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ScienceDirect
Redox metabolism plays an essential role in the central

metabolic network of all living cells, connecting, but at the same

time separating, catabolic and anabolic pathways. Redox

metabolism is inherently linked to the excretion of overflow

metabolites. Overflow metabolism allows for higher substrate

uptake rates, potentially outcompeting other microorganisms

for the same substrate. Within dynamically changing

environments, overflow metabolism can act as storage

mechanism, as is shown in many recently described

processes. However, for complete understanding of these

mechanisms, the intracellular state of the metabolism must be

elucidated. In recent years, progress has been made in the field

of metabolomics to improve the accuracy and precision of

measurements of intracellular and intercompartmental

metabolites. This article highlights several of these recent

advances, with focus on redox cofactor measurements, both

fluorescence and mass spectrometry based.
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Introduction
The redox metabolism is commonly studied and

interpreted under steady state conditions, where the

transfer of electrons and metabolites inside the cell is

balanced. Natural environments, as well as incompletely

mixed bioreactors are mostly not at steady-state, requiring

flexibility of metabolism, including redox metabolism.

The transfer of electrons between different reactions of

the metabolic network is facilitated by electron carriers

such as NADH, NADPH, FADH2, quinones and ferre-

doxins. Each electron carrier fulfils different functions

within the cell, with NADH being used primarily for

catabolism, such as respiration and fermentation.
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NADPH is the cofactor used for anabolism like amino

acid and lipid synthesis [1]. This separation of electron

carriers allows for additional functionality within the

network, as ratios of the reduced and oxidized forms

of the different cofactors can vary independently. For

example, it is well established that NADPH/NADP ratios

are higher compared to NADH/NAD to generate higher

thermodynamic driving forces in the reductive direction

in anabolism.

Engineered as well as natural environments are

frequently dynamic – with perturbation timescales in

the order of seconds to regime changes in the order of

hours. Dynamics can arise from fluctuations in the

availability of carbon source(s), electron donor(s) resp.

acceptor(s). To obtain a stable metabolism the redox state

within the cell has to be balanced using available electron

sinks and sources.

The mechanisms behind overflow metabolism, such as the

Crabtree effect in yeast, and their link to redox imbalances

have been extensively studied under steady state

conditions [2–4], where electrons are essentially

channelled towards fermentation products and excreted

from the cells. Next to the competitive advantage of a

higher growth rate, also higher substrate uptake rates are

achieved, potentially outcompeting other microorganisms

for the same substrate. Such advantages can become even

more relevant in dynamically changing environments

where substrate is only available for short periods of time.

So far only a few dynamic systems have been studied with

respect to sudden changes of the redox state. Under

dynamic conditions, the temporary storage of electrons

can be an essential mechanism to obtain a competitive

advantage by increasing metabolic flux [5�]. Electron

overflow has been observed for various prokaryotes

and eukaryotes in response to substrate pulses, resulting

in excretion of compounds which cannot easily be

further metabolized or are even toxic, such as ethanol or

lactate [6].

While these phenomena can be explained from a

‘strategic’ point of view, it is not clear how such

behaviours are regulated on a metabolic level. Here,

accurate intracellular measurements are required that

can capture the fast dynamics of redox metabolism.

With the low concentrations and high turnover rates of

intracellular redox cofactors, the measurements are
www.sciencedirect.com
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challenging, especially for dynamic systems [7]. Further

complexity arises from subcellular compartmentation of

these metabolites within eukaryotes. Compartmentation

allows the establishment of different environments

within a cell, thereby providing a wider range of thermo-

dynamic possibilities [8]. Different ratios of NADH/NAD

in different compartments can allow for simultaneous

oxidizing and reducing environments within the same

organism. Unfortunately, limited quantitative data are

available for compartment specific concentrations. In

addition, metabolite channelling may overcome thermo-

dynamic constraints by creating local high concentration

environments near enzyme reaction centres, enabling

thermodynamic pathway feasibility which may not be

observed from the measured overall cellular metabolite

concentrations [9,10].

Here, we will review recent studies providing insights

into the dynamics of the redox metabolism upon changes

in the environment, discuss the relevance of the

understanding of the redox metabolism for the design

and optimization of microbial production strains and

processes, and describe how technical challenges in

measuring redox states in different cellular compartments

can be approached.

Stoichiometry and dynamics of redox
coupling – a link between overflow and
storage mechanisms
Recent works have analysed the impact of dynamically

fluctuating environments in the context of (very) large-

scale microbial cultivations. Within large-scale reactors

gradients in substrate, oxygen and pH will occur due to

mass-transfer limitations (poor mixing) [11]. A microor-

ganism traveling through these gradients will experience

fluctuations in substrate and oxygen supply. Such

fluctuations can be mimicked using scale-down

approaches, such as two reactor STR/PFR systems

[12�] or microfluidic cultivations [13�].

During anaerobic cultivation products such as acetate

and ethanol are excreted. These contain electrons that

could not be transferred to an external acceptor and

consequently ‘store’ a significant amount of electrons

in the extracellular space. Such an excretion of electrons

may also occur under aerobic conditions, known as

overflow metabolism. Electron (as well as carbon and

energy) overflow allows for higher growth rates under

protein allocation limiting conditions [3,14��,15]. Yeast,

grown under glucose limiting conditions and subjected

to aerobic and anaerobic cycles, showed cyclic excretion

and (re)consumption of electrons. Ethanol is produced

under anaerobic conditions, and reconsumed when

oxygen becomes available [16]. Under such dynamic

conditions, ethanol could be regarded as a storage pool

that is generated under electron excess conditions

and consumed when other donors (like glucose) are
www.sciencedirect.com 
depleted. A similar behaviour was observed for

Corynebacterium glutamicum. When cultivated in a glucose

fed two-compartment reactor system, lactate production

is observed under O2 limiting conditions, which was

reconsumed once oxygen was present [17]. In this sense,

fermentation products can be seen as storage

metabolites.

Accepting the view that fermentation products can also

be interpreted as (external) storage metabolites, overflow

metabolism between different organisms can be seen in a

more common framework. For example, Plasticicumulans
acidivorans grown in batch culture with acetate as carbon

source accumulates intracellular PHA instead of biomass.

This mechanism circumvents a limitation in the

respiratory capacity — if acetate is directly converted

to biomass, the oxygen requirement per mol acetate

consumed is much higher compared to PHA synthesis.

Using PHA as electron sink, the substrate can be

consumed at a much higher rate because electron transfer

to an external donor via respiration is not required. Thus,

PHA is storage acts as an overflow valve, generating a

competitive advantage at the expense of biomass yield

[18,19]. This is mechanistically similar to overflow

metabolism in yeast, with the difference that the

produced overflow metabolite in yeast is excreted. This

has the advantage of a much larger space to store but with

the disadvantage of being shared with putative other

organisms. Therefore, P. acidivorans, with its intracellular

storage of PHA, is especially able to prevail over

its competitors within environments with short-term

fluctuating availability of substrate.

Another example of intracellular overflow metabolism can

be found in cyanobacteria. Cyanobacteria utilize glycogen

as carbon storage metabolite during light/dark cycles.

Knock-out of glycogen synthesis however has shown that

glycogen also has an important function as storage of ATP to

maintain energy homeostasis when excess ATP is produced

at the photosynthetic electron transport chain [20].

Cyanobacteria incapable of storing glycogen will instead

produce extracellular organic acids as overflow products to

balance their energy homeostasis, thereby preventing

unnecessary reduction of redox cofactors and ensuing

obstruction of the photosynthetic electron transport chain.

The ‘art’ of dynamic redox balancing is exemplified by

so-called phosphate accumulating organisms (PAOs),

such as Candidatus Accumulibacter phosphatis. These

organisms play a crucial role in biological phosphate

removal within wastewater treatment systems [21]. PAOs

are grown in a cyclic anaerobic/aerobic environment with

volatile fatty acids, such as acetate, as substrates which are

fed during the anaerobic phase. Acetate catabolism under

anaerobic conditions can only generate a limited amount

of Gibbs free energy, and is thus not favourable.

In contrast, under aerobic conditions, full oxidation of
Current Opinion in Biotechnology 2020, 64:116–123
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acetate generates a much higher amount of ATP [22].

PAO’s are able to internalize acetate rapidly and carry

carbon and electrons to the aerobic phase using a storage

polymer, polyhydroxybutyrate (PHB). However, two

challenges need to be tackled: (1) Redox: PHB carries

more electrons per amount of carbon compared to acetate,

(2) Energy: conversion of acetate to PHB requires ATP.

PAO metabolism is adapted to these challenges by

utilizing intracellular storage pools such as glycogen

and polyphosphate that serve as sources for electrons

in the form of NADH and energy as ATP, respectively.

Such a variety of storage pools allow for a flexible,

dynamic balancing of redox and energy metabolism under

anaerobic conditions. How cells have implemented the

regulation and optimization of these different sources and

sinks is still unknown. The achieved accumulation of

PHB from extracellular acetate then serves as carbon and

electron source during the aerobic phase, both for biomass

synthesis as well as refuelling of the intracellular glycogen

and polyphosphate pools [5�,23].

These examples (see also Table 1) show that dynamic

balancing of electron sinks (and sources), including

intracellular storage as well as overflow products, facilitate

the maximization of substrate uptake rates, potentially

generating a competitive advantage. Quantitative

descriptions of the metabolic processes, including the

metabolic and genetic regulation, are limited to model

organisms like Saccharomyces cerevisiae [3], Escherichia coli
or Lactococcus lactis [24]. Additionally, only a few dynamic

conditions have been studied, like diurnal cycles [25].

First modelling studies for microbial communities are

available [26], delivering comprehensive insights to the

putative competitive advantages of dynamic and flexible

redox metabolism.

Redox coupling as metabolic engineering
strategy
Commonly, products of interest are either more reduced

or more oxidised than the substrate. Consequently, redox

couplings and interactions are basically inevitable

and have to be taken into account [31] in metabolic

engineering. Such a redox coupling can be used to link

biomass synthesis with the product pathway. This
Table 1

Examples of dual overflow and storage metabolism in a range of proce

dynamics

Time scale Organism IC/EC electron acc

30 s–20 min S. cerevisiae Extracellular 

100 s C. glutamicum Extracellular 

360 s P. chrysogenum Intracellular 

400 s S. cerevisiae Intracellular 

6 hour Candidatus Accumulibacter

phosphatis

Intracellular 

12 hour P. acidivorans Intracellular 

Current Opinion in Biotechnology 2020, 64:116–123 
strategy can especially be exploited for products that

generate a surplus of ATP (often referred to as catabolic

products) and several approaches can be used [32]: (1)

changing the cofactor specificity of either the product

pathway or the catabolic pathway [33–35], (2) utilizing

transhydrogenases to interconvert different electron car-

riers [36], (3) enforcing (electron and carbon) flux to

the product by eliminating other electron sinks (like

by-product pathways to glycerol or ethanol, but also

respiration) [37], (4) providing external secondary

sources of electrons, such as formate, to increase intracel-

lular reducing power [38�]. Additionally, in the case of

eukaryotes, compartmentation has to be taken into

account.

Many commodity chemicals, relevant for the production

of biofuels or polymers, are more reduced than the carbon

sources, such as sugars, which are used in these

bioprocesses. This means that additional reducing power

has to be generated to drive the respective product

pathways. An example of one of these commodity

chemicals is 1,4-Butanediol (BDO). Implementation of

the BDO pathway in E. coli, however, without additional

metabolic engineering, shows that insufficient reducing

power is available to produce BDO [39]. To provide this

additional reducing power, Yim et al. [39] eliminated

fermentation pathways towards ethanol, lactate, formate,

succinate and in addition enabled growth at micro-aerobic

conditions allowing for limited respiration and thus

limited transfer of electrons to oxygen.

An example for redox pathway engineering in eukaryotes

is the implementation of an efficient isobutanol produc-

tion pathway in yeast. The isobutanol production path-

way branches off from the intermediate 2-ketoisovalerate

of the valine synthesis pathway which is localized in the

mitochondria. The mitochondrial localization requires

additional transport steps for the product but also redox

cofactors. The synthesis of isobutanol from pyruvate

requires additional input of 4 electrons, in the form of

1 NADPH and 1 NADH [40]. With the implementation

of the first steps of the valine pathway in the cytosol the

theoretical yield for isobutanol on glucose is 1 mol/mol

compared to 0.63 for the mitochondrial localization [41].
sses under dynamic culture conditions, sorted by time scale of the

eptor Culture conditions Reference

Aerobic/Anaerobic cycles [16,27]

Aerated STR, unaerated plug-flow loop [17]

Aerobic, Repetitive substrate pulse [28]

Aerobic, Repetitive substrate pulse [29,30]

Aerobic/Anaerobic cycles, Repetitive

substrate pulse

[22,23]

Aerobic, Repetitive substrate pulse [19]

www.sciencedirect.com
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The observed low yields are caused by competition of

multiple cellular pathways for the required electrons in

the form of NADH and NADPH. By knocking out genes

transcribing for pyruvate decarboxylase and glycerol

dehydrogenase, ethanol and glycerol production were

blocked, and NADH produced in the glycolysis is

forced into the isobutanol pathway, essentially achieving

redox coupling between the catabolic glycolysis and the

isobutanol production pathway. In addition,

competing pathways, such as valine and 2,3-butanediol

biosynthesis, were eliminated to further improve the

production of isobutanol [40]. In addition, the cofactor

specificity of the NADPH dependent enzymatic step

was changed to NADH, allowing for further redox

coupling [41].

Measurement challenges
Accurately monitoring dynamic changes in the redox

cofactor ratios is essential for understanding their

overall role within the metabolism [42]. Current

techniques used for quantification of NAD(P)H, FADH2

and quinones rely on liquid chromatography–mass

spectrometry (LC–MS including approaches using isoto-

pically labelled NAD(P)H/FADH2/quinones as internal
Figure 1

Left: Cytosolic fluorescence-based sensor (adapted from Ref. [61]): This sen

(FRET), that is, energy is transferred from a donor to an acceptor fluoropho

proximity of each other, and the distance is influenced by binding of the lig

used to evaluate the ligand concentration [61]. Right: Cytosolic equilibrium-

equilibrium reaction, equilibrium between metabolites of interest and measu

and involved measured metabolite concentrations, the metabolite of interes

the cytosol, and the measured metabolites (blue) exclusively present in the 

interest (red) can be determined [50].

www.sciencedirect.com 
standard improve measurement accuracy [43]), enzymatic

assays or fluorescence [44�,45–48]. However, because of

the unstable nature of NAD(P)H, FADH2 and quinones,

especially during sample preparation, accurate measure-

ment of the in-vivo redox ratios is challenging. In-vivo
measurements using fluorescence can be applied to

circumvent sample preparation, but this technique does

not differentiate between NADH and NADPH and

additionally suffers from high signal to noise ratios.

The redox charge of ferredoxins can be measured using

near infrared spectroscopy, although this does present

additional challenges in deconvolution of the measured

signal [49].

In addition, eukaryotic cells differ from prokaryotic cells

in that they have separated different parts of their

metabolic reaction network in compartments, with

different redox ratios. Canelas et al. [50] performed a

thermodynamic analysis of the glycolytic reactions using

whole cell as well as compartment specific NAD/NADH

ratio measurements. With whole cell measurements,

glycolysis appeared thermodynamically not feasible,

which clearly showed the impact of redox factor

compartmentation generating different potentials. To
Current Opinion in Biotechnology

sor works based on the principle of Förster resonance energy transfer

re. The energy transfer only occurs when both fluorophores are in

and. The fluorescence signals of YFP versus CFP are subsequently

based sensor: By overexpressing an enzyme catalysing a close to

rable pools can be established. From the equilibrium constant (Keq)

t can be determined. With the equilibrium reaction expressed only in

cytosol, the compartment specific concentration of the metabolite of

Current Opinion in Biotechnology 2020, 64:116–123
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assess the actual redox ratio driving the various

intracellular redox reactions, the compartment-specific

NADH/NAD+ and NADPH/NADP+ ratios have to be

determined. This presents an additional challenge

for measuring the actual intracellular redox ratios in

eukaryotic cells.

To address these issues, fluorescent biosensors can be

used. These biosensors, composed of fluorescent proteins

and allosteric binding domains, change in fluorescent

signal based on the binding of NADH to the binding

domain (Figure 1). The fluorescence output signal is

changed upon binding due to conformational changes

in the sensor complex [51,52]. These biosensors are

utilized as screening methods using FACS, allowing for

high-throughput screening of large mutant libraries for

increased pathway activity [53,54]. In addition, NADPH

biosensors have also been employed to study the influ-

ence of cellular processes on NADPH availability [55]

and dynamic changes in NADPH concentrations [56].

However, a disadvantage of these biosensors is that a

fluorescence microscope is required to provide a live

readout of the single cell biosensor fluorescence, and thus

these biosensors cannot be used to monitor the redox

ratios in cells in larger cultivations, such as reactors.

Another option is to utilize so-called equilibrium-based

sensor reactions [50] (Figure 1). By overexpressing an

enzyme catalysing an equilibrium-based reaction, a near

equilibrium can be established between different

metabolite pools involved in the reaction. From the

equilibrium constant and involved measured metabolite

concentrations, an undetermined metabolite concentra-

tion can be determined. To be sure that such a reaction

operates close to equilibrium it should have a high

capacity compared to the in-vivo reaction rate. Sometimes

native reactions can be used for this purpose [57]. If not, a

heterologous enzyme can be expressed to act as sensor

reaction; however, it should be verified that this does not

interfere with the metabolism. An example is the

expression of mannitol-1-phosphate dehydrogenase from

E. coli in S. cerevisiae, converting fructose-6-phosphate

and NADH into mannitol-1-phosphate and NAD+ and

vice versa, which appeared to be essentially a dead end

reaction in S. cerevisiae [50]. If this reaction is expressed

exclusively in a specific compartment, and the measured

metabolites are exclusively present in this specific com-

partment, then the compartment specific concentration of

the undetermined metabolite could be determined. Sev-

eral of these sensor reactions have been developed, both

for measuring the cytosolic NADH/NAD+ and NADPH/

NADP+ ratios [50,58]. Using mannitol-1-phosphate dehy-

drogenase expressed in the cytosol as sensor reaction

highly dynamic changes in the cytosolic NADH/NAD+

ratio, as result of glucose and combined glucose/acetalde-

hyde pulses to a steady state glucose limited chemostat,

could be measured [50]. Disadvantage of this sensor
Current Opinion in Biotechnology 2020, 64:116–123 
reaction based technique is that only population average

signals can be obtained. Any single cell variation in redox

ratios cannot be observed.

The ultimate aim is to be able to measure the complete

spatial and temporal state of the entire metabolism. The

described sensors, both equilibrium-based and fluores-

cence-based, are able to provide these measurements, but

are limited to only a select amount of metabolites. The

current GC–MS and LC–MS techniques are able to

measure the full scope of the metabolism within a

discrete temporal space, but are unable to provide the

spatial property of metabolites of the cell, especially

important within eukaryotic cells. However, even with

future improvements in resolution and accuracy of MS

technology, the spatial property of the metabolism will

not be resolved using regular extraction techniques.

Promising developments to resolve this issue are made

in the field of single-cell metabolomics [59��]. MALDI-

MSI (matrix assisted laser desorption/ionization mass

spectrometry imaging) is utilized to sample the spatial

distribution of metabolites within samples. With a lateral

resolution down to 1.4 mm [60], this technique was

utilized to analyse single-cell organisms with subcellular

resolution. Because of the need of sample preparation,

this technique, as of yet, cannot be utilized to measure

single-cell and subcellular metabolome changes under

dynamic conditions. However, with future developments

in metabolome quenching techniques and organelle

purification, MS imaging may well help provide full

inside into the actual metabolic spatial and temporal state

of single cells.

Concluding remarks
Redox cofactors, available redox sinks and sources generate

relevant couplings within the metabolic networks and

influence the range of reactions that are thermodynamically

feasible within the cell. As highlighted, many intracellular

storage processes can be considered as overflow processes,

similar to fermentative pathways, which are essentially

extracellular storage processes. Mechanisms redirecting

electron flows, like overflow metabolism or intracellular

storage pools, can accelerate metabolic fluxes and increase

competitiveness under many dynamic conditions. At the

same time electron storage incellular or extracellular can

increase metabolic flexibility [23].

Future research will have to consider the limitations

imposed by the redox metabolism on the metabolism

as a whole. Especially in compartmented systems, the

quantification of the in vivo subcellular redox ratios is of

paramount importance for realistic modelling and under-

standing of cellular metabolism and for design of novel

strains and processes. Further developments in the field

of single cell metabolomics may help to provide insight in

the metabolic spatial and temporal state of single cells

and their subcellular components. In addition, many
www.sciencedirect.com
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enzyme cofactor specificities, especially for non-model

organisms, are unknown and thus more enzymatic assays

are required for elucidation of novel enzymes for

metabolic engineering. Furthermore, additional measure-

ments and computational predictions of electron transfer

between compartments through protein-protein com-

plexes [62] or redox shuttles, as well as membrane

processes, such as electron bifurcation [63], are essential

to gain insight into dynamic switches within the redox

metabolism.
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17. Käß F, Junne S, Neubauer P, Wiechert W, Oldiges M: Process
inhomogeneity leads to rapid side product turnover in
cultivation of Corynebacterium glutamicum. Microb Cell
Factories 2014, 13:6.

18. Jiang Y, Sorokin DY, Kleerebezem R, Muyzer G, van
Loosdrecht M: Plasticicumulans acidivorans gen. nov., sp.
nov., a polyhydroxyalkanoate-accumulating
gammaproteobacterium from a sequencing-batch bioreactor.
Int J Syst Evol Microbiol 2011, 61:2314-2319.

19. Johnson K, Jiang Y, Kleerebezem R, Muyzer G, van
Loosdrecht MCM: Enrichment of a mixed bacterial culture with
a high polyhydroxyalkanoate storage capacity.
Biomacromolecules 2009, 10:670-676.

20. Cano M, Holland SC, Artier J, Burnap RL, Ghirardi M, Morgan JA,
Yu J: Glycogen synthesis and metabolite overflow contribute to
energy balancing in Cyanobacteria. Cell Rep 2018, 23:667-672.

21. McMahon KD, Read EK: Microbial Contributions to phosphorus
cycling in eutrophic lakes and wastewater. Annu Rev Microbiol
2013, 67:199-219.

22. Welles L, Tian WD, Saad S, Abbas B, Lopez-Vazquez CM,
Hooijmans CM, van Loosdrecht MCM, Brdjanovic D:
Accumulibacter clades Type I and II performing kinetically
different glycogen-accumulating organisms metabolisms for
anaerobic substrate uptake. Water Res 2015, 83:354-366.

23. Guedes da Silva L, Olavarria Gamez K, Castro Gomes J,
Akkermans K, Welles L, Abbas B, van Loosdrecht MCM, Wahl SA:
Revealing metabolic flexibility of Accumulibacter phosphatis
through redox cofactor analysis and metabolic network
modeling. bioRxiv 2019 http://dx.doi.org/10.1101/458331.

24. Teusink B, Molenaar D: Systems biology of lactic acid bacteria:
for food and thought. Curr Opin Syst Biol 2017, 6:7-13.

25. Reimers A-M, Knoop H, Bockmayr A, Steuer R: Cellular trade-
offs and optimal resource allocation during cyanobacterial
Current Opinion in Biotechnology 2020, 64:116–123

http://refhub.elsevier.com/S0958-1669(20)30002-1/sbref0005
http://refhub.elsevier.com/S0958-1669(20)30002-1/sbref0005
http://refhub.elsevier.com/S0958-1669(20)30002-1/sbref0005
http://refhub.elsevier.com/S0958-1669(20)30002-1/sbref0010
http://refhub.elsevier.com/S0958-1669(20)30002-1/sbref0010
http://refhub.elsevier.com/S0958-1669(20)30002-1/sbref0010
http://refhub.elsevier.com/S0958-1669(20)30002-1/sbref0015
http://refhub.elsevier.com/S0958-1669(20)30002-1/sbref0015
http://refhub.elsevier.com/S0958-1669(20)30002-1/sbref0020
http://refhub.elsevier.com/S0958-1669(20)30002-1/sbref0020
http://refhub.elsevier.com/S0958-1669(20)30002-1/sbref0020
http://refhub.elsevier.com/S0958-1669(20)30002-1/sbref0020
http://dx.doi.org/10.1101/689174
http://refhub.elsevier.com/S0958-1669(20)30002-1/sbref0030
http://refhub.elsevier.com/S0958-1669(20)30002-1/sbref0030
http://refhub.elsevier.com/S0958-1669(20)30002-1/sbref0030
http://refhub.elsevier.com/S0958-1669(20)30002-1/sbref0035
http://refhub.elsevier.com/S0958-1669(20)30002-1/sbref0035
http://refhub.elsevier.com/S0958-1669(20)30002-1/sbref0035
http://refhub.elsevier.com/S0958-1669(20)30002-1/sbref0040
http://refhub.elsevier.com/S0958-1669(20)30002-1/sbref0040
http://refhub.elsevier.com/S0958-1669(20)30002-1/sbref0040
http://refhub.elsevier.com/S0958-1669(20)30002-1/sbref0040
http://refhub.elsevier.com/S0958-1669(20)30002-1/sbref0045
http://refhub.elsevier.com/S0958-1669(20)30002-1/sbref0045
http://refhub.elsevier.com/S0958-1669(20)30002-1/sbref0045
http://refhub.elsevier.com/S0958-1669(20)30002-1/sbref0050
http://refhub.elsevier.com/S0958-1669(20)30002-1/sbref0050
http://refhub.elsevier.com/S0958-1669(20)30002-1/sbref0055
http://refhub.elsevier.com/S0958-1669(20)30002-1/sbref0055
http://refhub.elsevier.com/S0958-1669(20)30002-1/sbref0055
http://refhub.elsevier.com/S0958-1669(20)30002-1/sbref0055
http://refhub.elsevier.com/S0958-1669(20)30002-1/sbref0060
http://refhub.elsevier.com/S0958-1669(20)30002-1/sbref0060
http://refhub.elsevier.com/S0958-1669(20)30002-1/sbref0060
http://refhub.elsevier.com/S0958-1669(20)30002-1/sbref0060
http://refhub.elsevier.com/S0958-1669(20)30002-1/sbref0060
http://refhub.elsevier.com/S0958-1669(20)30002-1/sbref0065
http://refhub.elsevier.com/S0958-1669(20)30002-1/sbref0065
http://refhub.elsevier.com/S0958-1669(20)30002-1/sbref0065
http://refhub.elsevier.com/S0958-1669(20)30002-1/sbref0065
http://refhub.elsevier.com/S0958-1669(20)30002-1/sbref0070
http://refhub.elsevier.com/S0958-1669(20)30002-1/sbref0070
http://refhub.elsevier.com/S0958-1669(20)30002-1/sbref0070
http://refhub.elsevier.com/S0958-1669(20)30002-1/sbref0075
http://refhub.elsevier.com/S0958-1669(20)30002-1/sbref0075
http://refhub.elsevier.com/S0958-1669(20)30002-1/sbref0075
http://refhub.elsevier.com/S0958-1669(20)30002-1/sbref0080
http://refhub.elsevier.com/S0958-1669(20)30002-1/sbref0080
http://refhub.elsevier.com/S0958-1669(20)30002-1/sbref0080
http://refhub.elsevier.com/S0958-1669(20)30002-1/sbref0085
http://refhub.elsevier.com/S0958-1669(20)30002-1/sbref0085
http://refhub.elsevier.com/S0958-1669(20)30002-1/sbref0085
http://refhub.elsevier.com/S0958-1669(20)30002-1/sbref0085
http://refhub.elsevier.com/S0958-1669(20)30002-1/sbref0090
http://refhub.elsevier.com/S0958-1669(20)30002-1/sbref0090
http://refhub.elsevier.com/S0958-1669(20)30002-1/sbref0090
http://refhub.elsevier.com/S0958-1669(20)30002-1/sbref0090
http://refhub.elsevier.com/S0958-1669(20)30002-1/sbref0090
http://refhub.elsevier.com/S0958-1669(20)30002-1/sbref0095
http://refhub.elsevier.com/S0958-1669(20)30002-1/sbref0095
http://refhub.elsevier.com/S0958-1669(20)30002-1/sbref0095
http://refhub.elsevier.com/S0958-1669(20)30002-1/sbref0095
http://refhub.elsevier.com/S0958-1669(20)30002-1/sbref0100
http://refhub.elsevier.com/S0958-1669(20)30002-1/sbref0100
http://refhub.elsevier.com/S0958-1669(20)30002-1/sbref0100
http://refhub.elsevier.com/S0958-1669(20)30002-1/sbref0105
http://refhub.elsevier.com/S0958-1669(20)30002-1/sbref0105
http://refhub.elsevier.com/S0958-1669(20)30002-1/sbref0105
http://refhub.elsevier.com/S0958-1669(20)30002-1/sbref0110
http://refhub.elsevier.com/S0958-1669(20)30002-1/sbref0110
http://refhub.elsevier.com/S0958-1669(20)30002-1/sbref0110
http://refhub.elsevier.com/S0958-1669(20)30002-1/sbref0110
http://refhub.elsevier.com/S0958-1669(20)30002-1/sbref0110
http://dx.doi.org/10.1101/458331
http://refhub.elsevier.com/S0958-1669(20)30002-1/sbref0120
http://refhub.elsevier.com/S0958-1669(20)30002-1/sbref0120
http://refhub.elsevier.com/S0958-1669(20)30002-1/sbref0125
http://refhub.elsevier.com/S0958-1669(20)30002-1/sbref0125


122 Analytical biotechnology
diurnal growth. Proc Natl Acad Sci U S A 2017, 114:E6457-
E6465.

26. Sharma S, Steuer R: Modelling microbial communities using
biochemical resource allocation analysis. J R Soc Interface
2019, 16 20190474.

27. Sweere APJ, Mesters JR, Janse L, Luyben KChAM, Kossen NWF:
Experimental simulation of oxygen profiles and their influence
on baker’s yeast production: I. One-fermentor system.
Biotechnol Bioeng 1988, 31:567-578.

28. de Jonge L, Buijs NAA, Heijnen JJ, van Gulik WM, Abate A,
Wahl SA: Flux response of glycolysis and storage metabolism
during rapid feast/famine conditions in Penicillium
chrysogenum using dynamic 13 C labeling. Biotechnol J 2014,
9:372-385.

29. Suarez-Mendez C, Sousa A, Heijnen J, Wahl A: Fast “Feast/
Famine” cycles for studying microbial physiology under
dynamic conditions: a case study with Saccharomyces
cerevisiae. Metabolites 2014, 4:347-372.

30. Suarez-Mendez CA, Ras C, Wahl SA: Metabolic adjustment
upon repetitive substrate perturbations using dynamic 13C-
tracing in yeast. Microb Cell Factories 2017, 16.

31. Zhao C, Zhao Q, Li Y, Zhang Y: Engineering redox homeostasis
to develop efficient alcohol-producing microbial cell factories.
Microb Cell Factories 2017, 16.

32. Liu J, Li H, Zhao G, Caiyin Q, Qiao J: Redox cofactor
engineering in industrial microorganisms: strategies, recent
applications and future directions. J Ind Microbiol Biotechnol
2018, 45:313-327.

33. Boyd DA, Cvitkovitch DG, Hamilton IR: Sequence, expression,
and function of the gene for the nonphosphorylating, NADP-
dependent glyceraldehyde-3-phosphate dehydrogenase of
Streptococcus mutans. J Bacteriol 1995, 177:2622-2627.

34. Ling C, Qiao G-Q, Shuai B-W, Olavarria K, Yin J, Xiang R-J,
Song K-N, Shen Y-H, Guo Y, Chen G-Q: Engineering NADH/NAD
+ ratio in Halomonas bluephagenesis for enhanced production
of polyhydroxyalkanoates (PHA). Metab Eng 2018, 49:275-286.

35. Papapetridis I, van Dijk M, Dobbe AP, Metz B, Pronk JT, van
Maris AJA: Improving ethanol yield in acetate-reducing
Saccharomyces cerevisiae by cofactor engineering of 6-
phosphogluconate dehydrogenase and deletion of ALD6.
Microb Cell Factories 2016, 15.

36. Jung H-R, Yang S-Y, Moon Y-M, Choi T-R, Song H-S, Bhatia S,
Gurav R, Kim E-J, Kim B-G, Yang Y-H: Construction of efficient
platform Escherichia coli strains for polyhydroxyalkanoate
production by engineering branched pathway. Polymers 2019,
11:509.

37. Cao Y, Zhang R, Sun C, Cheng T, Liu Y, Xian M: Fermentative
succinate production: an emerging technology to replace the
traditional petrochemical processes. BioMed Res Int 2013,
2013:1-12.

38.
�

Gleizer S, Ben-Nissan R, Bar-On YM, Antonovsky N, Noor E,
Zohar Y, Jona G, Krieger E, Shamshoum M, Bar-Even A et al.:
Conversion of Escherichia coli to generate all biomass carbon
from CO2. Cell 2019, 179:1255-1263.e12.

This work highlights multiple metabolic engineering approaches in order
to reconstruct the industrially relevant heterotroph E. coli to produce all of
its biomass from CO2, using formate as sole redox and energy source.

39. Yim H, Haselbeck R, Niu W, Pujol-Baxley C, Burgard A, Boldt J,
Khandurina J, Trawick JD, Osterhout RE, Stephen R et al.:
Metabolic engineering of Escherichia coli for direct
production of 1,4-butanediol. Nat Chem Biol 2011, 7:445-452.

40. Wess J, Brinek M, Boles E: Improving isobutanol production
with the yeast Saccharomyces cerevisiae by successively
blocking competing metabolic pathways as well as ethanol
and glycerol formation. Biotechnol Biofuels 2019, 12.

41. Milne N, Wahl SA, van Maris AJA, Pronk JT, Daran JM: Excessive
by-product formation: a key contributor to low isobutanol
yields of engineered Saccharomyces cerevisiae strains. Metab
Eng Commun 2016, 3:39-51.
Current Opinion in Biotechnology 2020, 64:116–123 
42. Christodoulou D, Link H, Fuhrer T, Kochanowski K, Gerosa L,
Sauer U: Reserve flux capacity in the pentose phosphate
pathway enables Escherichia coli’s rapid response to
oxidative stress. Cell Syst 2018, 6:569-578.e7.

43. Frederick DW, Trefely S, Buas A, Goodspeed J, Singh J,
Mesaros C, Baur JA, Snyder NW: Stable isotope labeling by
essential nutrients in cell culture (SILEC) for accurate
measurement of nicotinamide adenine dinucleotide
metabolism. The Analyst 2017, 142:4431-4437.

44.
�

Papagiannakis A, Niebel B, Wit EC, Heinemann M: Autonomous
metabolic oscillations robustly gate the early and late cell
cycle. Mol Cell 2017, 65:285-295.

This article describes the development of method for dynamic NAD(P)H
time-lapse imaging in single cells, highlighting the challenges involved in
dynamic intracellular single-cell measurements.

45. Zhang Z, Milias-Argeitis A, Heinemann M: Dynamic single-cell
NAD(P)H measurement reveals oscillatory metabolism
throughout the E. coli cell division cycle. Sci Rep 2018, 8.

46. Quinn KP, Sridharan GV, Hayden RS, Kaplan DL, Lee K,
Georgakoudi I: Quantitative metabolic imaging using
endogenous fluorescence to detect stem cell differentiation.
Sci Rep 2013, 3:3432.

47. Bekker M, Kramer G, Hartog AF, Wagner MJ, de Koster CG,
Hellingwerf KJ, Teixeira de Mattos MJ: Changes in the redox
state and composition of the quinone pool of Escherichia coli
during aerobic batch-culture growth. Microbiology 2007,
153:1974-1980.

48. Lu W, Wang L, Chen L, Hui S, Rabinowitz JD: Extraction and
quantitation of nicotinamide adenine dinucleotide redox
cofactors. Antioxid Redox Signal 2018, 28:167-179.

49. Schreiber U: Redox changes of ferredoxin, P700, and
plastocyanin measured simultaneously in intact leaves.
Photosynth Res 2017, 134:343-360.

50. Canelas AB, van Gulik WM, Heijnen JJ: Determination of the
cytosolic free NAD/NADH ratio in Saccharomyces cerevisiae
under steady-state and highly dynamic conditions. Biotechnol
Bioeng 2008, 100:734-743.

51. Hung YP, Yellen G: Live-cell imaging of cytosolic NADH–NAD+

redox state using a genetically encoded fluorescent
biosensor. In Fluorescent Protein-based Biosensors. Edited by
Zhang J, Ni Q, Newman RH. Humana Press; 2014:83-95.

52. Liu Y, Landick R, Raman S: A regulatory NADH/NAD+ redox
biosensor for bacteria. ACS Synth Biol 2019, 8:264-273.

53. Mahr R, Gätgens C, Gätgens J, Polen T, Kalinowski J, Frunzke J:
Biosensor-driven adaptive laboratory evolution of l -valine
production in Corynebacterium glutamicum. Metab Eng 2015,
32:184-194.

54. Siedler S, Schendzielorz G, Binder S, Eggeling L, Bringer S, Bott M:
SoxR as a single-cell biosensor for NADPH-consuming
enzymes in Escherichia coli. ACS Synth Biol 2014, 3:41-47.

55. Spielmann A, Baumgart M, Bott M: NADPH-related processes
studied with a SoxR-based biosensor in Escherichia coli.
MicrobiologyOpen 2019, 8:e00785.

56. Goldbeck O, Eck AW, Seibold GM: Real time monitoring of
NADPH concentrations in Corynebacterium glutamicum and
Escherichia coli via the genetically encoded sensor mBFP.
Front Microbiol 2018, 9:2564.

57. Bekers KM, Heijnen JJ, van Gulik WM: Determination of the in
vivo NAD:NADH ratio in Saccharomyces cerevisiae under
anaerobic conditions, using alcohol dehydrogenase as sensor
reaction: determination of in vivo NAD:NADH ratio in S.
cerevisiae. Yeast 2015, 32:541-557.

58. Zhang J, ten Pierick A, van Rossum HM, Maleki Seifar R, Ras C,
Daran J-M, Heijnen JJ, Aljoscha Wahl S: Determination of the
cytosolic NADPH/NADP ratio in Saccharomyces cerevisiae using
shikimate dehydrogenase as sensor reaction. Sci Rep 2015, 5.

59.
��

Duncan KD, Fyrestam J, Lanekoff I: Advances in mass
spectrometry based single-cell metabolomics. Analyst 2019,
144:782-793.
www.sciencedirect.com

http://refhub.elsevier.com/S0958-1669(20)30002-1/sbref0125
http://refhub.elsevier.com/S0958-1669(20)30002-1/sbref0125
http://refhub.elsevier.com/S0958-1669(20)30002-1/sbref0130
http://refhub.elsevier.com/S0958-1669(20)30002-1/sbref0130
http://refhub.elsevier.com/S0958-1669(20)30002-1/sbref0130
http://refhub.elsevier.com/S0958-1669(20)30002-1/sbref0135
http://refhub.elsevier.com/S0958-1669(20)30002-1/sbref0135
http://refhub.elsevier.com/S0958-1669(20)30002-1/sbref0135
http://refhub.elsevier.com/S0958-1669(20)30002-1/sbref0135
http://refhub.elsevier.com/S0958-1669(20)30002-1/sbref0140
http://refhub.elsevier.com/S0958-1669(20)30002-1/sbref0140
http://refhub.elsevier.com/S0958-1669(20)30002-1/sbref0140
http://refhub.elsevier.com/S0958-1669(20)30002-1/sbref0140
http://refhub.elsevier.com/S0958-1669(20)30002-1/sbref0140
http://refhub.elsevier.com/S0958-1669(20)30002-1/sbref0145
http://refhub.elsevier.com/S0958-1669(20)30002-1/sbref0145
http://refhub.elsevier.com/S0958-1669(20)30002-1/sbref0145
http://refhub.elsevier.com/S0958-1669(20)30002-1/sbref0145
http://refhub.elsevier.com/S0958-1669(20)30002-1/sbref0150
http://refhub.elsevier.com/S0958-1669(20)30002-1/sbref0150
http://refhub.elsevier.com/S0958-1669(20)30002-1/sbref0150
http://refhub.elsevier.com/S0958-1669(20)30002-1/sbref0155
http://refhub.elsevier.com/S0958-1669(20)30002-1/sbref0155
http://refhub.elsevier.com/S0958-1669(20)30002-1/sbref0155
http://refhub.elsevier.com/S0958-1669(20)30002-1/sbref0160
http://refhub.elsevier.com/S0958-1669(20)30002-1/sbref0160
http://refhub.elsevier.com/S0958-1669(20)30002-1/sbref0160
http://refhub.elsevier.com/S0958-1669(20)30002-1/sbref0160
http://refhub.elsevier.com/S0958-1669(20)30002-1/sbref0165
http://refhub.elsevier.com/S0958-1669(20)30002-1/sbref0165
http://refhub.elsevier.com/S0958-1669(20)30002-1/sbref0165
http://refhub.elsevier.com/S0958-1669(20)30002-1/sbref0165
http://refhub.elsevier.com/S0958-1669(20)30002-1/sbref0170
http://refhub.elsevier.com/S0958-1669(20)30002-1/sbref0170
http://refhub.elsevier.com/S0958-1669(20)30002-1/sbref0170
http://refhub.elsevier.com/S0958-1669(20)30002-1/sbref0170
http://refhub.elsevier.com/S0958-1669(20)30002-1/sbref0175
http://refhub.elsevier.com/S0958-1669(20)30002-1/sbref0175
http://refhub.elsevier.com/S0958-1669(20)30002-1/sbref0175
http://refhub.elsevier.com/S0958-1669(20)30002-1/sbref0175
http://refhub.elsevier.com/S0958-1669(20)30002-1/sbref0175
http://refhub.elsevier.com/S0958-1669(20)30002-1/sbref0180
http://refhub.elsevier.com/S0958-1669(20)30002-1/sbref0180
http://refhub.elsevier.com/S0958-1669(20)30002-1/sbref0180
http://refhub.elsevier.com/S0958-1669(20)30002-1/sbref0180
http://refhub.elsevier.com/S0958-1669(20)30002-1/sbref0180
http://refhub.elsevier.com/S0958-1669(20)30002-1/sbref0185
http://refhub.elsevier.com/S0958-1669(20)30002-1/sbref0185
http://refhub.elsevier.com/S0958-1669(20)30002-1/sbref0185
http://refhub.elsevier.com/S0958-1669(20)30002-1/sbref0185
http://refhub.elsevier.com/S0958-1669(20)30002-1/sbref0190
http://refhub.elsevier.com/S0958-1669(20)30002-1/sbref0190
http://refhub.elsevier.com/S0958-1669(20)30002-1/sbref0190
http://refhub.elsevier.com/S0958-1669(20)30002-1/sbref0190
http://refhub.elsevier.com/S0958-1669(20)30002-1/sbref0195
http://refhub.elsevier.com/S0958-1669(20)30002-1/sbref0195
http://refhub.elsevier.com/S0958-1669(20)30002-1/sbref0195
http://refhub.elsevier.com/S0958-1669(20)30002-1/sbref0195
http://refhub.elsevier.com/S0958-1669(20)30002-1/sbref0200
http://refhub.elsevier.com/S0958-1669(20)30002-1/sbref0200
http://refhub.elsevier.com/S0958-1669(20)30002-1/sbref0200
http://refhub.elsevier.com/S0958-1669(20)30002-1/sbref0200
http://refhub.elsevier.com/S0958-1669(20)30002-1/sbref0205
http://refhub.elsevier.com/S0958-1669(20)30002-1/sbref0205
http://refhub.elsevier.com/S0958-1669(20)30002-1/sbref0205
http://refhub.elsevier.com/S0958-1669(20)30002-1/sbref0205
http://refhub.elsevier.com/S0958-1669(20)30002-1/sbref0210
http://refhub.elsevier.com/S0958-1669(20)30002-1/sbref0210
http://refhub.elsevier.com/S0958-1669(20)30002-1/sbref0210
http://refhub.elsevier.com/S0958-1669(20)30002-1/sbref0210
http://refhub.elsevier.com/S0958-1669(20)30002-1/sbref0215
http://refhub.elsevier.com/S0958-1669(20)30002-1/sbref0215
http://refhub.elsevier.com/S0958-1669(20)30002-1/sbref0215
http://refhub.elsevier.com/S0958-1669(20)30002-1/sbref0215
http://refhub.elsevier.com/S0958-1669(20)30002-1/sbref0215
http://refhub.elsevier.com/S0958-1669(20)30002-1/sbref0220
http://refhub.elsevier.com/S0958-1669(20)30002-1/sbref0220
http://refhub.elsevier.com/S0958-1669(20)30002-1/sbref0220
http://refhub.elsevier.com/S0958-1669(20)30002-1/sbref0225
http://refhub.elsevier.com/S0958-1669(20)30002-1/sbref0225
http://refhub.elsevier.com/S0958-1669(20)30002-1/sbref0225
http://refhub.elsevier.com/S0958-1669(20)30002-1/sbref0230
http://refhub.elsevier.com/S0958-1669(20)30002-1/sbref0230
http://refhub.elsevier.com/S0958-1669(20)30002-1/sbref0230
http://refhub.elsevier.com/S0958-1669(20)30002-1/sbref0230
http://refhub.elsevier.com/S0958-1669(20)30002-1/sbref0235
http://refhub.elsevier.com/S0958-1669(20)30002-1/sbref0235
http://refhub.elsevier.com/S0958-1669(20)30002-1/sbref0235
http://refhub.elsevier.com/S0958-1669(20)30002-1/sbref0235
http://refhub.elsevier.com/S0958-1669(20)30002-1/sbref0235
http://refhub.elsevier.com/S0958-1669(20)30002-1/sbref0240
http://refhub.elsevier.com/S0958-1669(20)30002-1/sbref0240
http://refhub.elsevier.com/S0958-1669(20)30002-1/sbref0240
http://refhub.elsevier.com/S0958-1669(20)30002-1/sbref0245
http://refhub.elsevier.com/S0958-1669(20)30002-1/sbref0245
http://refhub.elsevier.com/S0958-1669(20)30002-1/sbref0245
http://refhub.elsevier.com/S0958-1669(20)30002-1/sbref0250
http://refhub.elsevier.com/S0958-1669(20)30002-1/sbref0250
http://refhub.elsevier.com/S0958-1669(20)30002-1/sbref0250
http://refhub.elsevier.com/S0958-1669(20)30002-1/sbref0250
http://refhub.elsevier.com/S0958-1669(20)30002-1/sbref0255
http://refhub.elsevier.com/S0958-1669(20)30002-1/sbref0255
http://refhub.elsevier.com/S0958-1669(20)30002-1/sbref0255
http://refhub.elsevier.com/S0958-1669(20)30002-1/sbref0255
http://refhub.elsevier.com/S0958-1669(20)30002-1/sbref0260
http://refhub.elsevier.com/S0958-1669(20)30002-1/sbref0260
http://refhub.elsevier.com/S0958-1669(20)30002-1/sbref0265
http://refhub.elsevier.com/S0958-1669(20)30002-1/sbref0265
http://refhub.elsevier.com/S0958-1669(20)30002-1/sbref0265
http://refhub.elsevier.com/S0958-1669(20)30002-1/sbref0265
http://refhub.elsevier.com/S0958-1669(20)30002-1/sbref0270
http://refhub.elsevier.com/S0958-1669(20)30002-1/sbref0270
http://refhub.elsevier.com/S0958-1669(20)30002-1/sbref0270
http://refhub.elsevier.com/S0958-1669(20)30002-1/sbref0275
http://refhub.elsevier.com/S0958-1669(20)30002-1/sbref0275
http://refhub.elsevier.com/S0958-1669(20)30002-1/sbref0275
http://refhub.elsevier.com/S0958-1669(20)30002-1/sbref0280
http://refhub.elsevier.com/S0958-1669(20)30002-1/sbref0280
http://refhub.elsevier.com/S0958-1669(20)30002-1/sbref0280
http://refhub.elsevier.com/S0958-1669(20)30002-1/sbref0280
http://refhub.elsevier.com/S0958-1669(20)30002-1/sbref0285
http://refhub.elsevier.com/S0958-1669(20)30002-1/sbref0285
http://refhub.elsevier.com/S0958-1669(20)30002-1/sbref0285
http://refhub.elsevier.com/S0958-1669(20)30002-1/sbref0285
http://refhub.elsevier.com/S0958-1669(20)30002-1/sbref0285
http://refhub.elsevier.com/S0958-1669(20)30002-1/sbref0290
http://refhub.elsevier.com/S0958-1669(20)30002-1/sbref0290
http://refhub.elsevier.com/S0958-1669(20)30002-1/sbref0290
http://refhub.elsevier.com/S0958-1669(20)30002-1/sbref0290
http://refhub.elsevier.com/S0958-1669(20)30002-1/sbref0295
http://refhub.elsevier.com/S0958-1669(20)30002-1/sbref0295
http://refhub.elsevier.com/S0958-1669(20)30002-1/sbref0295


Dynamics in redox metabolism Verhagen, van Gulik and Wahl 123
This review provides a comprehensive overview of the recent advance-
ments in mass spectrometry, highlighting the current frontiers and
challenges of single-cell metabolomics.

60. Kompauer M, Heiles S, Spengler B: Atmospheric pressure
MALDI mass spectrometry imaging of tissues and cells at 1.4-
mm lateral resolution. Nat Methods 2017, 14:90-96.

61. Komatsu N, Aoki K, Yamada M, Yukinaga H, Fujita Y, Kamioka Y,
Matsuda M: Development of an optimized backbone of FRET
www.sciencedirect.com 
biosensors for kinases and GTPases. Mol Biol Cell 2011,
22:4647-4656.

62. McMillan DGG, Marritt SJ, Firer-Sherwood MA, Shi L, Richardson DJ,
EvansSD,ElliottSJ,ButtJN,JeukenLJC:Protein–proteininteraction
regulates the direction of catalysis and electron transfer in a redox
enzyme complex. J Am Chem Soc 2013, 135:10550-10556.

63. Peters JW, Miller A-F, Jones AK, King PW, Adams MW: Electron
bifurcation. Curr Opin Chem Biol 2016, 31:146-152.
Current Opinion in Biotechnology 2020, 64:116–123

http://refhub.elsevier.com/S0958-1669(20)30002-1/sbref0300
http://refhub.elsevier.com/S0958-1669(20)30002-1/sbref0300
http://refhub.elsevier.com/S0958-1669(20)30002-1/sbref0300
http://refhub.elsevier.com/S0958-1669(20)30002-1/sbref0305
http://refhub.elsevier.com/S0958-1669(20)30002-1/sbref0305
http://refhub.elsevier.com/S0958-1669(20)30002-1/sbref0305
http://refhub.elsevier.com/S0958-1669(20)30002-1/sbref0305
http://refhub.elsevier.com/S0958-1669(20)30002-1/sbref0310
http://refhub.elsevier.com/S0958-1669(20)30002-1/sbref0310
http://refhub.elsevier.com/S0958-1669(20)30002-1/sbref0310
http://refhub.elsevier.com/S0958-1669(20)30002-1/sbref0310
http://refhub.elsevier.com/S0958-1669(20)30002-1/sbref0315
http://refhub.elsevier.com/S0958-1669(20)30002-1/sbref0315

	Dynamics in redox metabolism, from stoichiometry towards kinetics
	Introduction
	Stoichiometry and dynamics of redox coupling – a link between overflow and storage mechanisms
	Redox coupling as metabolic engineering strategy
	Measurement challenges
	Concluding remarks
	Conflict of interest statement
	References and recommended reading
	CRediT authorship contribution statement
	Acknowledgements


