with codon optimized Lysteria
monocytogenes acr and Escherichia coli aldA in a
synthetic operon under control of the cumate
inducible CT5 promoter and cymR

pETDuet-1 with codon optimized
Rhodopseudomonas palustris pduP and
Escherichia coli aldA in a synthetic operon under
control of the cumate inducible CT5 promoter and
cymR

pTWIST with codon optimized Homo sapiens gox

Zarzicky et al.#

ASKA collection
ASKA collection
Scheffen et al. 4

Gifted by .
Bernhardsgrutter

Gifted by |. Berg

Gifted by A. Bar-Even

Burgener et al.’, this
study

This study

Chou et al.”?

This study

This study

Chou et al.”?

Chou et al.”?

This study

This study
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Table S2. Primers used in this study. N=A,C,G, T.D=A, G, T.H=A,C, T.V=A,C, G.

Name Nucleotide sequence

gox_fw GATACATATGCTGCCGCGTCTGATCTG

gox_rv GTATGGATCCGCCTGCTAGCTCTAGATTAG

oxc_l48 NDT CGATCTACAACGTGCCCGGCNDTCCGATCACCGATCTCGG
oxc_l48_VHG CGATCTACAACGTGCCCGGCVHGCCGATCACCGATCTCGG
oxc_l48_TGG CGATCTACAACGTGCCCGGCTGGCCGATCACCGATCTCGG
oxc_l48_rv GCCGGGCACGTTGTAGATCGTCTCGATGCCGTTGAGCTTG

oxc_A415 _NDT

oxc_A415 VHG

oxc_A415 _TGG
oxc_A415_rv
oxc_Y497_NDT
oxc_Y497_VHG
oxc_Y497_TGG
oxc_Y497 _rv
oxc_I571_NDT
oxc_I571_VHG
oxc_I571_TGG
oxc_I571_rv
oxc_Y134_NDT
oxc_Y134_VHG
oxc_Y134_TGG
oxc_Y134_rv
oxc_E135_NDT
oxc_E135_VHG
oxc_E135_TGG
oxc_E135_rv
oxc_E567_NDT
oxc_E567_VHG
oxc_E567_TGG
oxc_E567_rv
oxc_S568_NDT
oxc_S568 VHG
oxc_S568_TGG
oxc_S568_rv
oxc_S568G_E567_NDT
oxc_S568G_E567_VHG
oxc_S568G_E567_TGG
oxc_E135G_Y134_NDT
oxc_E135G_Y134_VHG
oxc_E135G_Y134_TGG
oxc_Y134E135_NDTNDT
oxc_Y134E135_NDTVHG
oxc_Y134E135_NDTTGG
oxc_Y134E135_VHGNDT
oxc_Y134E135_VHGVHG
oxc_Y134E135_VHGTGG
oxc_Y134E135_TGGNDT
oxc_Y134E135_TGGVHG
oxc_E70A fw
oxc_E70A rv

panE2_fw

panE2_rv
pNov-P1-ntH6-MeOxc-L
pNov-P1-ntH6-MeOxc-R
ruHACL_A389C_fw
ruHACL_A389C rv

CGATCCTCGTCAACGAGGGTNDTAACACCCTCGATCTGGC
CGATCCTCGTCAACGAGGGTVHGAACACCCTCGATCTGGC
CGATCCTCGTCAACGAGGGTTGGAACACCCTCGATCTGGC
CCCTCGTTGACGAGGATCGCGTCGGGCCGCTCCTTGATG
CTTCAACAACAACGGCATCNDTCGCGGCACCGACACCGATC
CTTCAACAACAACGGCATCVHGCGCGGCACCGACACCGATC
CTTCAACAACAACGGCATCTGGCGCGGCACCGACACCGATC
GATGCCGTTGTTGTTGAAGATGACGATGCAGACCGGCAGC
CCGGCAGCGAGAGCGGCAATNDTGGCAGCCTCAACCCGCAG
CCGGCAGCGAGAGCGGCAATVHGGGCAGCCTCAACCCGCAG
CCGGCAGCGAGAGCGGCAATTGGGGCAGCCTCAACCCGCAG
GCCGCTCTCGCTGCCGGCGGCCGGGTCGATCTCCGCATTG
CGATCTGCAGCAGGGCGACNDTGAGGAGATGGACCAGC
CGATCTGCAGCAGGGCGACVHGGAGGAGATGGACCAGC
CGATCTGCAGCAGGGCGACTGGGAGGAGATGGACCAGC
GTCGCCCTGCTGCAGATCGACGATCTCGCGCTCGGAGGAG
GATCTGCAGCAGGGCGACTACNDTGAGATGGACCAGCTCGC
GATCTGCAGCAGGGCGACTACVHGGAGATGGACCAGCTCGC
GATCTGCAGCAGGGCGACTACTGGGAGATGGACCAGCTCGC
GTAGTCGCCCTGCTGCAGATCGACGATCTCGCGCTCGGAG
CGACCCGGCCGCCGGCAGCNDTAGCGGCAATATCGGCAGC
CGACCCGGCCGCCGGCAGCVHGAGCGGCAATATCGGCAGC
CGACCCGGCCGCCGGCAGCTGGAGCGGCAATATCGGCAGC
GCTGCCGGCGGCCGGGTCGATCTCCGCATTGATCAGAGTC
CCCGGCCGCCGGCAGCGAGNDTGGCAATATCGGCAGCCTC
CCCGGCCGCCGGCAGCGAGVHGGGCAATATCGGCAGCCTC
CCCGGCCGCCGGCAGCGAGTGGGGCAATATCGGCAGCCTC
CTCGCTGCCGGCGGCCGGGTCGATCTCCGCATTGATCAG
CGACCCGGCCGCCGGCAGCNDTGGTGGCAATATCGGCAGC
CGACCCGGCCGCCGGCAGCVHGGGTGGCAATATCGGCAGC
CGACCCGGCCGCCGGCAGCTGGGGTGGCAATATCGGCAGC
CGATCTGCAGCAGGGCGACNDTGGTGAGATGGACCAGC
CGATCTGCAGCAGGGCGACVHGGGTGAGATGGACCAGC
CGATCTGCAGCAGGGCGACTGGGGTGAGATGGACCAGC
GATCTGCAGCAGGGCGACNDTNDTGAGATGGACCAGCTCGC
GATCTGCAGCAGGGCGACNDTVHGGAGATGGACCAGCTCGC
GATCTGCAGCAGGGCGACNDTTGGGAGATGGACCAGCTCGC
GATCTGCAGCAGGGCGACVHGNDTGAGATGGACCAGCTCGC
GATCTGCAGCAGGGCGACVHGVHGGAGATGGACCAGCTCGC
GATCTGCAGCAGGGCGACVHGTGGGAGATGGACCAGCTCGC
GATCTGCAGCAGGGCGACTGGNDTGAGATGGACCAGCTCGC
GATCTGCAGCAGGGCGACTGGVHGGAGATGGACCAGCTCGC
CATCTCCTTCCGCCACGCGCAGAATGCGGGCAAC
GTTGCCCGCATTCTGCGCGTGGCGGAAGGAGATG
GCGCACATATGAGCATCGCGATCGTCG
CAGAGGATCCTCATGCTCCCTGGATCGC
GCCAGGATCCGAATTCTATGACCGTCCAGGCCCA
CGCCGAGCTCGAATTTCACTTCTTCTTCAAGGTGCTC
CCTGTCTGCTGAAGGTTGCAACACCATGGACATCG
CGATGTCCATGGTGTTGCAACCTTCAGCAGACAGG
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Table S3. Data collection and refinement statistics. Statistics for the highest-resolution shell are shown

in parentheses.

Beam line
PDB ID
Ligands
Wavelength (A)
Resolution range (A)
Space group
Unit cell dimensions a, b, ¢ (A)
a, By ()
Total reflections
Unique reflections
Multiplicity
Completeness (%)
Mean (I)/o (1)
Wilson B-factor (A2)
Rmerge
Rmeas
CC1/2
Reflections used in refinement
Reflections used for Riree
Rwork
Rfree
Number of non-hydrogen atoms
macromolecules
ligands
solvent
Protein residues
RMS(bonds) (A)
RMS(angles) (°)
Ramachandran favored (%)
Ramachandran allowed (%)
Ramachandran outliers (%)
Rotamer outliers (%)
Average B-factor
macromolecules
ligands
solvent
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MeOXC

ESRF_ID23-1, Grenoble, France
TAYG

ThDP, ADP, Mg?*
0.972
39.11-1.9(1.968 - 1.9)
P 212124
160.176, 181.798, 202.366
90, 90, 90
2591098 (355003)
455609 (65577)
5.7 (5.4)

98.64 (97.25)
8.82 (1.99)

23.99

0.04624 (0.367)
0.06539 (0.519)
0.997 (0.883)
454225 (44467)
1987 (195)
0.1765 (0.3061)
0.2078 (0.3227)
36890

32548

432

3910

4392

0.008

1.04

97.54

2.27

0.18

0.94

27.86

27.02

22.52

35.41

MeOXC4

DESY P13, Hamburg, Germany
7B2E

ThDP, ADP, Mg?*
0.976
29.97-28(2.9-2.2.8)
P 212124
161.094, 180.337, 202.008
90, 90, 90
3098058 (454913)
228390 (32969)
13.6 (13.8)

99.37 (99.97)
10.11 (3.85)
28.91

0.04856 (0.1611)
0.06867 (0.2279)
0.998 (0.978)
142866 (14161)
1996 (197)
0.2012 (0.2597)
0.2302 (0.3175)
34264

32560

432

1272

4405

0.006

0.86

97.30

2.52

0.18

0.97

29.30

29.39

26.73

28.00
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Table S4. Concentrations of substrates and enzymes in determination of GCS steady-state parameters
of MeOXC variants. Enz, enzyme; FALD, formaldehyde; F-CoA, formyl-CoA

Formaldehyde kinetics

Formyl-CoA kinetics

Enz FALD F-CoA Enz.  FALD F-CoA

(UM) (mM) (mM) kM) (mM) - (mM)
MeOXC 5 500, 200, 100, 50,20 1 5 500  125,7.5,3.75,25,1.25 05
MeOXC1 5 100, 50, 20, 10, 4 1 2 150  7.5,4.5,2.25,1.5,0.75,0.3
MeOXC2 25 50, 20, 10, 5, 2 1 1 80 1,0.6,0.3,0.2,0.1,0.05
MeOXC3 1 50, 20, 10, 5, 2 1 1 35 1,0.6,0.3,0.2,0.1,0.05
MeOXC4 1 25,10,5,2,1 1 1 30 1,0.6,0.3,0.2,0.1,0.05
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Supporting Figures

UniProt ID Species
C5AX46 Methylorubrum extorquens AM1
AOAOF2S3K0 Roseovarius sp. BRH_c41
P40149 [o) i
POAFIO ichia coliK12
H2JXY5 i
G41076 ici i iae JS60
p8scu7? i i
QILF46 Arabi is thaliana
AOA2H3YMD1 Phoenix dactylifera
ADA1X2GV29 H i i
AOA1X2HM26
H2UST3 Takifugu rubripes
Q9ouJs3 Hormo sapiens
AOA2A9HFZ7 Tt ii
AOA2E4XP72
AOA1THBYFL8 Rhodospirillales bacterium URHD0017

C5AX46 Methylorubrum extorquens AM1 T H
AOAOF2S3K0 Roseovarius sp. BRH_c41 T ]
P40149 Oxalobacter formigenes T 12
POAFIO Escherichia coliK12 T H
H2JXY5 Streptomyces hygroscopicus T b4
G41076 Mycolicibacteriumrhodesiae JS60 T b
D8scu7 Selaginella moellendorffii M G
QILF46 Arabidopsis thaliana W E
AOA2H3YMD1 Phoenix dactylifera 2|
AOA1X2GV29 Hesseltinella vesiculosa E
AOA1X2HM26 Syncephalastrumracemosum E
H2UST3 Takifugu rubripes
QouJs3 Homo sapiens 2
AOA2A9HFZ7 Thermoflexus hugenholtzii B A
AOA2E4XP72 Rhodospirillaceae bacterium HG
AOA1TH8YFL8 Rhodospirillales bacterium URHD0017 FIH-—

C5AX46 Methylorubrum extorquens AM1
AOAOF2S3K0 Roseovarius sp. BRH_c41
P40149 Oxalobacter formigenes
POAFIO Escherichia coliK12
H2JXY5 Streptomyces hygroscopicus
G41076 Mycolicibacteriumrhodesiae JS60
D8scu7 Selaginella moellendorffii
QILF46 Arabidopsis thaliana
AO0A2H3YMD1 Phoenix dactylifera
ADA1X2GV29 Hesseltinella vesiculosa
AOA1X2HM26 Syncephalastrumracemosum
H2UST3 Takifugu rubripes
QouJs3 Homo sapiens
AOA2A9HFZ7 Themmoflexus hugenholtzii
AOA2E4XP72 Rhodospirillaceae bacterium
AOA1TH8YFL8 Rhodospirillales bacterium URHD0017

C5AX46 Methylorubrum extorquens AM1
AOAOF2S3K0 Roseovarius sp. BRH_c41
P40149 Oxalobacter formigenes
POAFIO Escherichia coliK12
H2JXY5 Streptomyces hygroscopicus
G41076 Mycolicibacteriumrhodesiae JS60
Dp8scu7 Selaginella moellendorffii
QOLF46 Arabidopsis thaliana
AOA2H3YMD1 Phoenix dactylifera
ADA1X2GV29 Hesseltinella vesiculosa
AOA1X2HM26 Syncephalastrumracemosum
H2UST3 Takifugu rubripes
Q9uJs3 Homo sapiens
AO0A2A9HFZ7 Themmoflexus hugenholtzii
AOA2E4XP72 Rhodospirillaceae bacterium

AOA1TH8YFL8 Rhodospirillales bacterium URHD0017

Figure S1. Representative MSA of the HACL/OXC enzyme family. Shown are the sequence regions
around the amino acids that are in proximity of the ThDP in MeOXC (see Figure 1C). MeOXC, OfOXC
and RuHACL (first, third and last from the top) are in bold. The C-terminal loop (marked in blue) is highly
flexible in OXC and forms part of the active site upon substrate binding. Note that this region shows low

sequence conservation.
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Figure S2. Proposed catalytic cycle of GCS. Catalysis is initiated by proton abstraction from the ThDP
cofactor, mediated by E70A." This generates the carbenel/ylid state of ThDP, which covalently binds
formyl-CoA. Deprotonation of the a-carbon by hydroxide (forming water molecule W2) then gives rise to
the a-carbanion/enamine intermediate’® that subsequently performs a nucleophilic attack onto
formaldehyde. The resulting intermediate (glycolyl-CoA-ThDP covalent adduct) undergoes proton
transfer and is then released as glycolyl-CoA, regenerating the ThDP-carbene. The proton transfer can

either proceed directly between the hydroxyl groups (green arrows) or via Y134 (pink arrows).
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Figure S3. Screening CoA-transferases for GFT activity. A) GFT activity was screened by detecting
the product formyl-CoA via LC-MS. Activity was normalized to the highest activity (AbfT). FRC is formyl-
CoA:oxalate CoA-transferase from Oxalobacter formigenes, AbfT is 4-hydroxybutyrate CoA-transferase
from Clostridium aminobutyricum, CnPCT is propionyl-CoA transferase from Cupriavidus necator,
CpPCT is propionyl-CoA transferase from Clostridium propionicum. B) The reaction progress of CnPCT-
catalyzed CoA transfer from glycolyl-CoA onto formate was monitored by LC-MS. The build-up of CoA
is due to hydrolysis of formyl-CoA.
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Figure S4. Validation of the GCS screen. The production of key intermediates was assessed by LC-
MS and appropriate control reactions were performed to confirm the proper function of the screen. For
the full assay, the complementary resorufin production was assessed by fluorescence readout in a plate

reader. It was confirmed that resorufin is produced in equimolar amounts to glyoxylate.
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Round 1
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Round 3
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Round 4
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Round 5
Y134

Round 6

ES67 Y134 E135

Figure S5. Sequencing chromatograms of the 22c-trick’ libraries. Green, A. Blue, C. Black, G.

Red, T.
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Figure S6. SDS-PAGE of purified MeOXC variants. 5 ug protein was loaded in each lane.
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Figure S7. Michaelis-Menten graphs of MeOXC variants. Substrates are formaldehyde (top) and
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formyl-CoA (bottom). In the box on the bottom left is MeOXC4 with oxalyl-CoA as substrate.
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Figure S9. Effect of oxalyl-CoA on GCS activity of MeOXC4. Reactions contained 50 mM

formaldehyde and 1 mM of formyl-CoA and/ or oxalyl-CoA. Error bars reflect standard deviation of three

replicates. Initial velocity of each reaction is indicated (mean * s.d.). Data is fit using a one-phase decay.

fCoA, formyl-CoA; oCoA, oxalyl-CoA. A) glycolyl-CoA production as calculated using a standard curve.

B) formyl-CoA consumption as estimated using the initial concentration as a calibration point.
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Figure S10. Reverse reaction of OXC. A) Reaction scheme of the OXC-PanE2-GhrB cascade,
converting formyl-CoA and CO: into glycolate under consumption of 2 NADPH. B) Michaelis-Menten
plot of PanE2 catalyzing the NADPH-dependent reduction of oxalyl-CoA to glyoxylate. The NADPH
concentration was 0.25 mM. Error bars indicate the standard deviation of three replicates. C & D)
Operation of the full cascade was monitored by NADPH oxidation (340 nm). The arrows indicate the
addition of formyl-CoA (C), or MeOXC (D). E) LC-MS detection of 13C-glycolate produced in the cascade
reaction with WT OXC or the mutant E70A, which is catalytically inactive. That E70A does not show any
product formation confirms that the reaction is not catalyzed by free or unspecifically bound ThDP. The

kobs values in D & E were estimated based on the initial slope of product formation.
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Figure S12. Expression analysis of formaldehyde to glycolate conversion pathway enzymes.
RuHACL (~61 kDa) expresses at a substantially lower level than MeOXC variants (~63.5 kDa) in strain
AC440, derived from E. coliMG1655. The gel representation was generated by 2100 Bioanalyzer Expert
software (Agilent) with intensity normalized on a per lane basis.
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General Discussion

The overall aim of this thesis was an expansion of the formate bioeconomy proposed by Yishai
et al. in 2016! by engineering novel enzyme activities for the conversion of formate into
metabolic intermediates. Among the natural C1 compounds, formate is the least harmful to
the environment - it is not a greenhouse gas such as CO: or methane and it is not as toxic as
methanol or formaldehyde. It is also assimilated at the highest energetic efficiency of any C1
compound? 3. Formate can be generated from CO: by via electrochemical*® or enzymatic’
processes, before being valorized by natural or synthetic formatotrophs into biomass or value-
added chemicals. This thesis adds to this vision by creating the novel FOK-FPR cascade for the
activation of formate to formaldehyde (CHAPTER 1) and by designing GCS, an enzyme
capable of performing said conversion of formaldehyde and formyl-CoA into the C2
compound glycolyl-CoA via efficient C1-C1 condensation (CHAPTER 2)3. While these distinct
modules can be integrated into existing pathways individually, they are also easily combined
to produce glycolyl-CoA from formate, expanding the scope of synthetic formate assimilation.
However, even with these advances, a full realization of the formate bio-economy demands in

vivo implementation, posing a future challenge.

FOK-FPR: an energy-efficient path from formate t formaldehyde

The FOK-FPR cascade established in CHAPTER 1 was developed with modular
implementation in mind. Using formyl phosphate as intermediate, it is a direct alternative to
existing routes of aero-tolerant formate to formaldehyde reduction via formyl-THF and
formyl-CoA, operating at the lowest possible energetic cost. While FOK activity has been
described in literature® 1 and was confirmed in this thesis in EcAckA, FPR activity was first
discovered in this thesis, making a valuable addition to the metabolic toolbox of synthetic
formate reduction. In fact, FPR activity is present in multiple families of phosphate reductases,
with N-acetyl-y-glutamyl phosphate reductase (ArgC) identified as the most promising one.
Phylogenetic homologue screening of the ArgC family and subsequent targeted enzyme
engineering yielded DaArgC3, an enzyme with a 300-fold switch in selectivity from its native
substrate to formyl phosphate — thus acting as a bona fide FPR. With metabolic integration

already in mind, DaArgC3 was optimized for in wvivo applications, offering a 4-fold
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improvement in activity over wild type, counterbalanced by a 2-fold decrease of in wvitro
enzymatic activity. This illustrates an often-underestimated facet of enzyme engineering for
metabolic integration: living systems are highly complex and can affect enzymatic activity in
multitudinous ways — from the genetic all the way to the metabolic level. CHAPTER 1
demonstrates such a setting, in which DaArg(C3 escapes competition of native substrate with
formyl phosphate, reduces side-reactivity with acetyl phosphate, and opens a secondary
cofactor pool by gaining promiscuous activity on NADH on top of its native NADPH-
dependence. Those three factors, in conjunction, are sufficient to not only counterbalance its
decreased turnover number, but also vastly increase its overall formaldehyde production in

1v0.

This thesis reached a local maximum in FPR activity that could no longer be increased by
rational design. The limitations in throughput posed by activity screening of individual
variants can be overcome by growth selection. Biosensor systems for formaldehyde detection
are developed in collaboration with Dr. Sebastian Wenk (MPI for plant physiology, Golm,
Germany). Preliminary results indicate that FOK-FPR can indeed support growth of the
selection strain which requires the module to generate ~4% of its biomass (cysteine and
threonine), but validation is still ongoing. The use of growth biosensors enables evolution of

both FOK and FPR at much higher throughput, e.g. by adaptive laboratory evolution (ALE)"".

While FPR remains the rate limiting step of FOK-FPR, FOK is another suitable target for
improvement, as in the current system, the phosphorylation of formate is performed by acetate
kinase. Full exclusion of acetate as a substrate would be desirable as it minimizes interactions
with natural metabolism and competing reactions, permitting an orthogonal channeling of
formate to desired product. While an obscure FOK has been described in Clostridium
cylidrosporum?, this enzyme has never been identified or purified. Discovery of this enzyme

outstanding, engineering of acetate kinase toward a bona fide FOK is the best way forward.

In principle, FOK-FPR enables the production of value-added compounds from formate. To
this end, a downstream conversion module is required. Natural formaldehyde assimilation
via the RuMP?? and XuMP? pathways could be re-routed to formate using the module, with
product formation occurring after metabolic integration. The synthetic homoserine?, HWLS *°
and SMGF'¢ pathways would be similarly suited for FOK-FPR implementation. In the latter
two, FOK-FPR implementation would be exceptionally straightforward, as they already utilize
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the formyl-TsF and formyl-CoA dependent routes of formate reduction, which could be
replaced by FOK-FPR to reduce energy burden on the cell. Finally, FOK-FPR could be
implemented into orthogonal systems that intentionally separate production from central

metabolism, such as FORCE" (Figure 1).
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Figure 1 Downstream valorization of the FOK-FPR cascade. Pathways are indicated in bold letters.
Enzymes carrying out core steps of C1 assimilation are given next to the arrows. For cycles, the product
released from the cycle as well as the required acceptor molecules are shown. For linear pathways, only
the product of condensation is shown. FOK = formate kinase, FPR = formyl-phosphate reductase, FLS
= formolase, HPS = 3-hexulose-6-phosphate synthase, DAS = dihydroxyacetone synthase, SAL =
serine aldolase, HAL = 4-hydroxy-oxo-butanoate aldolase, GCS = glycolyl-CoA synthase.

GCS: an efficient C1-C1 carboligase

Linear pathways for C1 assimilation are highly desirable as they reduce the need for costly
acceptor molecule regeneration. Direct C1-C1 condensation enables such pathways; however,

the solutions found in nature are highly complex enzymatic machineries. The development of

141



General Discussion

low-complexity alternatives has therefore come into focus. The ThDP-dependent enzymatic
formose reaction catalyzed by multiple ligase families has been found as an alternative,
enabling straight-forward metabolic integration’® 1 15 9 as well as generation of value-added
product??2. However, this reaction is notoriously inefficient (General Introduction, Table 3).
This shortfall was overcome by utilization of the much more efficient GCS reaction carried out
by RuHACL" 2. Around this GCS reaction, the FORCE pathway was established, producing
glycolyl-CoA from formyl-CoA and formaldehyde and converting it in multiple downstream
steps to value-added compounds like 2-hydroxy-acids, carboxylic acids, 2-hydroxyaldehdyes,
diols, acyl-CoAs and alcohols by reduction and dehydration of glycolyl-CoA as well as the
iterative C1 elongation of the aldehyde intermediates by RuHACL. However, RuHACL is

limited by its low production titers in E.coli and a high Km on formaldehyde?.

CHAPTER 2 investigated the development of a GCS that avoids these shortfalls. A candidate
for such an enzyme was not sought in the HACL family, but in the related OXC family, whose
members are generally more soluble and, importantly, structurally characterized. As the active
site was well-described, iterative saturation mutagenesis of substrate-proximal residues was
performed, yielding incremental improvements in enzymatic activity to final variant MeOXC4
that had comparable kinetic characteristics to natural formaldehyde assimilating enzymes and
had almost fully lost its native activity. However, MeOXC4 had not turned into a bona fide GCS
— formaldehyde aside, it readily and efficiently accepted longer-chained aldehyde substrates,
all at improved efficiencies compared to wild type. Arguably, this is a feature, not a bug, as
FORCE proposes application of the carboligase in a multi-functional role — first for the
condensation of formyl-CoA with formaldehyde, then with acetaldehyde, then
proprionaldehyde and so on, creating iterative Cl1 elongation”. Moving toward
implementation, it could be shown that MeOXC4 indeed outperforms HACL in the resting cell
system used for FORCE.

Combining the enzymes developed in this study with a few existing modules, production of
lactic acid, a precursor for bioplastic, from formate can be envisioned (Figure 2).
EcAckA+DaArgC3+LmACR produces formyl-CoA and formaldehyde, MeOXC4 condenses
them to glycolyl-CoA, the FORCE pathway’s reductive cascade yields acetaldehyde, which
can be Cl-elongated by MeOXC4 to lactyl-CoA and hydrolyzed to lactic acid.
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Formate activation by
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FOK-FPR and ImMACR

C1-C1 condensation by MeOXC4
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This pathway requires 7 enzymes and, accounting for oxidative phosphorylation, consumes
13 ATP equivalents, compared to more conventional approaches to produce lactic acid from
C1 compounds, which require a full metabolic integration of C1 compounds into pyruvate.
As an example, using the XuMP pathway combined with FOK-FPR for conversion of formate
to lactic acid requires 15 enzymes and 12 ATP equivalents — making the FORCE module much

shorter while operating at a similar energetic cost.

Removed from C1 compounds as a sole feedstock, more targeted biochemical synthesis can be
envisioned around MeOXC4. A previous publication by Burgener et al. as well as CHAPTER
3, show that MeOXC and its variants enable C1 elongation of multiple (aromatic) aldehyde
substrates and acetone® 2. This permits creation of a simple three enzyme module for the
production of 2-hydroxy-acids (i.e. value-added compounds like phenyllactic and mandelic
acid) from the corresponding aldehyde and formate — activating formate to formyl-CoA using
ACS* %, condensing formyl-CoA and aldehyde to yield the 2-hydroxyacyl-CoA using
MeOXC4, and releasing the 2-hydroxy-acids by hydrolysis or CoA transfer.

Outlook in the context of the formate bio-economy

Some key steps can be defined for a successful realization of the formate bio-economy. Starting
from the bottom up, designing and engineering novel enzyme functions enables shorter, more
energy efficient formate assimilation pathways. Their integration permits establishment of
synthetic formatotrophy in common platform organisms?-?°. Another option is the creation of
production platforms out of natural formatotrophs such as Moorella thermoacetica®® or
Acetobacterium woodii’!. These organisms then require a reliable supply of green formate. This
could potentially take the form of bio-hybrid systems cultivating bacteria in a CO:
hydrogenation chamber, as has been shown for other C1 assimilating systems®” 33 and relies
heavily on efficient renewable energy production. Alternatively, anaerobic systems may
directly reduce CO: to formate using formate dehydrogenase®. Downstream production
cascades, as exist for isoprenes, acetone, butanol, ethanol and many more*%, need to be
implemented and optimized. Finally, once all these considerations are accumulated into a

functional strain, production needs to be scaled up to industrial relevance, as has been
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achieved for the production of acetone and isopropanol from CO:/H: by the acetogen

Clostridium autoethanogenum?.

The results obtained in this thesis contribute in major ways to the diversity, energy-efficiency
and simplification of formate assimilation. Compared to existing formate reduction cascades’
1626, the FOK-FPR cascade of CHAPTER 1 conserves energy for the organism and avoids costly
interactions with intracellular THF or CoA pools. Meanwhile, the engineered GCS of
CHAPTER 2 offers high versatility as a promiscuous aldehyde acceptor while providing high
efficiency for most desired reactions. Overlain with appropriate genetic regulations,
production routes containing either or both can be tailored for high selectivity and efficiency.
Overall, this thesis demonstrates the power of enzyme engineering in the realization of a

sustainable bio-economy.
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