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Electrochemical reduction of carbon dioxide (CO,) can produce important

one-carbon (C1) feedstocks for sustainable biomanufacturing, such

as formate. Unfortunately, natural formate assimilation pathways are
inefficient and constrained to organisms that are difficult to engineer.
Here we establish a synthetic reductive formate pathway (ReForm) in
vitro. ReFormis a six-step pathway consisting of five engineered enzymes
catalyzing nonnatural reactions to convert formate into the universal
biological building block acetyl-CoA. We establish ReForm by selecting
enzymes among 66 candidates from prokaryotic and eukaryotic origins.
Throughiterative cycles of engineering, we create and evaluate 3,173
sequence-defined enzyme mutants, tune cofactor concentrations and
adjust enzyme loadings to increase pathway activity toward the model
end product malate. We demonstrate that ReForm can accept diverse C1
substrates, including formaldehyde, methanol and formate produced from
the electrochemical reduction of CO,. Our work expands the repertoire of
synthetic Clutilization pathways, with implications for synthetic biology
and the development of a formate-based bioeconomy.

The accelerating climate crisis poses one of the most urgent eco-
nomic and social challenges to humankind, driven by the unabated
release and accumulation of CO, in our atmosphere'. While impor-
tant strides have been made in carbon-free energy production®?,
there remains a critical need for cradle-to-gate carbon-negative
manufacturing of goods. An emerging potential solution lies at the
intersection of chemistry and biology, where the electrochemical
conversion of CO, into soluble organic molecules provides sub-
strates for enzymatic cascades to produce value-added chemicals*”.
Among these options, formate stands out as a promising bridge
toward establishing a sustainable bioeconomy®’. Formate can be
efficiently generated through electrocatalysis®, exhibits high solu-
bility in water and simultaneously provides both a carbon source

and reducing power. However, challenges exist in using formate
as a substrate for biosynthesis. Nature has evolved only a limited
number of formate-fixing reactions, and the organisms discovered
to use thesereactions are difficult to engineer and poorly suited for
industrial applications’.

Recent efforts to develop a platform for formate utilization have
focused onintegrating formate assimilation pathways into workhorse
biotechnology microbes such as Escherichia coli"®" and Cupriavidus
necator®. Despite notable progress in adapting the metabolism of
these organisms, the production of value-added chemicals by syn-
thetic formatotrophs has remained limited due to unfavorable ther-
modynamic driving forces, environmental sensitivity and the inherent
complexity of natural pathways'>".
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Fig.1| The synthetic reductive formate pathway. a, Synthetic metabolic
pathway to convert formate into acetyl-CoA, composed of six reactions.

b, Eachenzyme additionis labeled on the set of traces, starting with ano-enzyme
control. Extracted ion counts were determined for an m/z[M + H]" of 797.1 for
formyl-CoA, 828.1for glycolyl-CoA and 812.1for acetyl-CoA, which corresponds

to the mass of the CoA-thioester with the incorporation of 1 (formyl-CoA) or
2 (glycolyl-CoA and acetyl-CoA) *C from ®C-formate. Formyl-CoA is shown
inlightgray and glycolyl-CoA in dark gray. Traces are representative of n =3
independent reactions.

Synthetic biology offers a potential way to bypass existing bot-
tlenecks in natural formate assimilation pathways by designing new-
to-nature solutions. There are many examples of designer metabolic
pathways that can explore space not sampled by evolution®"* Because
such pathways are freed from evolutionary constraints, it also becomes
possible to create pathways with superior thermodynamic or kinetic
characteristics compared with those found in nature. For example, the
crotonyl-CoA/ethylmalonyl-CoA/hydroxybutyryl-CoA (CETCH) cycle®
and the reductive tricarboxylic acid branch/4-hydroxybutyryl-CoA/
ethylmalonyl-CoA/acetyl-CoA (THETA) cycle' are synthetic reaction
networks of 17 enzymes each that directly convert CO, into organic
molecules. Both designed cycles have been shown to be more efficient
than the mostabundant natural carbon fixation cycle, the Calvin-Ben-
son-Bassham (CBB) cycle.

Linear synthetic pathways have also been described (Supplemen-
tary Fig.1), including those that assimilate one-carbon (C1) substrates.
For example, the formyl-CoA elongation (FORCE) pathway"” and the
synthetic acetyl-CoA (SACA)'® pathway have achieved high product
titersusing formaldehyde as asubstrate. The former is designed around
the acyloin condensation between formyl-CoA and formaldehyde,
while thelatteris designed around the self-condensation of formalde-
hyde. Although formaldehyde benefits from a higher reactivity than
formate, it suffers from toxicity to proteins and requires an additional
sacrificial substrate to generate reducing power.

The construction of synthetic metabolic pathways that start with
formate could address these challenges. However, the enzymatic con-
version of formate into formaldehyde has been difficult due to the lack
of natural enzymes that can carry out the transformations required” .
The corebottleneckis that formate must first be activated beforeit can
be reduced to formaldehyde, owing to its low reduction potential®.
One approach to overcome this limitation is the activation of formate
using ATP.For example, recent work used a promiscuous acetate kinase
to convert formate to formyl-phosphate followed by its reduction to
formaldehyde with an engineered N-acetyl-y-glutamyl phosphate reduc-
tase?. These reactions were connected to the FORCE pathway to produce
glycolate from formate, but the difficulty inengineering this nonnative
reductionresultedinlowrates (k.,,= 0.12s™). Analternative approach to
produce formaldehydeis to first activate formate to formyl-CoA using an
acetyl-CoAsynthetase, followed by its reduction to formaldehyde with
an acyl-CoA reductase'”. Unfortunately, residual activity of acyl-CoA
reductases withacetyl-CoA and low activity of these enzymes with their
nonnative substrates have presented challenges thus far®.

Here, we set out to create anew-to-nature anabolic pathway from
formate. We had three goals. First, we sought to enable the direct
conversion of formate to acetyl-CoA and a subsequent end product.
Reachingacetyl-CoA, a critical branchpoint between catabolism and
anabolism, unlocks access to animmense breadth of metabolic path-
ways that have been developed over the past decades to produce

value-added chemicals®. Asamodel end product, we selected malate,
which had a market of more than 600 million US dollars in 2022%.
Second, we aimed to build a pathway with as many nonnatural enzy-
matic transformations as possible. This would require us to develop
efficienttools for enzyme engineering that support the construction
of synthetic pathways. Third, we aspired to demonstrate that the path-
way can accept formate produced by the electrochemical reduction
of CO,, as well as additional C1 substrates including formaldehyde
and methanol. Key design criteria included that the pathway be (1)
thermodynamically favorable, (2) tolerant to aerobic environments,
(3) composed of a minimal number of enzymes and (4) independent
from catalytic starting intermediates. By combining cell-free protein
synthesis, extensive protein engineering and pathway tuning, we
report the conceptualization, design and optimization of the reduc-
tive formate pathway (ReForm) in vitro.

Results

Establishing a synthetic formate assimilation pathway

ReForm (Fig.1a) consists of sixindividual enzyme-catalyzed reactions,
with five core reactions requiring engineered enzymes operating on
nonnative substrates. The pathway was conceptualized around the
engineered C1-C1 bond forming enzyme oxalyl-CoA decarboxylase
(oxc), avariant of which was shown to catalyze the acyloin condensa-
tion between formyl-CoA and formaldehyde with a superior catalytic
efficiency compared with similar C1-C1 bond-forming enzymes>*
(Supplementary Figs. 2-4). Our initial design started with the activa-
tion of formate to formyl-CoA with an acyl-CoA synthetase (acs), fol-
lowed by its reduction to formaldehyde with an acyl-CoA reductase
(acr). Oxcligates formyl-CoA and formaldehyde to form glycolyl-CoA,
whichisreducedtoglycolaldehyde by an acr. Glycolaldehyde canthen
be dehydrated and phosphorylated to form acetyl-phosphate by a
phosphoketolase (pk). A phosphotransacetylase (pta) then transfers
a CoA onto acetyl-phosphate to form acetyl-CoA.

Conceptually, our pathway resembles acombination of the upper
branch of the FORCE pathway (ligation of formyl-CoA and formal-
dehyde) and the lower branch of the SACA pathway (conversion of
glycolaldehyde to acetyl-CoA). However, ReForm uniquely begins with
formate, whichmustbe initially activated by the combined action of an
acsandacr (Supplementary Fig.1). Synthetic designs, such as ReForm,
expand the diversity of metabolic solutions for formate assimilation,
potentially offering a tailored fit to different desired products.

We began assembling ReForm by searching the literature for
enzymes with a demonstrated capacity to catalyze the hypothetical
reactions in Fig. 1a based on promiscuity (that is, a given enzyme can
perform similar chemistries on molecules similar to the native sub-
strate). We selected an acs from Erythrobacter sp. NAP1 that natively
transforms acetate to acetyl-CoA (instead of formate to formyl-
CoA)”,anacr fromR. palustris that natively reduces propionyl-CoAto

Nature Chemical Engineering


http://www.nature.com/natchemeng

Article

https://doi.org/10.1038/s44286-025-00315-6

propionaldehyde (instead of reducing formyl-CoA and glycolyl-CoA)*
and a pk from B. adolescentis that natively cleaves D-fructose 6-P;into
acetyl-P,and erythrose 4-P; (instead of glycolaldehyde into acetyl-P,)'®.
Ourinitial enzyme candidates originate from diverse effortsin building
synthetic metabolism: the acsand acr were used in two different efforts
tomitigate carbon loss from photorespiration in the CBB cycle?*®, and
the pk was used to enable the SACA pathway™.

To evaluate the feasibility of our hypothetical ReForm pathway,
we carried out a stepwise construction of the pathway by sequen-
tially adding each purified enzyme to a buffer containing a labeled
BC-isotope of formate and necessary cofactors. High-performance
liquid chromatography-mass spectrometry (HPLC-MS) analysis of
all three CoA-thioesters demonstrated that the initial sequence of
the pathway was functional, but we did not observe the production of
acetyl-CoA fromthe complete pathway (Fig.1b and Supplementary Fig.
5). The acyl-CoAreductase (acr) from R. palustris was previously shown
to catalyze the unwanted reduction of acetyl-CoA to acetaldehyde®,
and whentested, we observed promiscuous activity onacetyl-CoAasa
substrate (Supplementary Fig. 6), suggesting that the acr was prevent-
ing acetyl-CoA detection.

Because we envisioned the ultimate use of ReFormis the produc-
tion of an end product downstream of acetyl-CoA, and to help pull
the pathway forward thermodynamically, we added an additional
biosynthetic step to produce malate via a malate synthase (mls) from
E. coli®. While we were able to detect small quantities of malate (-1 uM;
Supplementary Fig. 7), the selected enzymes’ low activities with non-
native substrates presented a major bottleneck. Furthermore, these
results demonstrate that, rather thanasimple refactoring of previous
designer metabolic pathways or repurposing natural enzymes, engi-
neered enzymes would be required toimplement ReForm.

Engineering a phosphoketolase into an acetyl-P; synthase
Toimprove the titer and rate of our pathway, we sought to engineer the
enzymes of ReForm. Our general strategy was to search for homologous
enzymes that have high promiscuity toward the desired reactions and
then apply directed evolution principles to engineer the enzymes for
greater activities with the nonnative substrates. A key feature of our
approach was the use of cell-free gene expression (CFE) systems for
the rapid synthesis and functional testing of both protein homologs
and mutants** . We demonstrated this approach by carrying out four
enzyme engineering campaigns.

We first targeted the phosphoketolase reaction for producing
acetyl-P; (Fig. 2a), given previously reported low native activity for
this reaction (Bado Pk, ~0.005 pM min™ mg™)'®**, We constructed a
curated phylogenetic tree of the entire annotated pk protein family
(IPR005593, composed of 15,000 members; Supplementary Fig. 8), of
whichwerandomly selected aset of 30 homologs based on evolution-
ary diversity to express, purify and test for activity with glycolaldehyde
(Fig.2b and Supplementary Fig. 9).

We identified several homologs with a higher activity than our
initial candidate enzyme from literature, notably one (Csac Pk) with
anapproximately tenfold increase under the tested in vitro reaction
conditions. Based on structural considerations (that is, 6 A around
the carbanion of the thiamine diphosphate cofactor ylide), evolution-
ary conservation (that is, an EVmutation probability density model
trained on a multiple sequence alignment of evolutionarily related
sequences)® and a deep learning model trained to optimize local
amino acid microenvironments®, we initially selected the top 16
residues with potential importance for catalysis and substrate speci-
ficity to mutate (Fig. 2c). We used iterative site saturation mutagen-
esis (ISM) to identify and accumulate beneficial mutations of these
residues for acetyl-P;synthesis (Supplementary Figs.10 and 11). Each
round, residue positions that had low tolerance to mutations (for
example, only the wild-type amino acid displayed nonzero activity)
were replaced with new residues beyond the initial 16—selected on the

basis of the same initial considerations—to survey alarger sequence
space. A key feature of our cell-free ISM approach is that we collect
sequence-fitness dataforagivenresidue withallamino acid changes,
allowing us to pick the highest-performing mutation. After three
rounds of ISMand exploring 1,200 unique, sequence-defined mutants
among 37 residues, we obtained aquadruple mutant (Csac M4) witha
more thantenfold increase in catalytic efficiency compared with wild-
type (k.,/Ky increase from 0.085 + 0.016 to 1.18 £ 0.17 mM ' min™,
respectively) (Fig. 2d,e and Supplementary Fig. 12). One residue
found in Csac M4 (H132) was previously found to confer enhanced
activity toward glycolaldehyde when mutated to an asparagine in
Bado Pk. Our results confirm that H132N enhances activity in Csac
Pk, but the optimal mutation at this residue was found to be H1325**
(Supplementary Fig. 11).

To gain insights into the topology of the engineered enzyme’s
activesite, we solved the structure of Csac M4 at aresolution of 2.30 A
with cryo-electron microscopy (cryo-EM) (Fig. 2fand Supplementary
Figs. 13 and 14). Soaking the enzyme with glycolaldehyde without
the addition of phosphate as the resolving nucleophile enabled us
to gain a glimpse of the reaction mechanism by covalently trapping
glycolaldehyde on thiamine pyrophosphate (TPP) (Fig. 2g). This
reaction intermediate, 2-acetyl-TPP (Ac-TPP) is shared between the
canonical reaction mechanism and the engineered enzyme, enabling
the switch in catalysis from phosphorolytic cleavage of sugars to the
phosphorylation and dehydration of glycolaldehyde'”. Observing
the Ac-TPP cofactor provides insight into the nonnative reactivity with
glycolaldehyde and could help guide future pk engineering efforts for
sustainability applications®*.

Divergent directed evolution of substrate-specific acyl-CoA
reductases

After having success with our phosphoketolase engineering campaign,
we next targeted the two acyl-CoA reductase reactions of ReForm.
Engineering acr presented a unique challenge in that we needed to
decrease activity with acetyl-CoA while simultaneously improving
activity for formyl-CoA and glycolyl-CoA (Fig. 3a), afeat that could be
difficult toachievein cells given endogenous acetyl-CoA levels. To help
control specificity, ourapproach was to engineer two distinct enzymes
to catalyze these respective reductionsinstead of asingle enzyme with
selectivity for both substrates. Werandomly selected a diverse set of 34
candidates from among three protein families with reported acylating
dehydrogenase activity (IPRO13357,IPR012408 and IPRO0361; Supple-
mentary Fig.15) to express and characterize (Supplementary Fig. 16).
Serendipitously, we identified a single acr with high activity for both
formyl-CoA and glycolyl-CoA from the anaerobic photoautotrophic
bacteria Chloroherpeton thalassiumthat surpassed the activity of our
initial enzyme (Rpal Acr*®) by approximately twofold (Fig. 3b and Sup-
plementary Figs.16c and 17). However, this increase in activity for our
two desired substrates was concomitant withanincrease in reactivity
toward acetyl-CoA (Supplementary Fig. 17c).

To decrease activity toward acetyl-CoA, we tested a 16-residue,
site-saturated library of Ctha Acr mutants against all three CoA-thi-
oesters. The goal was to find mutations that selectively increased
activity for formyl-CoA or glycolyl-CoA and/or decreased activity for
acetyl-CoA. We screened residues surrounding the CoA-thioester
binding pocket (a total of 915 unique substrate-mutant pair reac-
tions) by individually supplying formate, glycolate or acetate along
with Enap Acs (in situ producing a CoA-thioester) and measuring
NADH oxidation from each acr mutant (Fig. 3c and Supplementary
Fig. 18a-d). We identified multiple residues that imparted control
over substrate specificity, with residues for formyl-CoA (1251, A253
and L417) and glycolyl-CoA (S119 and T120) surprisingly sharing little
incommon (Fig.3d). Forexample, L417F increased specificity as well as
activity. We focused on mutations that provided conditional orthogo-
nality (that is, mutations that increased activity for formyl-CoA but
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Fig. 2| Engineering of aphosphoketolase into an acetyl-P;synthase. a, The
native phosphorolytic cleavage activity of pk to produce acetyl-P, resembles

the target engineered reaction. b, Exploring a diverse set of homologs resulted
inseveral enzymes with activity for glycolaldehyde, including a higher activity
than our initial candidate B. ado (colored in red). Organisms that are colored
gray were removed from the analysis as they were insoluble or low yielding when
expressed in E. coli (Supplementary Fig. 9). Percent conversion was determined
by quantification of CoA and acetyl-CoA (mean of n =3, error bars indicate

ts.d.) through coupling the pk with a pta (Supplementary Fig. 9). Complete list
of species names can be found in Supplementary Table 3. ¢, A schematic of the
cell-free protein engineering workflow. Site saturation mutagenesis and cell-free
protein expression are carried out in less than 24 h to generate sequence-defined

Resting holoenzyme - TPP

libraries. LET, linear expression template. d, ISM of 16 residues of Csac Pk

(‘WT backbone’) showing percent conversion normalized to the step backbone
(colored white; n=1). After further characterization, four substitutions (H58W,
H132S, 1479V and S523N; asterisks) were identified and resulted in a quadruple
mutant. e, HPLC traces of acetyl-CoA product (red) and CoA substrate (purple)
of wild-type (WT) pk and engineered mutants. Traces are single samples
representative of n =3 independent experiments. 100% yield refers to the
complete conversion of CoAinto acetyl-CoA, or 0.5 mM of acetyl-CoA (mean of
n=3,errorbarsindicate +s.d.). f, Electron density map and model of Csac M4
complexed with Ac-TPP at aglobal resolution of 2.30 A (PDB: 9CD4). g, Model
of the active site of Csac M4 complexed with TPP (PDB: 9CD3) and Ac-TPP (PDB:
9CD4) overlaid with their respective electron density map of the cofactor.
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CoA. b, Exploring the substrate promiscuity of diverse homologs resulted
inan enzyme withincreased activity for both formyl-CoA and glycolyl-CoA.
The rate was determined by measuring a decrease in NADH absorbance as
thereaction proceeded (mean of n =3, error bars indicate +s.d.) and then
normalized to Rpal Acr. S. rub, Serratia rubidaea; V. aer, Vibrio aerogenes;
C. tha, Chloroherpeton thalassium; L. mon, Listeria monocytogenes; R. pal,
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Rhodopseudomonas palustris. ¢, 1ISM of 16 residues showing reaction rate
normalized to wild type (WT) (colored white; n =1). Mutations that were
identified to either increase or retain activity with formyl-CoA or glycolyl-CoA
and decrease activity with acetyl-CoA are marked with asterisks. d, Further
characterization of the specificity of hits identified in ISM (mean of n =3,
error barsindicate £s.d.). e, After the first round of ISM, different beneficial
mutations were found for formyl-CoA and glycolyl-CoA, resulting in the
engineering campaign splitting into two paths.

not glycolyl-CoA), moving forward with those that imparted control
over substrate specificity (that is, rate of desired reaction over rate
of reaction on acetyl-CoA; Supplementary Fig. 18e-h). After fixing
different beneficial mutations, additional rounds of ISM focused
on a downselected set of eight residues identified in the first round
that seemed to most impact substrate preference (Supplementary
Fig. 19 and 20), which led to a bifurcation in the evolution paths of
mutagenesis (Fig. 3e).

We performed multiple rounds of ISM for a formyl-CoA and gly-
colyl-CoA specific acr separately, resulting in an acr; triple mutant
(Cthal,M3; Fig. 4a) with a 15-fold increase in specificity for formyl-
CoA (Supplementary Fig. 21) and an acr, double mutant (Cthal, M2;
Fig. 4b) with a 13-fold increase in specificity for glycolyl-CoA (Sup-
plementary Fig. 21). While all mutations are found in the substrate
binding pocket, the final mutants have no mutated residues in com-
mon (Supplementary Fig.22). When comparing these mutations with
earlier work that similarly engineered Rpal Acr to increase specificity
toward glycolyl-CoA?®, we found that there are two shared residuesin
common upon alignment of the two sequences. For example, Cthal,
M2 contained mutation T250V, analogous to the Rpal Acr L3261. An

additional mutationin RpalAcr,V329T, is found only in our formyl-CoA
reductase, A253S. These data point to complex epistaticinteractions
within the active sites of these acyl-CoA reductases that are difficult
to navigate for increases in specificity over the native reaction. They
further highlight the need for high-throughput CFE methods for navi-
gating sequence-function landscapes as we have observed before®
but uniquely show here for tuning substrate specificity.

Engineering aformyl-CoA synthetase

Our final enzyme engineering challenge was the initial acyl-CoA syn-
thetase reaction that activates formate—a reaction historically dif-
ficult to engineer owing to these enzymes’ native activity with, and
the high cellular abundance of, acetate”. Given that formate would
be exogenously supplied to the reaction in saturating quantities, we
focused on improving the turnover number (k) of acs. Our starting
point was an acetate-activating acs from Erythrobacter sp. NAP1, which
was previously engineered to change its native substrate specificity to
glycolate, highlighting its engineerability”. Exploring 18 residues over
four rounds of ISM resulted in a quadruple mutant (Enap M4) with a
twofold increase in k., for formate (Supplementary Figs. 23-25). All
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Fig. 4| Enzyme engineering campaigns for specific acyl-CoA reductases

and anactive acyl-CoA synthetase. a-c, Enzyme engineering campaigns and
characterized mutants for the formyl-CoA reductase (a), glycolyl-CoA reductase
(b) and acyl-CoA synthetase (c) reactions. The mutant showing the best parameters
that was carried forward in each round is highlighted. Campaigns resulted in

remodeled active sites to accept nonnative substrates, with the residues that were
mutated labeled on protein structures for each. All values are either fromn =3
independent measurements or are results from Michaelis-Menten fitting from
n=3independent experiments (error bars indicate +s.d.). Complete engineering
campaigns can be found in the Supplementary Information.

four accumulated mutations were in the putative substrate binding
pocket and fill in the active site with bulky, hydrophobic amino acids
(Supplementary Fig. 26). Comparison of Enap M4 with the previously
engineered variant for glycolate activationindicated a shared mutated
residue at position379. Interestingly, aV379A substitution was benefi-
cial for openingthe active site for glycolate, which supports the hypoth-
esis that a V3791 substitution closes in the active site for the slightly
smaller formate?”. Further expression of acs in a strain of E. coliwith a
genomic knockout of alysine acetyltransferase that posttranslationally
inactivatesacsin vivo furtherincreased k., by another fivefold, result-
ingin a tenfold overall increase in activity”** (2.5+0.3t025+1.7s};
Fig.4cand Supplementary Fig. 25). While we did not observe a signifi-
cant shift in Ky, throughout the engineering campaign, the measured
values do fall in similar ranges to naturally found formate-activating
enzymes (for example, formate-tetrahydrofolate ligase*°), indicating
we may havereached theinherent natural limit to formate affinity given
its low molecular mass and low hydrophobicity*..

ReForm pathway optimization

Our comprehensive ISM campaigns assessed 3,173 sequence-defined
enzyme variants to develop four engineered enzymes required for
ReForm (Fig. 4 and Supplementary Fig. 27). To increase titers (Sup-
plementary Fig. 28), we carried out an optimization of the pathway in
three steps. First, we tuned cofactor and enzyme loading with definitive

screening design (DSD; Supplementary Fig. 29). The objective was to
increase malate titers given a range of possible cofactor and enzyme
concentrations. We restricted maximum values of all components to
prevent superior conditions resulting simply from increased enzyme
loading (enzyme concentrations were capped between 1 uM and
20 pM). Second, we added cofactor regeneration to recycle cofac-
torsand keep concentrations high (Supplementary Fig. 30). A formate
dehydrogenase was added to regenerate NADH from formate while a
polyphosphate kinase and polyphosphate were added to regenerate
ATP*2. Recycling free CoA occurs at the final reaction of the pathway
to produce malate; optimization of CoArecycling should be evaluated
in the context of the downstream reaction pathway from acetyl-CoA.
Third, we added aformyl-phosphate reductase (fpr) to recycle formyl-
phosphate that could be produced from an unwanted side reaction
between formyl-CoA and the phosphotransacetylase into formalde-
hyde” (Supplementary Fig. 31). When combined, ReForm pathway
titersincreased by three orders of magnitude over our original pathway
iteration (Supplementary Fig. 32). We also measured the three CoA-
thioester intermediates to gaininformation on pathway function and
identify rate-limiting steps in the pathway (Supplementary Fig. 32).
Interestingly, we observed a spike of formyl-CoA production within the
first 30 min, closely followed by glycolyl-CoA. As malate production
did not reach a steady state until 2 h, these data point to a potential
bottleneck at the phosphoketolase reaction.
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@ Chemoenzymatic cascade to transform C1 substrates
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Fig. 5| Chemoenzymatic conversion of C1substratesinto acetyl-CoA. a, The
combined chemoenzymatic cascade enables the assimilation of C1substrates
(formate, CO,, formaldehyde and methanol) into acetyl-CoA. Malate synthase
(mls) isadded to convert acetyl-CoA into malate. Formate and CO, canbe
assimilated through the reductive branch of ReForm, while formaldehyde and
methanol can be assimilated through the oxidative branch. b-d, Time course
of malate synthesis with formate derived from the electrochemical reduction

of CO, (b), formaldehyde (c) and methanol (d) as substrates. The black data
pointindicates the maximum observed malate titer for each substrate. Malate
concentration was determined by liquid chromatography-MS withanm/z

[M - H] 0f 133.01 for >C-malate (CO,, formaldehyde and methanol as substrates)
and 135.01 for the malate containing two C from *C-formate (formate as a
substrate) (mean of n =3, error bars indicate +s.d.).

ReForm assimilates diverse C1 substrates in a modular fashion
We nextattempted to demonstrate the modularity of the ReForm archi-
tecture with diverse Cl substrates (Fig. 5a). First, we focused on using
formate that wasadirect product of the electrochemical reduction of
CO,asasubstrate. Formate was produced usingacommercial SnO, inor-
ganic catalystin an electrochemical module atarate of 150 mM h™ per
milligram of catalyst. Within20 min, 50 mM formate was synthesizedin
isolation as a pure product, which was confirmed by nuclear magnetic
resonance (NMR) (Supplementary Fig.33).In other words, impurities
were not observed. Then, this formate was combined with the enzymes,
cofactors and buffers of ReForm. We observed 606 + 23 uM of malate
produced from 8 mM of crude electrochemically derived formate at
24 h (Fig. 5b and Supplementary Fig. 34).

Second, we asked how robust ReForm was to the assimilation of
other Clsubstrates. We therefore designed alternative routes through
ReFormto convertboth formaldehyde and methanolinto acetyl-CoA
with no changes to the core architecture of the pathway except for
simply removing the first enzymatic step (acs; Fig. 5a). Notably, these
two variations are cofactor neutral (that is, there is no net theoretical
change in reducing equivalents or ATP per molecule of acetyl-CoA
produced) unlike the pathway from formate. Following pathway opti-
mization (Supplementary Fig. 35), we were able to produce malate
from formaldehyde (Fig. 5c and Supplementary Fig. 36) and metha-
nol (Fig. 5d and Supplementary Fig. 37). Interestingly, CoA-thioester
intermediate profiles over time differ when changing C1 substrates
(Supplementary Figs. 32 and 36). This phenomenon could be due to the
high concentration of NADH needed to push the pathway forward from
formate, while the formaldehyde variation relies on acr’s reversibility
governed by the NADH:NAD' ratio and a high starting concentration
of NAD". The tradeoff of utilizing methanol and formaldehyde as sub-
stratesis that, while possessing a higher thermodynamic driving force
than formate, an additional source of electrons is needed to provide
reducing power for reactions beyond acetyl-CoA that require them,
whereas formate can provide reducing power through the addition

of aformate dehydrogenase. Taken together, our results highlight
the modularity of the ReForm architecture, showing flexibility for
bioconversion applications.

Discussion

Inthis work, we demonstrated a synthetic chemoenzymatic cascadein
vitro called ReForm toward the valorization of organic Cl1 substrates.
To build ReForm, we developed and implemented a rapid cell-free
protein synthesis pipeline to engineer four enzymes by testing 3,173
sequence-defined mutants derived from 66 enzyme candidates from
both eukaryotic and prokaryotic origins. Through extensive enzyme
discovery, engineering and pathway optimization, we were able to
improve pathway titers from formate through acetyl-CoA toward the
end product malate by several orders of magnitude. Moreover, we
showed the ability to use formate from electrochemically reduced
CO,as acarbon source. While each C1 feedstock has distinct advan-
tages—such as methanol’s higher energy density and formate’s lower
toxicity—the modularity of ReForm could enable their interchangeable
or combined use, depending on the application context.

Arise in designer synthetic pathways”2"** has inspired path-
ways like ReForm. For example, the FORCE pathway' and the SACA
pathway'® have achieved high product titers using formaldehyde as a
substrate. Simple refactoring of these pathways to use new substrates
oftenachieves little success without further engineering efforts'. With
respect to formate assimilation, extending the pathway to formate
has remained difficult with acyl-CoA reductases owing to specificity
challenges. Here, using CFE, we were able to bypass cellular constraints
and carry out four extensive enzyme engineering campaigns target-
ing activity and specificity to build the complete pathway. ReForm
takes an important step toward building completely new-to-nature
pathways as five out of the six steps required engineered enzymes,
compared with state-of-the art pathways that are often built around
only one to two engineered enzymes with many natural enzymes
(Supplementary Fig.1).
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Consisting of only six reactions, ReForm requires a lower total
enzyme loading to achieve higher potential specific titers compared
with longer synthetic pathways (-4 mg ml™ total loading; less than
half of the state-of-the-art in vitro synthetic pathway THETA)'. The
metabolic energy efficiency of ReForm (only 4 ATP and 2 NADH equiva-
lents per acetyl-CoA compared with 7 ATP and 4 NAD(P)H of the Calvin
cycle and 4 ATP and 5 NAD(P)H of the THETA cycle; Supplementary
Fig. 38) helps to enable similar titers of acetyl-CoA to be achieved
while operating at these lower loadings'®** (Supplementary Table 1).
Notably, this energy balance does not account for the input required
for electrochemical reduction of CO, in ReForm. While excelling in
specifictiters and reaction longevity as compared with the THETA and
CETCH cycles**, ReForm has lower peak productivities (Supplementary
Table1). This tradeoffis probably caused by the relatively low reaction
rates of the engineered enzymes, which compound when assembled
into the entire pathway. However, the electrochemical production of
formate additionally provides the dual advantage of carbon coming
from CO, and electrons coming from electricity, eliminating the need
forasacrificial substrate to provide reducing power while avoiding rate-
limiting enzymatic CO,-fixing steps as seeninsome synthetic pathways.

A feature of our work was that the discovery efforts led to under-
standing (for example, residues determining acr specificity, cryo-EM
structure of pk capturing the reaction intermediate), which could drive
sustainability applications in the future. Indeed, we anticipate that
ReFormwillfacilitate efforts to build andimprove synthetic Clutilization
pathways for a formate-based bioeconomy, both in cells and in in vitro
cascades. Thelinear nature and minimal overlap with centralmetabolism
of ReForm may simplify itsimplementation into living cells'. However,
interference of the engineered enzymes with a cell’s existing metabolism
and the limited availability of necessary cofactors (for example, a high
ratio of NADH:NAD" is needed to drive the pathway forward) present
challenges. Theresidualside reactivity of engineered acyl-CoAreductases
withacetyl-CoA, whilesmall, providesanareafor further engineering. The
recently proposed and engineered formyl-phosphate reductionrouteto
produce formaldehyde from formate may be atenable solution to over-
comethis challenge whenintegrated with ReForm; however, current rates
ofthese enzymes are toolow (k.. = 0.12 s™)*. We anticipate that rigorous
pathway design, modeling and iterative engineering would be required
forin vivoimplementation of ReForm, as was the case for the reductive
glycine pathway' and the synthetic methanol assimilation pathway™®.

In vitro enzymatic cascades are beginning to show promise for
sustainable production of value-added chemicals*®. ReForm could
similarly beimplementedinvitro, but further innovationsinareas such
as cofactor costs and stability would need tobe implemented. The use
of noncanonical cofactors, such as replacing NADH with the cheaper
nicotinamide mononucleotide, holds promise as one approach with
a systematic engineering framework discovered to change reducing
equivalent preferences of natural enzymes”. New evidence also indi-
cates the possibility of the enzymatic reduction of carboxylic acids
to aldehydes without activation by ATP and CoA, which could lead to
an ATP-free carbon assimilation pathway*®. In both cells and cell-free
systems, improvementsin volumetric productivities (g product ™ h™),
reaction longevity and total turnover per catalyst will be required for
commercial production.

By combining electrochemistry and synthetic biology, the ReForm
pathway expands the possible solution space of generalizable CO,-
fixation strategies. While existing biological strategies have been
impactful on their own***°, we anticipate that hybrid biological and
chemical technologies will become critically important for a carbon
and energy efficient future.

Methods

Materials and bacterial strains

All consumables were purchased from Sigma-Aldrich unless stated oth-
erwise. Standard microtiter plates (96- and 384-well) were purchased

from BioRad. ®C-sodium formate was purchased from Cambridge
Isotope Laboratories. DNA for all enzymes used was ordered from
Twist Bioscience inthe vectors pJL1 (Addgene #69496) for expression
via CFE or pETBCS, a modified pET-22b vector® (Novagen/EMD Mil-
lipore) for recombinant expression in E. coli. Codon optimization for
E. coli was either performed using Integrated DNA Technologies or
Twist Bioscience. NEB 5-alpha chemically competent E. coli cells were
used for cloning (NEB), BL21 Star (DE3) (Invitrogen) cells were used
for cell-free lysate production and BL21 (DE3) chemically competent
cells (NEB) were used for recombinant expression of proteins. For the
expression of acyl-CoA synthetases, an E. coli BL21 (DE3) patZ knock-
outwas created usinga CRISPR-Cas9 and A-red recombination-based
method*>*, In brief, the CRISPR endonuclease introduces a double-
stranded DNA breakin alocus of interest. Provided with adonor DNA
that is homologous to sections of the chromosome on 5" and 3’ ends
butlacks the knockout gene, A-red proteins will recombine the donor
DNA into the chromosome. This simultaneously removes the gene of
interest and the site where the DNA breakis occurring, allowing the cells
to surviveif the knockout was successful. To confirm the knockout of
patZ,single colonies were picked and analyzed by colony polymerase
chainreaction (PCR) with primers flanking the gene.

Cell-free protein synthesis and enzyme engineering

Crude cell extracts were prepared as previously described using E. coli
BL21Star (DE3) cells (Invitrogen)**. CFE reactions were performed on
the basis of the Cytomim system*>*® and, unless otherwise noted, car-
ried out in 96-well or 384-well PCR plates (Bio-Rad) as 15-pl reactions
with 1l of linear expression template (LET) serving as the DNA tem-
plate.Inbrief, 15-pl reactions were carried out with final concentrations
of 8 MM magnesium glutamate, 10 mM ammonium glutamate, 130 mM
potassiumglutamate, 1.2 mM ATP, 0.85 mM of GTP, CTPand UTP each,
0.03 mg ml ™ folinic acid, 0.17 mg mI™ tRNA (Roche), 0.4 mM NAD*,
0.27 mM CoA, 4 mM oxalicacid,1 mM putrescine, 1.5 mM spermidine,
57 mM HEPES pH 7.2, 33 mM phosphoenolpyruvate (Roche), 30% v/v
cell extract and the remaining volume with water to 15 pl. Reactions
were incubated at 30 °C for16-20 h.

Cell-free site saturation mutagenesis was performed as described
previously’®. In brief, primers were designed using Benchling with
melting temperature calculated by the default SantaLucia1998 algo-
rithm. The general heuristics we followed for primer design were
areverse primer of 58 °C, a forward primer of 62 °C and a homolo-
gous overlap of approximately 45 °C. All primers were ordered from
Integrated DNA Technologies; forward primers were synthesized in
384-well plates normalized to 2 pM for ease of setting up reactions.
All cloning steps were set up using an Integra VIAFLO liquid handling
robotin384-well PCR plates (Bio-Rad). The cell-free library generation
was performed as follows: (1) the first PCR was performed in a 10-pl
reaction with 1 ng of plasmid template added, (2) 1 pl of Dpnl (NEB)
was added and incubated at 37 °C for 2 h, (3) the PCR was diluted 1:4
by the addition of 29 pl of nuclease-free water, (4) 1 pl of diluted DNA
was added to a3-pl Gibson assembly reaction and incubated for 50 °C
for1h, (5) the assembly reaction was diluted 1:10 by the addition of
36 plof nuclease-free water, and (6) 1 pl of the diluted assembly reac-
tion was added to a 9-ul PCR reaction. All PCR reactions used Q5 Hot
Start DNA Polymerase (NEB). The product of the second PCRisaLET
for expression in CFE, which are amplified using universal forward
(CTGAGATACCTACAGCGTGAGC) and reverse (CGTCACTCATGGT-
GATTTCTCACTTG) primers. To accumulate mutations for ISM, 3 pl
of the round ‘winner’ from the diluted Gibson assembly plate was
transformed into 20 pl of chemically competent E. coli (NEB 5-alpha
cells). Cells were plated onto lysogeny broth (LB) plates containing
50 pg ml kanamycin (LB-Kan). A single colony was used to inoculate
a 50-ml overnight culture of LB-Kan, grown at 37 °C with 250 rpm
shaking. The plasmid was purified using ZymoPURE Il Midiprep kits
(Zymo Research) and sequence confirmed.
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Cryo-EM sample preparation and data collection

Csac Pk M4 was purified as described below. The protein was then
additionally purified to homogeneity using a Cytiva HiPrep Sephacryl
S-200 HR Column according to the manufacturer’s specifications with
arunning buffer containing 50 mM HEPES pH 7.4, 150 mM NaCl and
250 uM MgCl,. After purification, TPP was added to a final concentra-
tion of 50 pM. To covalently trap glycolaldehyde on TPP, 1 mg ml™ of
purified protein was soaked in 25 mM glycolaldehyde for 10 min at
room temperature, and then the buffer was exchanged into the run-
ning buffer using Amicon Ultra-0.5 centrifugal filters (50 kDaMWCO;
EMD Millipore).

Ultrafoil1.2/1.3 Au300 mesh grids were glow discharged, and 3 pl
of the protein sample at 1 mg ml™ was applied to the grid surface. The
gridswereincubated for 5 sin the humidity chamber of Vitrobot Mark
IVset at100% humidity and 4 °C. Grids were blotted at blot force 2 for
3 s and quickly plunge frozen in liquid ethane. Cryo-EM imaging was
performed on a ThermoFisher Titan Krios equipped with Falcon 4i
directelectrondetector and SelectrisX post-column energy filter. The
microscope was operated at 300 kV accelerating voltage with anominal
magnification of x130,000, which resulted in a magnified pixel size of
0.98 A.Eachmovie was recorded at the total electron dose of 40 e A2
over 38 frames. The images were obtained at a defocus ranging from
-0.8to-1.8 um.

Image processing and 3D reconstruction

Preprocessing of both datasets was performed using cryoSPARC”.
Dose-fractionated movies were subjected to beam-induced motion
correction and dose weighting using patch motion correction. Con-
trast transfer function parameters were performed for each motion-
corrected micrograph followed by micrograph curation based on
parameters such as average intensity and contrast transfer function
fitresolution. A total of 3,159,785 particles were extracted from 5,900
micrographs for the Csac Pk M4-TPP, and 3,761,029 particles were
extracted from 6,652 micrographsfor the Csac Pk M4-HDE/HTL dataset.
Subsequently, three to five rounds of two-dimensional classification
were performed, followed by multiclass ab initio and heterogeneous
refinement. Homogeneous refinement was performed on the largest
class fromthe heterogeneous refinementjob on the binned particles.
Furthermore, the particles were reextracted to 0.95 A per pixel, and
another round of homogeneous refinement was performed. UCSF
ChimeraX (v.1.7)*® was used for map and model visualization.

Molecular model building

AlphaFold2 was used to generate a model dimer of Csac Pk M4 using
its proteinsequence®’. The X-ray crystal structure of phosphoketolase
from Bifidobacterium breve complexed with TPP/HDE/HTL (PDB: 3ahc,
3ahe and 3ahd)®° was used to align with the AlphaFold model to roughly
estimate the position of ligand in the maps. The ligands were combined
with the AphaFold-generated dimer model and were fit into the maps
using the ChimeraX fit-in-map’ function. To improve the modeling,
several rounds of interactive model adjustment in Coot (v0.9.8.8 EL)
followed by real-space refinement of the fit model were performedin
Phenix (v 1.21.1-5286) from SbGrid suite® using secondary structure
restraintsin addition to default restraints. The final model was gener-
ated using Phenix refinement.

ReForm assays

All reactions were performed at 30 °C with the reaction size noted
below. All reactions were quenched by addition of 5 pl10% w/v formic
acid to 20 pl of sample (or 3.75 pl 10% w/v formic acid to 15 pl of sam-
ple), centrifuged at 4,000g for 10 min at 4 °C to remove precipitated
protein, and either immediately prepared for analysis or stored at
-80 °Cuntil needed. To prepare for MS analysis of CoA-thioesters and
malate, 20 pl of quenched reaction was transferred to a clean vial and
diluted 1:2 with 20 pl of H,0.

Stepwise pathway construction

Final reactions contained 20 mM sodium phosphate buffer pH 7.4,
5SmMATP, 6.5 mMNADH, 10 mM MgCl,, 0.5 mM CoA, 50 u(M TPP,1 mM
glyoxylate, 50 mM *C-sodium formate, 5 U mI™ pyrophosphatase
(Sigma-Aldrich 15907), 3 uM Enap Acs, 3 pM Rpal PduP, 10 uM Mext
OxcM4,10 pM Bado Pk, 0.25 uM EcolPtaand 1 uM Ecol Mls. A reagent
mix was first made with all components except for the core ReForm
enzymes and distributed into seven1.5-ml Eppendorftubes. Enzymes
were added to the final concentrations listed above with each sequen-
tial reaction containing an additional enzyme. Extra H,0 was added
to adjust the final reaction volume to 200 pl. A negative control con-
taining only H,0 and no additional enzyme was also included. These
reactions were sampled for both CoA-thioesters and malate. Then,
20-plsamples were taken at various time intervals (10, 30, 60, 90,120,
150, 180 and 240 min) to ensure that no time-resolved production of
intermediates or malate was missed.

Initial unsuccessful pathway attempts (that produced detectable
formyl-CoA and glycolyl-CoA but no detectable acetyl-CoA or malate)
utilized lower concentrations of Bado Pk (5 uM) and Mext Oxc M4
(5 uM), lower concentrations of Enap Acs and Rpal PduP (1 uM each)
and higher concentrations of Ecol Pta (1 uM). Pta was decreased after
observing potential side reactivity with formyl-CoA (an observed
decrease in formyl-CoA after the direct addition of pta).

Pathway assessment when leaving one enzyme out

Reactions were set up as described for the stepwise pathway construc-
tion except for the decrease of Ecol Pta from 0.25 uM to 0.125 uM. A
reagent mix was first made with all components except for the core
ReForm enzymes and formate and distributed into eight 1.5-ml Eppen-
dorftubes. Each reaction had a single enzyme removed (or formate)
with extra volume of H,0 added to bring up the final reaction volume
to 90 pl. Then, 20-pl samples were taken at various time intervals (60,
120, 180 and 240 min) to ensure that no time-resolved production of
intermediates or malate was missed.

DSD to improve pathway activity

Thethree-level definitive screening design (DSD) was performed using
JMP Pro 17, with upper and lower limits and the reaction components
varied found in Supplementary Fig. 29. All engineered variants of
enzymes were used inthis experiment. We first performed ascreen of 21
reaction conditionsto map out the relationship between all tested vari-
ablesand malate production. Final reactions contained 20 mM sodium
phosphate buffer pH7.4,2 mM ATP,4 mM NADH, 10 mM MgCl,, 50 pM
TPP,1mM glyoxylate, 50 mM *C-sodium formate, 5 U ml™ pyrophos-
phatase (Sigma-Aldrich 15907) and 0.5 uM Ecol Mls. The concentra-
tions of remaining enzymes and CoA varied between each reaction
condition. Areagent mix was first made with all components except for
the varied enzymes and CoA and distributed into a 96-well PCR plate.
Different dilutions of each varied component were added to the reac-
tions to bring up the total volume to 15 pl, with each condition runin
triplicate for 4 h. With the resulting data, three regression models were
fitwith default variables: stepwise, stepwise (exclusive to nonzero data
points) and support vector machines (SVMs). Allmodels were fit using
default parameters that modeled only first-order interactions between
variables. For stepwise models, aminimum Bayesian information crite-
rion (BIC) stopping rule was used. To determine predicted optimized
conditions, the prediction profiler was set to maximize desirability. We
thenwentonto validate predictions by comparing the best condition
that was observed in the screen with the three predicted conditions.
The stepwise prediction set everythingto the upper bound of the DSD
screen (acry=formyl-CoA specificacr; acr,=glycolyl-CoA specificacr):
1mM CoA, 2 pM acs, 5 uM acr, 5 pM acry, 20 pM oxc, 20 uM pk and
0.01 pM pta. The stepwise (nonzero) prediction was identical, except
that oxc was set to the lower bound of the DSD screen (2 pM). The SVM
prediction had 0.94 mM CoA, 1.18 pM acs, 3.63 uM acry, 3.66 pM acr,,
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14.27 pM oxc, 20 pM pk and 0.43 pM pta. These reactions were set up
identically to the DSD screen.

After optimizing the pathway for malate production from for-
mate, we repeated DSD with the variant of ReForm that uses formal-
dehyde as a substrate. As above, all engineered enzymes were used
inthis experiment and the reaction components varied can be found
in Supplementary Fig. 35. We first performed a screen of 21 reaction
conditions to map out the relationship between all tested variables
and malate production. Final reactions contained 20 mM sodium
phosphate buffer pH 7.4,10 mM MgCl,, 50 pM TPP, 1 mM glyoxylate,
50 mM formaldehyde and 0.5 uM Ecol Mls. The concentrations of
remaining enzymes, CoA and NAD" varied between each reaction
condition. Three models were then fit as described above; however,
because there was no measured zero-malate condition, we included
only a single stepwise model. The stepwise optimized conditions
were 0.2 mM CoA, 0.5 mMNAD", 5 uMacr, 5 pM acr,, 2 pM oxc, 20 pM
pk and 0.01 uM pta. The SVM-optimized conditions were 0.78 mM
CoA, 2.19 mM NAD", 5 uM acry, 5 pM acr,, 15.5 pM oxc, 20 pM pk and
0.384 pM pta. These reactions were set up identically to the DSD
screen, and an additional experiment was run using 20 mM formal-
dehyde to examine potential inhibitory effects.

Cofactor regeneration to improve pathway activity

Using the DSD-optimized conditions with formate as a substrate,
we then added cofactor regeneration enzymes for ATP and NADH.
Final reaction conditions were the same as above with two additional
polyphosphate kinases (Rmel ppkl and Ajoh ppk2) added at 0.4 or
2 uM and an additional formate dehydrogenase (P101 fdh) added at
1or 6 pM. Polyphosphate (adjusted to pH 7 with KOH) was added at a
final concentration of 10 mM (phosphate equivalents), and *C-sodium
formate was increased to 100 mM. Reactions were performed in tripli-
cateat15 pland incubated for 4 h.

Metabolic proofreading to improve pathway activity

After determining cofactor regeneration enzyme conditions, we
wanted to test whether adding in arecently engineered formyl-phos-
phate reductase (fpr), DaArgC3, could improve pathway activity?.
Earlier experiments suggested that pta could be exhibiting potential
side activity with formyl-CoA and producing formyl-P;, a dead-end
metabolite for ReForm. We hypothesized that adding in fpr could
reduce the produced formyl-P; into formaldehyde to introduce the
wasted metabolite back into the pathway. Using the conditions from
the cofactor regeneration screen (2 M of ppkl and ppk2 and 1 M of
fdh) asthebasereaction, weadded 0.5,10r 5 pM of fpr. Reactions were
performedin triplicate at 15 pland incubated for 4 h.

Reform pathway assessment with time using different
Clsubstrates

The metabolic proofreading strategy did not provide any quantifiable
benefit using fpr under the conditions tested, so we moved forward
using the optimized DSD conditions (with cofactor regeneration for
formate as a substrate) without fpr for further testing of ReForm.
With formate as a substrate, final reaction conditions were 20 mM
sodium phosphate buffer pH 7.4, 2 mM ATP, 4 mM NADH, 10 mM
MgCl,, 1mM CoA, 50 uM TPP, 2 mM glyoxylate, 100 mM “C-sodium
formate, 10 mM polyphosphate, 5 U ml™ pyrophosphatase (Sigma-
Aldrich 15907), 2 uM acs, 5 uM acry, 5 pM acr,, 20 pM oxc, 20 uM pk,
0.01pMpta, 0.5 pMmls,2 uM ppk1, 2 pM ppk2 and 1 pM fdh. The same
conditions were used with formate derived electrochemically from
CO,asasubstrate, except that afinal concentration of 8 mM formate
(2C) was used. Given that formate was produced electrochemically
ataconcentration of 42 mM, this accounted for ~20% v/v of the reac-
tion. Specifically, formate was first produced in isolation using the
electrochemical reduction catalyst. This formate was neutralized by
the addition of HClto a pH of 7. No additional purification or cleanup

steps were performed; we refer to this as crude formate. This formate
was then added to a separate reaction vessel containing necessary
enzymes and cofactors.

With formaldehyde as a substrate, final reaction conditions were
20 mM sodium phosphate buffer pH 7.4,2.19 mMNAD*, 10 mM MgCl,,
0.78 mM CoA, 50 uM TPP, 2 mM glyoxylate, 20 mM formaldehyde,
5pM acrg, 5 pM acry, 15.5 pM oxc, 20 pM pk, 0.384 pM pta and 0.5 uM
mls. Reactions were performed intriplicate at 20 plwithtime points as
follows (hours): 0,0.17,0.33,0.5,0.75,1,1.5,2,3,6,10,18,24,36 and 48.
The same reaction conditions were used with methanol as a substrate
with the following exceptions. Final reactions additionally contained
300 U ml™ catalase (Sigma-Aldrich C1345),1U ml™ alcohol oxidase
(Sigma-Aldrich A2404) and 20 mM methanol.

Calculation of pathway metrics

All rates (steady-state productivity, specific productivity and CO,
fixation rate) were calculated using the optimized ReForm pathway
results shown in Fig. 4c, where formate is derived from the electro-
chemical reduction of CO,. Malate (and equivalently acetyl-CoA)
synthesis rates can be optimistically calculated from the steady-state
portion of the pathway between 0 h and 6 h (280 pM malate in 6-h
yields) or more conservatively by taking the highest yield at 24 h
(607 uM malate in 24 h). We additionally consider the spatially and
temporally separate electrochemical module that reduces CO, to for-
mate, which ran for1 htotal (280 pM malatein 7 hyields 40.1 pM h™!
or 668 nM min™ and 607 uM malate in 25 h yields 24.3 pM h™ or
404 nM min™). Wereport40.1 pM h™ as the steady-state productivity
inSupplementary Table 1. The total enzyme loading for this reaction
was 4.073 mg protein (Supplementary Table 9), which gives a spe-
cific productivity of 9.8 uM h™ per milligram of protein. The specific
productivity of CO, equivalents assimilated was calculated using
this value, taking into account that for every molecule of malate
(or acetyl-CoA) produced, two molecules of CO, equivalents (for-
mate) are assimilated. We also include these values calculated for
other state-of-the-art synthetic CO,-fixing pathways (the CETCH
cycle and the THETA cycle). Quantitative comparison of these values
can be difficult, but we believe it is important to holistically assess
how each pathway functions, along with their inherent advantages
and disadvantages.

Catalyst preparation and electrochemical reduction of CO,

All chemicals used for electrolytes, catalyst synthesis and electrode
preparation, including iridium(Ill) chloride hydrate (IrCl;-xH,0,
99.9%), tin (IV) oxide (Sn0O,, nanopowder, <100 nm) and potassium
bicarbonate (KHCO;, 99.7%), were purchased from Sigma-Aldrich
and used without any further treatments. Nafion 117 membrane and
titanium felt were purchased from the Fuel Cell Store. In a typical
procedure, 20 mg Sn0O, and 60 pl Nafion perfluorinated resin solu-
tion were stirred and sonicated in 4 ml absolute ethanol to form the
catalystink. Then, 4 ml of the ink was sprayed onto the gas diffusion
layer (Freudenberg H23C3) with aSnO, loading of 1 mg cm™. All elec-
trochemical experiments were performed in an MEA electrolyzer
(SKU: 68732; Dioxide Materials), with a gasket to control the active
area of 1 cm? accessed with a serpentine channel, unless otherwise
specified. A proton exchange membrane (Nafion 117) was sandwiched
between the cathode and titanium felt-supported iridium oxide
(IrO,/Ti) anode. The IrO,/Ti anode was fabricated according to a
reported method® with slight modifications. Unless otherwise speci-
fied, the anode was circulated with 0.5 MKHCO; electrolyte at arate
of 10 ml min™ with a peristaltic pump and with silicone Shore A50
tubing. Humidified CO, was fed into the cathode at arate of 40 sccm
using an accurate mass flow controller. The cathodic product is col-
lected in 10 ml of deionized water. The volume of anolyte used was
20 ml. Electrochemical measurements were carried out using an
Autolab PGSTAT204 in an amperostatic mode and a current booster
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(10 A). Unless otherwise stated, at the end of 1 h of electrolysis, a
sample of cathodic product and a sample of anolyte were extracted
for liquid product analysis. Cathodic products and anolyte samples
were identified by 'H NMR spectroscopy (600 MHz, Agilent DD2NMR
Spectrometer) using dimethyl sulfoxide as an internal standard and
water suppression techniques.

Data collection and analysis

Allstatisticalinformation providedin this Articleis derived fromn =3
independent experiments unless otherwise noted in the text or figure
legends. Error bars represent 1 standard deviation (s.d.) of the mean
derived from these experiments. Data analysis and figure generation
were conducted using Excel Version 2304, ChimeraX Version 1.5, Graph-
Pad Prism Version 9.5.0 and Python 3.9. Data collected on the BioTek
Synergy H1 Microplate Reader were analyzed using Gen5 Version 2.09.2.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

All data are available in the Article or its Supplementary Information.
Source dataare provided with this paper. Atomic structures reported
inthis Article are deposited to the Protein Data Bank under accession
codes 9CD3 and 9CD4. The cryo-EM data were deposited to the Electron
Microscopy Data Bank under EMD-45461 and EMD-45462.
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rationale behind them, indicating whether exclusion criteria were pre-established.

Non-participation State how many participants dropped out/declined participation and the reason(s) given OR provide response rate OR state that no
participants dropped out/declined participation.

Randomization If participants were not allocated into experimental groups, state so OR describe how participants were allocated to groups, and if
allocation was not random, describe how covariates were controlled.

Ecological, evolutionary & environmental sciences study design

All studies must disclose on these points even when the disclosure is negative.

Study description Briefly describe the study. For quantitative data include treatment factors and interactions, design structure (e.g. factorial, nested,
hierarchical), nature and number of experimental units and replicates.
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Research sample Describe the research sample (e.g. a group of tagged Passer domesticus, all Stenocereus thurberi within Organ Pipe Cactus National
Monument), and provide a rationale for the sample choice. When relevant, describe the organism taxa, source, sex, age range and
any manipulations. State what population the sample is meant to represent when applicable. For studies involving existing datasets,
describe the data and its source.

Sampling strategy Note the sampling procedure. Describe the statistical methods that were used to predetermine sample size OR if no sample-size
calculation was performed, describe how sample sizes were chosen and provide a rationale for why these sample sizes are sufficient.

Data collection Describe the data collection procedure, including who recorded the data and how.
Timing and spatial scale | /ndicate the start and stop dates of data collection, noting the frequency and periodicity of sampling and providing a rationale for
these choices. If there is a gap between collection periods, state the dates for each sample cohort. Specify the spatial scale from which

the data are taken

Data exclusions If no data were excluded from the analyses, state so OR if data were excluded, describe the exclusions and the rationale behind them,
indicating whether exclusion criteria were pre-established.

Reproducibility Describe the measures taken to verify the reproducibility of experimental findings. For each experiment, note whether any attempts to
repeat the experiment failed OR state that all attempts to repeat the experiment were successful.

Randomization Describe how samples/organisms/participants were allocated into groups. If allocation was not random, describe how covariates were
controlled. If this is not relevant to your study, explain why.

Blinding Describe the extent of blinding used during data acquisition and analysis. If blinding was not possible, describe why OR explain why
blinding was not relevant to your study.

Did the study involve field work? D Yes D No

Field work, collection and transport

Field conditions Describe the study conditions for field work, providing relevant parameters (e.g. temperature, rainfall).

Location State the location of the sampling or experiment, providing relevant parameters (e.g. latitude and longitude, elevation, water depth).
Access & import/export | Describe the efforts you have made to access habitats and to collect and import/export your samples in a responsible manner and in
compliance with local, national and international laws, noting any permits that were obtained (give the name of the issuing authority,

the date of issue, and any identifying information).

Disturbance Describe any disturbance caused by the study and how it was minimized.

Reporting for specific materials, systems and methods

We require information from authors about some types of materials, experimental systems and methods used in many studies. Here, indicate whether each material,
system or method listed is relevant to your study. If you are not sure if a list item applies to your research, read the appropriate section before selecting a response.




Materials & experimental systems Methods

Involved in the study n/a | Involved in the study
Antibodies |Z| D ChlIP-seq
Eukaryotic cell lines |Z| D Flow cytometry
Palaeontology and archaeology |Z| D MRI-based neuroimaging

Animals and other organisms
Clinical data
Dual use research of concern

Plants

MNXXXNXXX s
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Antibodies

Antibodies used Describe all antibodies used in the study, as applicable, provide supplier name, catalog number, clone name, and lot number.
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Validation Describe the validation of each primary antibody for the species and application, noting any validation statements on the
manufacturer’s website, relevant citations, antibody profiles in online databases, or data provided in the manuscript.

Eukaryotic cell lines

Policy information about cell lines and Sex and Gender in Research

Cell line source(s) State the source of each cell line used and the sex of all primary cell lines and cells derived from human participants or
vertebrate models.

Authentication Describe the authentication procedures for each cell line used OR declare that none of the cell lines used were authenticated.

Mycoplasma contamination Confirm that all cell lines tested negative for mycoplasma contamination OR describe the results of the testing for
mycoplasma contamination OR declare that the cell lines were not tested for mycoplasma contamination.

Commonly misidentified lines Name any commonly misidentified cell lines used in the study and provide a rationale for their use.
(See ICLAC register)

Palaeontology and Archaeology

Specimen provenance Provide provenance information for specimens and describe permits that were obtained for the work (including the name of the
issuing authority, the date of issue, and any identifying information). Permits should encompass collection and, where applicable,

export.

Specimen deposition Indicate where the specimens have been deposited to permit free access by other researchers.

Dating methods If new dates are provided, describe how they were obtained (e.g. collection, storage, sample pretreatment and measurement), where
they were obtained (i.e. lab name), the calibration program and the protocol for quality assurance OR state that no new dates are
provided.

|:| Tick this box to confirm that the raw and calibrated dates are available in the paper or in Supplementary Information.

Ethics oversight Identify the organization(s) that approved or provided guidance on the study protocol, OR state that no ethical approval or guidance
was required and explain why not.

Note that full information on the approval of the study protocol must also be provided in the manuscript.

Animals and other research organisms

Policy information about studies involving animals; ARRIVE guidelines recommended for reporting animal research, and Sex and Gender in
Research

Laboratory animals For laboratory animals, report species, strain and age OR state that the study did not involve laboratory animals.

Wild animals Provide details on animals observed in or captured in the field, report species and age where possible. Describe how animals were
caught and transported and what happened to captive animals after the study (if killed, explain why and describe method, if released,
say where and when) OR state that the study did not involve wild animals.

Reporting on sex Indicate if findings apply to only one sex; describe whether sex was considered in study design, methods used for assigning sex.
Provide data disaggregated for sex where this information has been collected in the source data as appropriate; provide overall




numbers in this Reporting Summary. Please state if this information has not been collected. Report sex-based analyses where
performed, justify reasons for lack of sex-based analysis.

Field-collected samples | For laboratory work with field-collected samples, describe all relevant parameters such as housing, maintenance, temperature,
photoperiod and end-of-experiment protocol OR state that the study did not involve samples collected from the field.

Ethics oversight Identify the organization(s) that approved or provided guidance on the study protocol, OR state that no ethical approval or guidance
was required and explain why not.

Note that full information on the approval of the study protocol must also be provided in the manuscript.

Clinical data

Policy information about clinical studies

All manuscripts should comply with the ICMJE guidelines for publication of clinical research and a completed CONSORT checklist must be included with all submissions.

Clinical trial registration  Provide the trial registration number from ClinicalTrials.gov or an equivalent agency.

Study protocol Note where the full trial protocol can be accessed OR if not available, explain why.
Data collection Describe the settings and locales of data collection, noting the time periods of recruitment and data collection.
Qutcomes Describe how you pre-defined primary and secondary outcome measures and how you assessed these measures.

Dual use research of concern

Policy information about dual use research of concern

Hazards

Could the accidental, deliberate or reckless misuse of agents or technologies generated in the work, or the application of information presented
in the manuscript, pose a threat to:

Yes
[] Public health

|:| National security
|:| Crops and/or livestock
|:| Ecosystems

Ooodos

[] Any other significant area

Experiments of concern

Does the work involve any of these experiments of concern:
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Demonstrate how to render a vaccine ineffective

Confer resistance to therapeutically useful antibiotics or antiviral agents
Enhance the virulence of a pathogen or render a nonpathogen virulent
Increase transmissibility of a pathogen

Alter the host range of a pathogen

Enable evasion of diagnostic/detection modalities

Enable the weaponization of a biological agent or toxin
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Any other potentially harmful combination of experiments and agents
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Plants

Seed stocks None to report.

Novel plant genotypes ~ None to report.

Authentication None to report.
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ChlIP-seq

Data deposition
|:| Confirm that both raw and final processed data have been deposited in a public database such as GEO.

|:| Confirm that you have deposited or provided access to graph files (e.g. BED files) for the called peaks.

Data access links For "Initial submission" or "Revised version" documents, provide reviewer access links. For your "Final submission" document,
May remain private before publication. | provide a link to the deposited data.

Files in database submission Provide a list of all files available in the database submission.
Genome browser session Provide a link to an anonymized genome browser session for "Initial submission" and "Revised version" documents only, to
(e.g. UCSC)

enable peer review. Write "no longer applicable" for "Final submission" documents.

Methodology
Replicates Describe the experimental replicates, specifying number, type and replicate agreement.
Sequencing depth Describe the sequencing depth for each experiment, providing the total number of reads, uniquely mapped reads, length of reads and
whether they were paired- or single-end.
Antibodies Describe the antibodies used for the ChIP-seq experiments; as applicable, provide supplier name, catalog number, clone name, and

lot number.

Peak calling parameters | Specify the command line program and parameters used for read mapping and peak calling, including the ChiP, control and index files

used.
Data quality Describe the methods used to ensure data quality in full detail, including how many peaks are at FDR 5% and above 5-fold enrichment.
Software Describe the software used to collect and analyze the ChIP-seq data. For custom code that has been deposited into a community

repository, provide accession details.

Flow Cytometry

Plots

Confirm that:
|:| The axis labels state the marker and fluorochrome used (e.g. CD4-FITC).

|:| The axis scales are clearly visible. Include numbers along axes only for bottom left plot of group (a 'group' is an analysis of identical markers).
|:| All plots are contour plots with outliers or pseudocolor plots.

|:| A numerical value for number of cells or percentage (with statistics) is provided.

Methodology
Sample preparation Describe the sample preparation, detailing the biological source of the cells and any tissue processing steps used.
Instrument Identify the instrument used for data collection, specifying make and model number.
Software Describe the software used to collect and analyze the flow cytometry data. For custom code that has been deposited into a

community repository, provide accession details.




Cell population abundance

Gating strategy

Describe the abundance of the relevant cell populations within post-sort fractions, providing details on the purity of the
samples and how it was determined.

Describe the gating strategy used for all relevant experiments, specifying the preliminary FSC/SSC gates of the starting cell
population, indicating where boundaries between "positive" and "negative" staining cell populations are defined.

|:| Tick this box to confirm that a figure exemplifying the gating strategy is provided in the Supplementary Information.

Magnetic resonance imaging

Experimental design

Design type

Design specifications

Indicate task or resting state; event-related or block design.

Specify the number of blocks, trials or experimental units per session and/or subject, and specify the length of each trial
or block (if trials are blocked) and interval between trials.

Behavioral performance measures State number and/or type of variables recorded (e.g. correct button press, response time) and what statistics were used

Acquisition
Imaging type(s)

Field strength

Sequence & imaging parameters

Area of acquisition

Diffusion MRI D Used

Preprocessing

Preprocessing software
Normalization
Normalization template
Noise and artifact removal

Volume censoring

to establish that the subjects were performing the task as expected (e.g. mean, range, and/or standard deviation across
subjects).

Specify: functional, structural, diffusion, perfusion.
Specify in Tesla

Specify the pulse sequence type (gradient echo, spin echo, etc.), imaging type (EPI, spiral, etc.), field of view, matrix size,
slice thickness, orientation and TE/TR/flip angle.

State whether a whole brain scan was used OR define the area of acquisition, describing how the region was determined.

D Not used

Provide detail on software version and revision number and on specific parameters (model/functions, brain extraction,
segmentation, smoothing kernel size, etc.).

If data were normalized/standardized, describe the approach(es): specify linear or non-linear and define image types used for
transformation OR indicate that data were not normalized and explain rationale for lack of normalization.

Describe the template used for normalization/transformation, specifying subject space or group standardized space (e.qg.
original Talairach, MNI305, ICBM152) OR indicate that the data were not normalized.

Describe your procedure(s) for artifact and structured noise removal, specifying motion parameters, tissue signals and
physiological signals (heart rate, respiration).

Define your software and/or method and criteria for volume censoring, and state the extent of such censoring.

Statistical modeling & inference

Model type and settings

Effect(s) tested

Specify type (mass univariate, multivariate, RSA, predictive, etc.) and describe essential details of the model at the first and
second levels (e.g. fixed, random or mixed effects; drift or auto-correlation).

Define precise effect in terms of the task or stimulus conditions instead of psychological concepts and indicate whether
ANOVA or factorial designs were used.

Specify type of analysis: [ | whole brain || ROI-based [ _| Both

Statistic type for inference

(See Eklund et al. 2016)

Correction

Specify voxel-wise or cluster-wise and report all relevant parameters for cluster-wise methods.

Describe the type of correction and how it is obtained for multiple comparisons (e.g. FWE, FDR, permutation or Monte Carlo).

>
Q
5
(e
()
©
O
=
S
S
3
©
e}
=
>
(@]
wm
(e
3
3
Q
=




Models & analysis

n/a | Involved in the study
D |:| Functional and/or effective connectivity

D D Graph analysis

D D Multivariate modeling or predictive analysis

Functional and/or effective connectivity Report the measures of dependence used and the model details (e.g. Pearson correlation, partial correlation,
mutual information).

Graph analysis Report the dependent variable and connectivity measure, specifying weighted graph or binarized graph,
subject- or group-level, and the global and/or node summaries used (e.g. clustering coefficient, efficiency,
etc.).

Multivariate modeling and predictive analysis  Specify independent variables, features extraction and dimension reduction, model, training and evaluation
metrics.
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