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Review 

Harnessing noncanonical redox cofactors  
to advance synthetic assimilation  
of one-carbon feedstocks☆ 

Enrico Orsi1,*, Javier M Hernández-Sancho1,*,  
Maaike S Remeijer2,*, Aleksander J Kruis3,  
Daniel C Volke1, Nico J Claassens4,  
Caroline E Paul5, Frank J Bruggeman2,  
Ruud A Weusthuis6 and Pablo I Nikel1   

One-carbon (C1) feedstocks, such as carbon monoxide 
(CO), formate (HCO2H), methanol (CH3OH), and methane 
(CH4), can be obtained either through stepwise 
electrochemical reduction of CO2 with renewable electricity 
or via processing of organic side streams. These C1 
substrates are increasingly investigated in biotechnology as 
they can contribute to a circular carbon economy. In recent 
years, noncanonical redox cofactors (NCRCs) emerged as a 
tool to generate synthetic electron circuits in cell factories to 
maximize electron transfer within a pathway of interest. 
Here, we argue that expanding the use of NCRCs in the 
context of C1-driven bioprocesses will boost product yields 
and facilitate challenging redox transactions that are 
typically out of the scope of natural cofactors due to 
inherent thermodynamic constraints. 
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Introduction 
The transition from a fossil-based to a bio-based economy 
requires industrial bioprocesses utilizing biological systems 
for manufacturing [1,2]. In this framework, cheap, renew-
able feedstocks are converted into value-added compounds  
[3]. Efficient conversions can be achieved either by creating 
and implementing synthetic pathways that do not exist in 
nature or by optimizing production parameters for existing 
bioprocesses, including titer (gproduct l−1), volumetric pro-
ductivity (gproduct l

−1 h−1), and yield (gproduct gsubstrate
−1) [4,5]. 

However, the cost-efficient production of bulk chemicals, 
meeting large market demands (Gtons year−1) at low pro-
duction costs (< 1.0 USD kg−1), remains a major challenge  
[6,7]. High substrate-to-product yields are essential for 
economic feasibility.    
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Maximum theoretical yields are obtained when all electrons 
transfer from substrate to product [8]. Electron carriers, for 
example, nicotinamide adenine dinucleotide (in both its 
oxidized and reduced state, NAD(P)+/NAD(P)H), are ubi-
quitous cofactors in metabolism and mediate a large number 
of biochemical reactions. This flow of redox currency causes 
inherent electron dissipation throughout the entire meta-
bolic network, compromising product yields [9]. Introducing 
an independent, orthogonal electron circuit, with non-
canonical redox cofactors (NCRCs), has been suggested as a 
strategy to approach maximum theoretical yields by con-
fining electron flow within the target pathway [10••]. For 
example, a glyceraldehyde 3-phosphate dehydrogenase 
(GAPDH) and an alcohol dehydrogenase, each coupled to 
the same NCRC instead of NAD+, would enforce ethanol 
biosynthesis and limit the formation of by-products from 
pyruvate while keeping the redox balance. The design, 
synthesis, and implementation of NCRCs in biotechnology 
are gaining momentum [11•,12], with successful examples 
of NCRC-supported in vivo catalysis [13,14••]. These stu-
dies exploited microbial growth as the proxy for intracellular 
NCRC reduction and oxidation, typically with sugars as the 
main carbon source. Selective product formation, on the 
other hand, could be increased from 2% to 80% by shifting 
from canonical redox cofactors to an NCRC [15•]. 

One-carbon (C1) substrates, such as methane (CH4), 
methanol (CH3OH), formate (HCO2H), CO, and CO2, 
are emerging feedstocks that can support efficient bio-
processes and contribute to a circular carbon economy  
[16–19]. These substrates, alone or with hydrogen (H2), 
can support C1-trophic microbial growth, and utilizing 
CO2-derived C1 feedstocks for bulk chemicals synthesis 
reduces reliance on agricultural feedstocks (e.g. sugars  
[20]). This is a key advantage of renewable electricity- 
based C1 feedstocks [21], as they avoid the competition 
with food production inherent in large-scale agricultural 
feedstock use, and they mitigate the shift in pressure 
from greenhouse gas emissions to other critical planetary 
boundaries [22]. Methane and CO2 are the most con-
centrated C1 feedstock streams that are readily available  
[23]. These C1 substrates can be obtained from anae-
robic digestion of organic matter [24]. Methanol, gener-
ated from hydrogenation of industrially emitted CO2  
[25], is an equally attractive substrate. Methanol and 
formate rank among the top C1 substrates for biopro-
cesses as they can be obtained from (concentrated) CO2 
through electrochemical reduction and are miscible in 
water, bypassing solubility issues related to gas–liquid 
transfer [26,27]. 

C1 feedstocks can be assimilated through a range of 
natural or synthetic pathways, differing in ATP demand 
and redox cofactor coupling. Both natural and synthetic 
C1-trophic organisms are considered for bioconversion 
and valorization of C1 feedstocks [28•–30]. Natural C1- 
trophs include model bacteria equipped with C1- 

assimilation pathways that are becoming tractable [31] as 
novel synthetic biology tools become available to the 
scientific community [32,33]. Synthetic C1-trophs [34], 
in contrast, could support the implementation of NCRC- 
based metabolism and NCRC-dependent enzymes for 
synthetic C1 assimilation. Although the growth perfor-
mance of synthetic C1-trophs is typically below that of 
their natural counterparts [35•], the field of synthetic C1 
assimilation is advancing rapidly and shows encouraging 
progress. In a recent example, a synthetic methylotroph 
achieved growth rates comparable to those of natural 
methylotrophs [36] — or even faster [37]. 

The expectations and motivating examples of synthetic 
C1 metabolism prompted us to explore strategies that 
could accelerate this expanding field. Here, we propose 
adopting NCRCs in metabolic engineering to optimize 
electron transfer from C1 feedstocks to target products. 
In this context, we review the state-of-the-art in NCRC 
engineering and discuss the opportunities and chal-
lenges in their implementation to support synthetic C1 
metabolism. 

Engineering and utilization of noncanonical 
redox cofactors 
NCRCs retain the reactive nicotinamide moiety, as in 
NAD(P)+ and deazaflavin cofactors, which serves as the 
hydride acceptor and donor enabling enzymes to cata-
lyze redox reactions. However, other structural features 
of NCRCs differ from those of natural cofactors. 
Nonengineered enzymes use NCRCs less efficiently 
than the natural ones [11], leading to unwanted electron 
exchanges between engineered pathways and the native 
metabolism [38]. Strategies based on NCRCs developed 
thus far have adopted nicotinamide derivatives, where 
the pyridine ring is conserved, but different substituents 
decorate the nitrogen and C3 position, as well as the 
sugar and adenosine moieties (Figure 1a), determining 
both the redox potential and positioning of the NCRC in 
the enzyme active site. 

When used in vivo, NCRCs act as mediators in ortho-
gonal circuitry for electron transfer. This control over the 
fate of electrons helps overcoming intrinsic limitations of 
using natural cofactors in classical metabolic en-
gineering, including electron and metabolic inter-
mediate loss in central metabolism, undesired 
modification of target products due to enzymatic pro-
miscuity, and thermodynamic constraints [11]. Only a 
few NCRCs have been engineered and adopted in vivo, 
such as nicotinamide cytosine dinucleotide (NCD+) and 
nicotinamide mononucleotide (NMN+). The standard 
redox potential of these carriers is comparable to that of 
natural cofactors [NAD(P)+], limiting their range of ap-
plication. Nevertheless, several interesting metabolic 
outcomes have resulted from their use, for example, as 
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illustrated by the NCD+-dependent circuit constructed 
by Wang et al. [39•]. The authors coupled an orthogonal 
phosphite (PO3

3–) dehydrogenase to an engineered 
malic enzyme, thereby tightly controlling electron 
transfer between pyruvate and malate. A broader per-
spective of the biocatalytic potential of NCRCs has been 
demonstrated with the introduction of NMN+ as a redox 
mediator. NCRCs can act as a thermodynamic driving 
force to displace redox reactions from equilibrium. As-
pacio et al. [40] recently demonstrated an inverted 
NMN+/NMNH ratio compared to natural cofactors to 
drive stereo-specific synthesis of meso-butanediol. In 
another example, Richardson et al. [41] achieved 
monoterpene aldehyde purity utilizing an orthogonal 
NMN+/NMNH redox system that circumvented un-
specific transformations of the aldehyde to alcohols. 

Inspired by these possibilities, we propose that some of the 
challenges associated with engineering efficient assimilation 
of C1 feedstocks (constraints addressed in this review), can 
be partially overcome by implementing NCRC-dependent 
redox circuits. This overarching goal calls for NCRC-de-
pendent reactions, which presents challenges in engineering 
enzymes to accept non-native cofactors. First, the native 
NAD(P)+ cofactor should be excluded from binding, which 
can be achieved by steric (size) considerations or repulsive 
charges. Second, the NCRC should be accepted with high 
affinity, which can be supported by hydrogen bonding or 
ionic interactions. Since the Rossmann fold motif is highly 
conserved for cofactor binding via the adenosine moiety of 
NAD(P)+, mutations in this protein domain might lead to 
misfolding or loss of activity. Nevertheless, several enzymes 
that convert C1 compounds or help balancing the NCRCs 
redox state in C1-related metabolic networks have already 
been modified to recognize these cofactor analogs. An 
overview of these enzymes is provided in Table 1. 

Enzymes involved in the oxidation and 
reduction of C1 substrates 
Relatively few enzymes are involved in the oxidation or 
reduction of C1 feedstocks. These enzyme covers all the 
different degrees of reduction of C1 molecules (Figure 1b), 
sequentially removing a pair of electrons from methane 
(CH4, γ = 8) to CO2 (γ = 0). This section provides an over-
view of these enzymes and the associated literature, fo-
cusing on engineering increased the affinity toward NCRCs. 

Figure 1  

Current Opinion in Biotechnology

NCRCs and relevant characteristics for synthetic C1 assimilation. (a) 
Chemical structure of NADH, highlighting the moieties and positions that 
can be modified to engineer NCRCs. Ade, adenine. (b) Overview of 
redox reactions involved in C1 substrate conversion. Methane (CH4) and 
methanol (CH3OH) cannot be directly assimilated (as they must be first 
transformed into other intermediates); C1 assimilation pathways for 
other compounds are displayed in colored arrows, with relevant 
enzymes indicated in orange. (c) Redox potential of redox cofactors and 
associated C1 reactions. The black lines indicate redox potentials under 
standard physiological conditions, while the width of the colored bars 
represents redox potentials under physiological conditions. 
Abbreviations: APAD+, 3-acetylpyridine dinucleotide; SNAD+, 
thionicotinamide adenine dinucleotide; BNA+, 1-benzylnicotinamide; 
AmNA+, 1-(2-carbamoylmethyl)-nicotinamide; NaAD+, nicotinic acid 
adenine dinucleotide; PNaA+, 1-propylnicotinic acid; NAD(P)+, 
nicotinamide adenine dinucleotide (phosphate); FAD, flavin adenine 

dinucleotide; FMN, flavin mononucleotide; rGly pathway, reductive 
glycine pathway; WL pathway, Wood-Ljungdahl pathway, CBB cycle, 
Calvin–Benson–Bassham cycle; AOX, alcohol oxidase; FalDH, formate 
dehydrogenase; CFOR, CO:formate oxidoreductase; HDCR, H2- 
dependent CO2 reductase; CODH, carbon monoxide dehydrogenase; 
and CAT, catalase. Calculations and values for the figure are given in  
Tables S1 and S2 the Supplementary Data.   
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Methane oxidation 
Methane monooxygenases (MMOs) oxidize CH4, the 
most reduced C1 compound, to methanol (CH3OH). 
This enzyme family activates the CeH bond in CH4 and 
oxidizes it to CH3OH. In this reaction, one NADH 
equivalent is oxidized, and O2 acts as the electron ac-
ceptor. Both soluble MMO (sMMO) and membrane- 
bound particulate MMO exist in nature, although 
sMMO has been studied in more detail [42–44]. No 

reports have yet described MMOs engineered to accept 
other cofactor types. 

Methanol oxidation 
Three naturally occurring enzymes oxidize CH3OH to 
formaldehyde [45•]: methanol oxidase (MOX), pyrrolo-
quinoline-dependent methanol dehydrogenase (PQQ- 
MDH), and NAD+-dependent methanol dehydrogenase 
(NAD-MDH). Since reduced cofactors are not generated 

Table 1 

Redox enzymes engineered to accept NRCs that are potentially applicable to synthetic C1 assimilation.          

Enzyme* Source Name and mutations Redox cofactor KM (mM) kcat (s
−1) kcat/KM Ref.  

S-Butanediol dehydrogenase** Serratia sp. AS13 Ser S-Bdh Ortho NAD+ 1.6 0.019 0.012 [40] 
NADP+ 1.4 0.002 0.0014 
NMN+ 4.3 0.38 0.086 

meso-Butanediol dehydrogenase** Klebsiella pneumoniae Kp m-Bdh Ortho NAD+ 6.6 0.015 0.0022 [40] 
NADP+ 2.9 0.0067 0.0023 
NMN+ 6.7 2.0 0.3 

Formaldehyde dehydrogenase Pseudomonas putida A192R/L218V/L236V/ 
R267V 

NAD+ 4 0.5 0.125 [61] 
NADP+ n.r. n.r. n.r. 
NCD+ 1.5 14.6 9.73 

A192R/L223V/L236V NAD+ 2.5 0.8 0.32 
NADP+ n.r. n.r. n.r. 
NCD+ 0.2 11.3 56.5 

FDH Pseudomonas sp. 101 V198I/C256I/ NAD+ 7.97 0.07 0.0088 [68] 
P260S/E261P/ NADP+ n.r. n.r. n.r. 
S381N/S383F NCD+ 0.1238 0.18 1.45 

GAPDH Streptococcus mutans GapN Penta NAD+ n.r. n.r. 0.043 [38] 
NADP+ 2.6 0.26 0.1 
NMN+ 12 0.82 0.068 

GapN Ortho NAD+ 2 0.021 0.011 
NADP+ 8.3 0.016 0.002 
NMN+ 7.7 0.081 0.01 

Glucose dehydrogenase Bacillus subtilis GDH Triple NAD+ 3.7 0.41 0.11 [15] 
NADP+ 0.61 4.4 7.5 
NMN+ 6.4 3.1 0.51 

GDH Ortho NAD+ 6.5 0.025 0.0038 
NADP+ 2 0.022 0.011 
NMN+ 5.9 1.2 0.21 

Glutathione reductase Escherichia coli Gor Ortho NADH n.r. n.r. 0.06 [13] 
NADPH n.r. n.r. 0.1 
NMNH n.r. n.r. 0.012 

LDH** Lactobacillus helveticus V152R/I177K/N213E NAD+ 1.6 0.08 0.049 [95] 
NADP+ n.r. n.r. n.r. 
NCD+ 1.38 2.95 2.1 

V152R/I177K/N213I NAD+ 1.05 0.08 0.074 
NADP+ n.r. n.r. n.r. 
NCD+ 0.66 2.02 3.1 

Malic enzyme Ascaris suum ME-L310R/ Q401C NAD+ 10.4 3.8 0.36 [73] 
NFCD+ 1.7 162.4 96.7 
NCD+ 1.02 158.2 154.6 

NADH oxidase Lactobacillus pentosus LP-7 NADH 1.7 47 27.65 [14] 
NADPH 0.89 27 30.34 
NMNH n.r. n.r. 0.01 

LP-3-EP NADH n.r. n.r. 0.049 
NADPH n.r. n.r. 0.051 
NMNH n.r. n.r. 0.023 

NADH oxidase Lactobacillus lactis Nox Ortho NADH n.r. n.r. 20 [40] 
NADPH n.r. n.r. 20 
NMNH n.r. n.r. 55 

* The examples were selected based on the potential of the enzymes to support reduction or oxidation of C1 substrates and facilitate in vivo redox 
and carbon balances. Data adapted from Black et al. [11]. 
** Kinetic parameters were derived from literature and calculated for the oxidized form of the cofactors. n.r., not reported.  
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in the MOX reaction, they are not a subject of this 
review. 

Of the two cofactor-dependent MDHs, PQQ-dependent 
enzymes are more abundant in nature and have been 
described in at least 15 genera of Gram-negative bac-
teria. The PQQ-MDH complex, located in the bacterial 
periplasm, uses PQQ as a prosthetic group and initial 
electron recipient from CH3OH oxidation to form re-
duced PQQH2. PQQH2 is then re-oxidized by passing 
electrons via specialized cytochromes to O2 [46]. PQQ- 
MDHs are typically fast enzymes and can function at 
low CH3OH concentrations due to the highly negative 
Gibbs free energy (ΔG) of the reaction [45], driven by 
the low E′0 of PQQ reduction (Figure 1c and Table S1 
in the Supplementary Material). Consequently, re-oxi-
dation of PQQH2 is limited to electron acceptors with 
even lower E′0, mainly O2. From an industrial perspec-
tive, these features translate into relatively low product 
yields on CH3OH, increased need for aeration during 
the bioprocess, and higher operational costs. 

The soluble, cytosolic NAD-MDH may be a better 
starting point for redirecting electrons from CH3OH into 
central carbon metabolism. NAD-MDH enzymes have 
been described mainly in Gram-positive methylotrophs  
[46], but also in a few Gram-negative organisms, for 
example, Cupriavidus necator [47]. Thermodynamically, 
NAD-MDH is not efficient for CH3OH assimilation 
(ΔG’° = 30 kJ mol–1). However, its ability to process 
CH3OH has been observed and demonstrated in syn-
thetic methylotrophs [48,49]. The most studied natural 
methylotroph utilizing NAD-MDH is the thermophilic 
bacterium Bacillus methanolicus. This organism grows fast 
on a defined medium containing CH3OH as the only 
carbon source, but it is unclear how B. methanolicus has 
overcome the thermodynamic and kinetic constraints of 
the NAD-MDH reaction. The high growth temperature 
(up to 60°C [50]) could be a key factor rendering the 
reaction thermodynamically feasible. Additionally, the 
presence of the ACT activator protein that interacts with 
the B. methanolicus NAD-MDH could also help improve 
its activity [51,52]. However, the characterization of this 
interaction has only been performed in vitro, not in vivo, 
and the connection between MDH and ACT remains 
unclear. To date, no NCRC-dependent CH3OH dehy-
drogenases have been reported. 

Formaldehyde oxidation 
Formaldehyde is a highly reactive and toxic product of 
CH3OH dehydrogenase, with a degree of reduction 
(γ = 4) comparable to microbial biomass (γ = 4.2, as-
suming an elemental biomass composition of 
CH1.8N0.2O0.5 and the following degree of reductions: 
C = +4; H = +1; N = −3; and O = −2). Based on this 
parameter (γ), formaldehyde could theoretically be as-
similated into carbon skeletons for biomass without 

additional reducing power. Natural routes for direct 
formaldehyde assimilation include the ribulose mono-
phosphate (RuMP) pathway and the xylulose mono-
phosphate (XuMP) pathway [53–55]. Another possible 
metabolic fate for formaldehyde is its stepwise oxidation 
to formate and eventually CO2. This mechanism, once 
thought to be exclusively found in methylotrophs, has 
been recently identified in heterotrophic bacteria, for 
example, the metabolically versatile soil bacterium 
Pseudomonas putida [56–58]. This process involves a 
glutathione-dependent mechanism encoded in the 
frmAC operon, aided by the thiol-dependent enzymes 
FdhAB and AldB-II [59]. Identifying genes involved in 
formaldehyde detoxification is not a trivial task, as de-
scribed by Berrios et al. [60] in their work with the 
methylotrophic yeast Komagataella phaffii (Pichia pas-
toris). Engineering formaldehyde dehydrogenases in the 
context of NCRCs has been attempted, with an en-
gineered FalDH variant (FalDH*) from P. putida 
(Table 1) that displayed a > 150-fold preference for the 
NCRC NCD+ over NAD+ [61]. FalDH* displayed a kcat/ 
KM = 799  ±  88 for NCD+ and 5.2  ±  0.6 for NAD+, while 
the wild-type FalDH had a much higher kcat/KM for 
NAD+ (26,100  ±  662) compared to NCD+ (593  ±  296). 
FalDH* was generated through rational engineering, 
and the best-performing variant, mutant 9B2, had three 
amino acid substitutions (A192R/L223V/L236V) within 
the catalytic pocket [61••]. 

Formate oxidation 
Oxidation of formate to CO2 is catalyzed by formate 
dehydrogenase (FDH). FDHs can be classified as metal 
dependent and metal independent [62]. The reaction is 
reversible, allowing for CO2 reduction to formate, 
especially with metal-dependent variants [62,63]. Sev-
eral studies have explored alternative electron mediators 
for this enzyme. For instance, adding N,N′-dimethyl- 
4,4′-bipyridinium dichloride (methyl viologen or para-
quat) improved the in vitro kinetics of an FDH in the 
reduction of CO2 to formate [63]. FDHs have also been 
the subject of protein engineering programs, for ex-
ample, the NAD+-dependent enzyme from Pseudomonas 
sp. 101, which has been engineered to shift cofactor 
specificity toward NADP+ [63]. The engineered FDH 
showed a catalytic efficiency (kcat/KM) for NADP+ 

> 100 mM−1 s−1, which is greater than threefold higher 
than natural NADP-FDHs (kcat/KM ∼ 30 mM−1 s−1 [64]). 
The engineered FDH variants have been adopted for 
metabolic engineering [65–67]. FDHs have also been 
engineered to accept NCRCs, including NCD+  

[68•,69••] and nicotinamide adenine dinucleotide 3′- 
phosphate (3′-NADP+) [70]; these NCD-dependent 
FDHs achieved kcat/KM = 1.45–1.5 × 103. Additionally, 
implementing an NCD-dependent lactate dehy-
drogenase (LDH) resulted in stoichiometric and ste-
reospecific conversion of pyruvate into D-lactate [68]. 
Recent studies elucidated the structural architecture and 
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mechanism of two O2-tolerant FDHs from Rhodobacter 
capsulatus and C. necator [71,72], which exhibit potential 
for biotechnological applications. Consequently, an in-
crease in studies exploring the engineering of these 
enzymes for NCRC acceptance is expected in the 
future. 

CO2 reduction and electron donors 
The most oxidized C1 feedstock, CO2, cannot be further 
oxidized, and its assimilation requires reducing power. 
This redox currency can be supplied within a CO2 as-
similation route; in some carboxylation reactions, for 
instance, CO2 is directly activated with some cofactors, 
for example, NAD(P)H and ferredoxin [34]. Such car-
boxylation reactions are prime targets for engineering 
NCRC-dependent transformations. The only carbox-
ylating enzymes engineered to accept NCRC are the 
malic enzyme [39,73] and FDH [68] that, as explained 
above, can act as a carboxylase in the reverse direction 
(CO2 → formate). 

An electron donor is needed to supply the reducing 
power needed for CO2 assimilation. These mediators 
can be another, more reduced C1 molecule, or an in-
organic donor, for example, H2 or PO3

3−. While H2 can 
be efficiently generated from renewable electricity, 
technologies for PO3

3− synthesis are not well developed. 
The strongly negative E′ makes PO3

3−, an attractive 
electron donor for thermodynamically challenging re-
ductions. Hydrogenases, broadly classified as [NiFe]- 
hydrogenases, [FeFe]-hydrogenases, and [Fe]-hydro-
genases, can harvest the electrons from H2. The [NiFe]- 
hydrogenase enzyme from Hydrogenophilus thermoluteolus 
has been shown to accept NCRCs [74], with cofactor 
recycling supported by the addition of 1-benzyl-3-acet-
ylpyridine (BAP+). Phosphite dehydrogenases have also 
been engineered to accept NCD and NMN instead of 
their native cofactors [75,76]. 

In summary, enzymes involved in redox transformations 
of formate, formaldehyde, and PO3

3− have drawn sig-
nificant attention for engineering NCRC dependence. 
The reactions catalyzed by these enzyme variants were 
proposed and sometimes demonstrated as alternative 
electron suppliers. The next challenge in using NCRCs 
in synthetic C1 metabolism is integrating NCRC-de-
pendent enzymes within assimilation pathways (and 
potentially production pathways). These challenges are 
discussed in the following sections. 

Implementing altered redox potentials for C1 
processing with noncanonical redox 
cofactors 
The redox potential of NCRCs can be altered by 
changing their reactive moiety. For instance, the reactive 
moiety of NAD+ is conserved in NMN+ and NCD+; 

hence, these NCRCs have a comparable redox potential 
as their natural counterpart (−0.32 V). As indicated pre-
viously, structural modifications on the nitrogen and C3 
position [11,77] can drastically change the redox poten-
tial (Figure 1a). In this section, we describe how this 
phenomenon could be exploited to streamline the in-
tricate reactions involved in the oxidation and reduction 
of C1 feedstocks based on energetic and thermodynamic 
parameters (Tables S1 and S2 in the Supplementary 
Material). 

The chemical oxidation of CH4 to CH3OH is particu-
larly demanding due to its high activation energy and 
risk of substrate overoxidation [78]. In this transforma-
tion, CH4 conversion via MMOs emerges as an attractive 
alternative to chemical oxidation (Figure 1b). MMOs are 
highly specific and produce almost no side products, and 
the cognate reaction is extremely exergonic with 
ΔG’° = −374.4 kJ mol−1 [79]. NADH is used to supply 
the energy needed to activate this reaction. Given the 
large energy dissipation in CH4 oxidation, NCRCs could 
provide electrons still matching the activation energy 
while wasting less energy and heat. 

Among all the C1 substrates that can support biopro-
cesses, CH3OH offers the most ΔG to aerobic organisms, 
functions as a liquid mediator under standard conditions, 
and displays relatively low toxicity. These advantages 
are, however, contrasted by the thermodynamic chal-
lenges surrounding enzymatic CH3OH oxidation [45], 
which limit the industrial applications of production C1- 
trophic strains relying on NAD-MDHs. In an ideal sce-
nario, all electrons should be extracted from CH3OH and 
routed into central carbon metabolism. NCRCs could 
meet these criteria since both PQQ and NAD, the nat-
ural cofactors for CH3OH oxidation, are limited in their 
capacity of transferring electrons. NCRCs with higher 
redox potential than NADH could support thermo-
dynamically favorable, energy-conserving reactions 
(Figure 1c). The higher redox potential in these ex-
amples can be realized either by changing the standard 
redox potential or altering the ratio between oxidized 
and reduced cofactors. For NAD+/NADH, the ratio is 
strictly regulated by cell physiology [80]. For NCRCs, 
the ratio is more relaxed and depends on the standard 
redox potential and the actual cofactor concentration. 

CO2 is an equally attractive feedstock, although the in-
dustrial implementation of electrochemical CO2 reduc-
tion faces several challenges, including a high energy 
demand, expensive catalysts, and challenging long-term 
operational stability and scalability [81,82]. The enzy-
matic reduction of CO2 to formate, however, could po-
tentially alleviate some hurdles associated with chemical 
reduction. Under physiological conditions, FDHs cata-
lyze the oxidation of formate to CO2 while reducing 
NAD+; the equilibrium of the reaction is heavily shifted 
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toward CO2 and NADH formation (–14.4 kJ mol−1). Ac-
cordingly, the reduction of CO2 with NADH by FDH 
yields is not favored [83]. Establishing an NCRC with a 
redox potential < −0.42 V could tilt the equilibrium 
(Figure 1c). This possibility is intimated in the study by 
Zhang et al. [84], which employed methyl viologen 
(MV2+), 1,1′-dicarboxymethyl-4,4′-bipyridinium bro-
mine (DC2+), and 1,1′-diaminoethyl-4,4′-bipyridinium 
bromine (DA2+) instead of NADH. All these mediators 
have a redox potential between −0.39 and −0.48 V, which 
supported a catalytic efficiency of FDH > 500-fold 
higher than that observed with NAD+. Such a drastic 
improvement was realized even without engineering 
FDH. Interestingly, the reaction proceeded the fastest 
with DA2+ even though this mediator has the highest 
redox potential (−0.39 V), attributed to the lower affinity 
of FDH for the other cofactors. Engineering FDH to 
increase the affinity toward NCRCs with stronger re-
ducing power could significantly enhance conversion 
rates. 

In summary, the examples in this section demonstrate 
how exploring the use of NCRCs with different reduc-
tion potentials can boost the conversion of C1 feed-
stocks. Implementing NCRCs that overcome some 
thermodynamic barriers associated inherently associated 
with the use of C1 substrates offers new solutions to 
long-standing problems in designing efficient C1 bior-
efineries. 

Bringing electrons from C1 feedstocks into 
the metabolic circuit 
We envision that once the electrons from C1 feedstocks 
are transferred to an NCRC, several applications become 
possible. As mentioned in the previous section, ther-
modynamically challenging conversions can be at-
tempted by controlling the ratio between the reduced 
and oxidized pool of the NCRC in question by im-
plementing metabolic bypasses [85]. Another option is to 
use NCRCs to directly couple C1 (or CO2) conversion to 
product synthesis (Figure 2). This objective can be 

Figure 2  
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Theoretical NCRC-dependent production schemes. Both (a) nongrowth-coupled and (b) growth-coupled production designs are contemplated. The 
production of a target molecule can either rely exclusively on C1 substrates (especially when they are sufficiently reduced) or on a combination of a C1 
substrate and a co-substrate (e.g. a structurally complex product). Growth-coupled production can be achieved by having an NCRC-coupled route 
that is the only (or the most efficient) route in the cell to regenerate an essential metabolite (e.g. ATP). Therefore, growth can only occur if the 
production route is active. Other molecules essential for growth can be generated from a co-substrate utilization route or from a bypass that converts 
the C1 substrate into biomass building blocks. All schemes assume that a reduced C1 substrate is oxidized by the production pathway. Alternative 
designs apply to more oxidized C1 substrates (e.g. CO2); in these cases, an electron carrier (H2 or phosphite) supplies the reducing power and 
generates a by-product. The red and ox subindices identify the oxidation state of the NCRC. 
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achieved either in nongrowth-coupled or a growth-cou-
pled scenarios. 

In a nongrowth-coupled scenario, NCRC shuttles elec-
trons between a substrate and product, but the operation 
of this coupling pathway is not essential for the growth 
of the cell factory. The stoichiometric coupling of for-
mate consumption to the conversion of pyruvate (as a co- 
substrate) into malate fits this design. However, in such a 
setup, there is the risk that the pathway activity is lost 
during longer term cultivation. Often, such an NCRC- 
coupled production scheme is implemented in resting 
(nongrowing) cells. In contrast, in a growth-coupled 
scenario, the NCRC-coupled production pathway re-
generates ATP (and, alternatively, other essential me-
tabolites for growth that cannot be obtained or are 
produced less efficiently otherwise). Consequently, the 
cell factory becomes dependent (‘addicted’ [86•]) to the 
NCRC-coupled production pathway to support growth, 
allowing for stable operation (as it happens in continuous 
cultivations). 

The examples above provide a qualitative under-
standing of the potential for employing NCRCs in C1- 
trophic production platforms. However, their im-
plementation will depend on the specific host metabolic 
network and cellular homeostasis. To illustrate these 
points, we adopted a genome-scale metabolic model 
(GSMM) to explore the possibility of coupling NCRC 
reduction to the oxidation of a C1 feedstock under 
growing conditions. We have previously shown that the 
production of lactate could be stoichiometrically coupled 
to glucose consumption via NCRCs, in an ATP-produ-
cing route that supports microbial growth [10]. As a case 
study, we assessed NCRC-dependent growth of Escher-
ichia coli engineered to assimilate CH3OH via the RuMP 
pathway and producing lactate. CH3OH is an interesting 
case study as it has a higher degree of reduction (γ = 6) 
than lactate (γ = 4) and other value-added products. We 
examined if the excess of reducing power could be used 
to fix additional CO2 and increase product yield while 
ideally coupling the production pathway to bacterial 
growth. To test whether this synthetic metabolism is 
feasible, we posed the following questions: (1) can 
CH3OH be used as only carbon and energy source if its 
oxidation is exclusively mediated by NCRCs? and (2) 
would the growth rate be negatively affected in such a 
scenario? 

We used the most updated GSMM for E. coli, iML1515  
[87], to simulate optimal lactate production coupled to 
bacterial growth with NCRC circuits consisting of three 
dehydrogenases: (1) CH3OH dehydrogenase (MDH, for 
NCRC reduction and assimilation of CH3OH), (2) 
GAPDH (for NCRC reduction or oxidation in different 
CH3OH assimilation routes), and (3) LDH (for NCRC 
oxidation and lactate synthesis). Details on the reactions 

modified in the iML1515 GSMM are presented in 
Table S3 in the Supplementary Material. Next, we si-
mulated four different NCRC circuits (Figure 3) as fol-
lows: (i) MDH reducing and LDH oxidizing, (ii) MDH 
reducing and GAPDH oxidizing, (iii) MDH reducing, 
GAPDH, and LDH oxidizing, and (iv) GAPDH redu-
cing, LDH oxidizing. 

A stoichiometric imbalance exists between the three 
CH3OH molecules that need to be oxidized (thus gen-
erating three reduced NCRCs); this is not matched by 
synthesis of one lactate molecule (which can re-oxidize 
two NCRCs). This imbalance can be resolved by (par-
tially) using an MDH coupled to ubiquinol to release 
some electrons, by co-fixing CO2 during CH3OH as-
similation (γ = 0) via ribulose-1,5-bisphosphate carbox-
ylase/oxygenase (RuBisCO shunt [88]), or by a 
combination of the two. 

When these options were considered, we could model 
four circuits in which lactate production can be di-
rectly coupled to CH3OH assimilation (Figure 3). In 
most of these scenarios, however, the cell has a more 
efficient route to generate ATP from CH3OH than the 
NCRC-coupled route toward lactate (e.g. by fully 
oxidizing CH3OH via PQQ-dependent MDH, for-
maldehyde dehydrogenase, and FDH and using the 
electrons from quinones and NADH to drive ATP 
generation via respiration). In our modeling calcula-
tions, the cell generates a net amount of ATP within 
the lactate production route only in circuit (iv), while 
the more ATP-efficient route via formaldehyde de-
hydrogenase and FDH could be eliminated. In other 
words, this last circuit is the only one that can be 
strictly coupled to growth. Although this synthetic 
circuit has the lowest theoretical lactate yield on 
CH3OH, it offers the advantage of providing growth- 
coupling, generating an NCRC-dependent route that 
could still result in stable, C1-driven production of a 
bulk chemical. 

Outlook 
In this review, we explored the possibility of combining 
NCRCs with synthetic C1 assimilation by engineered 
cell factories. We envision that intersecting these ap-
proaches will open avenues for C1-based biomanu-
facturing. For example, as illustrated in some of the 
examples, using NCRCs to support assimilation of C1 
feedstocks could alleviate thermodynamic limitations 
inherent to processing these substrates. Additionally, 
coupling C1 oxidation to product formation in a mixo-
trophic or resting cell setup could increase the stoi-
chiometric yield of the overall process. In vivo 
implementation of these orthogonal circuits will de-
termine if the modeling data reported here is supported 
by experimental results. Another interesting case that 
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Figure 3  
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deserves exploration is using NCRCs to enable growth- 
coupled, stable production from C1 feedstocks. 

By adopting lactate production from CH3OH as a mod-
eling case, we demonstrate that growth-coupled pro-
duction from this C1 feedstock is possible and favorable. 
However, this analysis also reveals some limitations in 
identifying growth-coupled circuits due to imbalanced 
stoichiometries between NCRC reduction and oxidation 
and restrictions in the ATP yields from some NCRC- 
coupled circuits. Achieving growth-coupled production 
requires that the synthetic circuit offers the highest ATP 
yield. Following this reasoning, a similar analysis can be 
performed to identify such circuits for other C1 sub-
strates and products. 

Although in vivo NCRC-dependent pathways have been 
realized [89•], the successful implementation of alter-
native NCRCs for C1 assimilation has yet to occur. 
Therefore, more enzymes involved in C1 or H2 oxida-
tion need to be engineered to become NCRC-reducing 
enzymes. Similarly, downstream enzymes involved in 
reducing reactions for CO2 fixation or product formation 
need to be converted to NCRC-oxidizing enzymes. This 
can be achieved either through rational protein en-
gineering or, in some cases, growth-coupled in vivo se-
lection, especially when an existing NCRC-reducing or 
NCRC-oxidizing enzyme can be coupled to the func-
tionality of the enzyme being improved. 

In addition, the increasing amount of data on NCRC- 
dependent enzymes could be used to train machine 
learning algorithms to predict the modifications required 
for expanding the use of NCRCs in other redox en-
zymes. Developing high-throughput platforms to in-
crease the enzymatic data set for these algorithms will be 
equally important. We propose that the combined use of 
machine learning approaches [90] and high-throughput 
screening systems [91–93] will accelerate the develop-
ment of new NCRC-dependent enzymes, leading to the 
engineering and implementation of truly orthogonal 
redox systems that can either improve C1 feedstock 
utilization or enable completely new assimilation path-
ways. In this scenario, libraries of rationally generated 
mutant enzymes that can be coupled to growth could be 
easily tested. Growth fitness associated with specific 
mutations can be used to inform the machine learning 
pipeline and strengthen our ability to predict beneficial 
mutations for NCRCs utilization. This exciting prospect 

holds the potential of revolutionizing biomanufacturing 
and promoting a true circular carbon economy [94]. 
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