
UC Berkeley
UC Berkeley Previously Published Works

Title
Genetically encoded tools for measuring and manipulating metabolism

Permalink
https://escholarship.org/uc/item/22j6165t

Journal
Nature Chemical Biology, 18(5)

ISSN
1552-4450

Authors
Choe, Mangyu
Titov, Denis V

Publication Date
2022-05-01

DOI
10.1038/s41589-022-01012-8
 
Peer reviewed

eScholarship.org Powered by the California Digital Library
University of California

https://escholarship.org/uc/item/22j6165t
https://escholarship.org
http://www.cdlib.org/


Genetically encoded tools for measuring and manipulating 
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Abstract

Over the last few years, we have seen an explosion of novel genetically encoded tools for 

measuring and manipulating metabolism in live cells and animals. Here we will review the 

genetically encoded tools that are available, describe how these tools can be used, and outline 

areas where future development is needed in this fast-paced field. We will focus on tools for direct 

measurement and manipulation of metabolites. Metabolites are master regulators of metabolism 

and physiology through their action on metabolic enzymes, signaling enzymes, ion channels, and 

transcription factors among others. We hope that this perspective will encourage more people to 

use these novel reagents or even join this exciting new field to develop novel tools for measuring 

and manipulating metabolism.

Editorial summary:

This perspective discusses the genetically encoded tools for measuring and manipulating 

metabolism, highlighting the tools that are available, guidelines for their use, and key areas for 

future development.

Graphical Abstract

*Corresponding author statement: titov@berkeley.edu. 

Conflict of Interest Statement: D.V.T. is listed as an inventor on a patent application (US Patent App. 15/749,218) describing the use 
of LbNOX and TPNOX that are discussed in this perspective.

HHS Public Access
Author manuscript
Nat Chem Biol. Author manuscript; available in PMC 2022 November 01.

Published in final edited form as:
Nat Chem Biol. 2022 May ; 18(5): 451–460. doi:10.1038/s41589-022-01012-8.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Introduction

Albert Szent-Györgyi once said that “life is nothing but an electron looking for a place 

to rest”. Over the last century, the field of metabolism has made tremendous progress 

in the understanding of the metabolic pathways that fuel life. We have discovered and 

characterized most of the reactions and metabolic intermediates that make up pathways 

that produce energy and building blocks. We have a detailed understanding of reaction 

mechanisms catalyzed by metabolic enzymes and have atomic resolution structures for many 

of the enzymes. The next frontier in metabolism research is to quantitatively understand 

how these intricate pathways are regulated to match supply and demand for energy and 

building blocks and how changes in metabolism affect organismal phenotypes. There is 

a tremendous number of fascinating observations awaiting to be explained that connect 

metabolism to phenotypes including lifespan extension by calorie restriction1, Warburg 

effect in cancer cells2,3 and a seemingly endless list of beneficial effects of diet and exercise 

on age-associated diseases4–7. To unravel the mysteries of metabolic regulation, we need a 

new generation of tools for measuring and manipulating metabolism.

Metabolism is regulated by small molecules that directly modulate the activity of 

metabolic enzymes, signaling pathways, gene expression, and hormone levels (Figure 

1). Metabolite levels are master regulators of metabolism and physiology through their 

direct effects on metabolic enzymes8, kinases9,10, transcription factors11, ion channels12 

and hormone levels12 among others. For example, biosynthetic pathways are regulated 

by the concentration of their end products such as amino acids, lipids, nucleotides, and 

cofactors13. Similarly, energy metabolism pathways are regulated by their end products 

such as ATP/ADP, NADH/NAD+, NADPH/NADP+, GSH/GSSH, Acetyl-CoA/CoA, H2O2, 

and mitochondrial membrane potential (ΔΨm)13. We want to highlight the often-discounted 

insight that products of energy metabolism are in fact ratios (referred to as bioenergetic 

ratios, henceforth). For example, ATP can drive unfavorable reactions inside the cells 

because the intracellular ATP/ADP ratio is maintained at a level ~109 higher than the 
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equilibrium value for ATP hydrolysis reaction. If ATP/ADP ratio was at equilibrium, then 

ATP would not be able to drive energy demanding processes regardless of its concentration. 

As a result of the latter, many metabolic enzymes, kinases, and ion channels evolved to be 

regulated by ATP/ADP ratio and not simply by ATP levels.

Metabolism is compartmentalized in subcellular organelles and tissues. For example, fatty 

acid biosynthesis occurs in the cytosol while β-oxidation of fatty acids takes place in the 

mitochondria. Similarly, liver can produce glucose through gluconeogenesis while most 

other tissues can only consume glucose. This compartmentalization is necessary because 

some metabolic pathways cannot operate under the same conditions or might produce 

futile cycles if allowed to occur in the same compartment. To facilitate compartment- and 

tissue-specific regulation of metabolism, organisms have evolved paralogous genes that code 

for enzymes that have different kinetic properties and are expressed in specific tissues (e.g., 

PFKP, PFKM, PFKL) or specific subcellular compartments (e.g., MDH1 and MDH2).

To better understand the regulation of metabolism, we need a new generation of tools 

to measure and manipulate the levels of individual metabolites and bioenergetic ratios in 

compartment- and tissue-specific manner. This approach will be complimentary to genetic 

and biochemical approaches of manipulating one enzyme or one pathway at a time and will 

allow researchers to investigate the systemic effects of pleiotropic regulators like ATP/ADP 

ratio that directly modulate dozens of metabolic enzymes, kinases, and ion channels. 

Compartment- and tissue-specific manipulation and measurement of metabolism is difficult 

to achieve using small molecule drugs to manipulate metabolism or bulk cell and tissue 

lysis to measure metabolism. Here, we will review genetically encoded tools that can be 

used to measure and manipulate metabolism in compartment- and tissue-specific manner by 

targeting them to subcellular compartments like mitochondria, nucleus, ER, lysosome, and 

by using tissues specific promoters. We will review some of the recent developments in this 

new field and highlight areas for future development. We are only beginning to scratch the 

surface in terms of our ability to measure and especially manipulate metabolism in tissue- 

and compartment-specific manner and we hope that this perspective will encourage more 

people to work in this area.

Genetically encoded sensors for measuring metabolism

In this section, we will review the currently available genetically encoded fluorescence 

sensors for measuring metabolite levels and bioenergetic ratios. We will focus on protein-

based genetically encoded fluorescence sensors that directly bind metabolites and can 

be used for real-time measurement of the compartment- and tissue-specific levels of 

metabolites. Several other types of sensors have been developed including small molecule 

probes14, RNA-based biosensors15, and transcription-based reporters16. We chose not to 

focus on the latter categories of excellent sensors primarily due to space constraints and 

because it can be more difficult to use these sensors for compartment-specific measurements 

as they cannot be easily targeted to subcellular compartments.

Genetically-encoded fluorescence sensors have been pioneered in the early 1990s and are 

now routinely used for studying cell signaling17. The basic fluorescence sensor consists of 
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two parts: a fluorescence protein(s) and a sensing domain (Figure 2). When a molecule 

binds to the sensing domain it changes the conformation of the sensor leading to a change 

in the fluorescence properties of the sensor. The change in the fluorescence properties of 

the sensor can be quantified using a fluorescence microscope or a fluorescence plate reader. 

Fluorescence properties that are most frequently measured include brightness (i.e., the 

product of quantum yield and extinction coefficient) and fluorescence lifetime at a particular 

excitation/emission (ex/em) wavelength pair. Fluorescence measurements can be further 

subdivided into single-channel and dual-channel (or ratiometric) measurements where one or 

two ex/em wavelength pairs are monitored, respectively. The dual-channel category includes 

Förster Resonance Energy Transfer (FRET) that is frequently used in fluorescence sensors.

Fluorescence sensors provide three unique insights about metabolite levels and bioenergetic 

ratios compared to bulk cell and tissue lysis methods. First, fluorescence sensors can be 

targeted to different subcellular compartments like mitochondria, nucleus, ER or lysosome 

to measure compartment-specific changes in metabolite levels and bioenergetic ratios. 

Second, fluorescence sensors measure the free metabolites levels and bioenergetic ratios 

while cell lysis methods measure the sum of free and protein-bound levels of metabolites. 

The latter is important because metabolites inside the cell exist as a mixture of free and 

protein-bound molecules, but only free metabolites are “visible” and can modulate the 

activity of proteins. Third, fluorescence sensors can be used to measure rapid changes in 

metabolite levels (i.e., with a time resolution of seconds for some sensors) that is difficult to 

achieve using bulk cell lysis approaches.

The key parameters that determine the functionality of the fluorescence sensor are its EC50 

(half maximal effective concentration) for sensed metabolite (or bioenergetic ratio), the 

specificity for sensed molecule(s), the dynamic range of fluorescence response (i.e., the 

difference between minimal and maximal signal divided by minimal signal (ΔF/Fmin)), the 

kinetics of fluorescence response, and brightness. It is important for the EC50 for sensed 

molecule (or bioenergetic ratio) to be similar to the physiologically relevant concentrations 

of a sensed metabolite (or bioenergetic ratio) in order for the sensor to be useful for 

measurements in live cells. Similarly, the sensor must be specific for the sensed molecule, 

and it should not respond to changes in other molecules. Finally, a higher dynamic range of 

the sensor will allow researchers to detect smaller changes of the sensed molecule or ratio 

and high brightness and faster kinetics will simplify measurements.

Several fluorescence sensors for metabolites and bioenergetic ratios have been developed 

over the last two decades. Table 1 summarizes the key characteristics of select sensors 

including the range of sensed parameters that they can detect, a dynamic range of the sensor, 

values of sensed parameters that are observed in cells, and recommended positive control 

treatments that can be used to ensure that sensor is working. We hope that this summary 

together with the next section on the guidelines for using the sensors will be used as a 

starting reference point by investigators as they decide on the most appropriate sensor for 

specific applications. New sensors are regularly being reported and we did not have the 

space to include every available sensor so we encourage the readers to check the latest 

literature and databases like Fluorescent Biosensor Database17 for more comprehensive and 

up-to-date information about the available sensors for their metabolites of interest.
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Researchers have used several strategies to design fluorescence sensors for metabolites. The 

most common approach is to fuse a fluorescence protein with a naturally occurring domain 

that can sense a metabolite or bioenergetic ratio of interest. Amino acids included in the 

sensing domain and the sequence of linkers connecting the sensing domain and fluorescence 

protein are critical to achieving fluorescence response. Many combinations have to be tested 

before the design has any activity. Most sensors have been developed using this broad 

strategy. GSH/GSSG sensor GRX1-roGFP218 and H2O2 sensor Orp1-roGFP219,20 use a 

different approach where GRX1 and Orp1 are enzymes that use the GSH/GSSG or H2O2 

as substrates to catalyze the change in redox state of the disulphide bond on roGFP2. 

Disulphide bond status of roGFP2 is then translated into change in fluorescence. Yet another 

approach is to use mutagenesis to switch the specificity of the sensor between closely related 

metabolites. The latter approach was used to engineer NADPH/NADP+ sensor iNap21 based 

on NADH/NAD+ sensor SoNar22.

Guidelines for using genetically encoded sensors

Here we describe aspects of experimental design that should be considered when performing 

experiments with fluorescence sensors or choosing the best fluorescence sensor for specific 

applications. We discuss sensor calibration, normalization between experiments, and issues 

that might cause misinterpretation of the results such as a signal that is saturated or below 

the detection limit, slow response kinetics, pH sensitivity, and photobleaching misinterpreted 

as a signal. Many of these caveats can be managed using the approaches described below. 

The goal of this section is to discuss several points that are specifically related to the use 

of fluorescence sensors for measuring metabolites and bioenergetic ratios and we refer the 

reader to the many excellent reviews and books for more general info about fluorescence 

microscopy23.

It is important to establish that the fluorescence sensor can respond to changes in sensed 

metabolite or bioenergetic ratio under specific experimental conditions. For example, the 

sensor will not report any change in fluorescence even when the sensed parameter is 

changing if it is saturated or if its response kinetics are not fast enough to observe a change 

within a time frame of an experiment. One way to confirm that the fluorescence sensor 

is working under specific conditions is to increase or decrease the sensed parameter and 

confirm that the fluorescence sensor signal changes accordingly in response. Suggestions for 

control treatments for available sensors are provided in Table 1. Sensors with various EC50 

and response kinetics are available for many metabolites and bioenergetic ratios so several 

sensors can be tried to find the version that is not saturated or below the detection limit and 

has a fast response time under specific experimental conditions.

The fluorescence signal of the sensor is a product of the fluorescence of one sensor molecule 

and the concentration of sensor molecules in a cell. Sensor expression level can vary 

several-fold between cells, so it is important to normalize the signal by sensor concentration 

in order to compare measurements between different cells. Several approaches can be used 

for normalization. First, FRET sensors have two fluorescence proteins, and the FRET signal 

intensity can be divided by the intensity of a donor fluorescence protein to produce a 

normalized readout. Second, several sensors (e.g., Peredox) are engineered to have a second 
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fluorescence protein that does not respond to changes in the sensed molecule and, therefore, 

the signal from the second fluorescence protein can be used for normalization. Third, 

fluorescence proteins can be imaged using several excitation wavelengths (e.g., 405nm 

and 488nm for GFP) and the change in fluorescence in response to binding of the sensed 

molecule is often different for different wavelength so signal from different excitation 

wavelengths can be used for normalization. Fourth, treatments that increase the signal above 

saturation or decrease the signal below the limit of detection can be used for normalization 

because the signal from a saturated sensor will be entirely driven by its expression level. 

Table 1 has suggestions for positive control treatments for various sensors that can be used 

at the end of each experiment to increase the sensed parameter above saturation or decrease 

below the detection limit of the sensor in each cell. Finally, fluorescence lifetime imaging is 

independent of sensor concentration but requires advanced lifetime imaging equipment.

Sensors can be calibrated to report the absolute values of the measured parameters. We 

want to stress that sensor calibration is not a trivial task and care must be taken to avoid 

introducing systematic errors. Here, we review three approaches for calibration. First, 

purified sensor protein can be used to make a calibration curve for converting sensor 

fluorescence into the concentration of metabolites or values of bioenergetic ratios. The data 

on the dose-response of the purified sensor is often included in the original publication 

of the sensor. A caveat of the latter approach is that sensor response might vary in 
vitro vs in vivo due to differences between intracellular milieu and buffer conditions for 

in vitro measurements. It is important to use an appropriate equation to fit the binding 

data that accurately accounts for the potential cooperativity of the sensor and minimal/

maximal intensity of the sensor24. Second, cells expressing the fluorescence sensor can 

be permeabilized using digitonin or one of the cytolysin pore-forming proteins (e.g., 

Alpha-toxin (~1–2 nm pore) from Staphylococcus aureus25, or perfringolysin O (~25 

nm pore) from Clostridium perfringens26) and calibration curve can be generated by 

incubating permeabilized cells with a range of concentrations of the sensed metabolite. 

Third, an orthogonal method can be used to measure the sensed parameter under the same 

experimental conditions as the sensor, but this is often not feasible as orthogonal methods 

for measuring compartment-specific values of metabolic parameters do not exist in most 

cases.

The fluorescence signal is sensitive to pH, ionic strength, and other buffer components. 

Control experiments should be performed to ensure that a change in signal that is observed 

during the experiment is not due to a change in pH, ionic strength, photobleaching or 

other changes unrelated to the parameter of interest. Simple control for the above is to 

perform experiments in parallel using the full-length sensor and fluorescence protein without 

the sensor domain. If no change in signal from fluorescence protein is observed, then the 

experimenter can be more confident that the change in sensor signal is due to the change in 

the sensed parameter.

Genetically encoded tools for manipulating metabolism

To establish a causal relationship between a metabolic change and a phenotype, we need 

novel reagents to directly manipulate metabolite levels and bioenergetic ratios in live cells. 
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Here, we review the reagents for direct manipulation of metabolism that leverage enzymes 

for manipulation of metabolite levels or bioenergetic ratios in a spatial and temporal manner 

(Figure 3). We propose to collectively refer to these reagents as GEMMs – Genetically 

Encoded Tools for Manipulation of Metabolism. A good example of the promise of 

this approach for studying metabolism can be found in the field of neuroscience, where 

optogenetic tools are now widely used to demonstrate causal connections between neuronal 

activity and physiological outcomes. Similar to GEMMs, optogenetic reagents are a set of 

genetically encoded tools, which leverage light-sensitive ion channels to directly manipulate 

plasma membrane potential. We want to highlight that we specifically refer to GEMMs as 

enzymes that directly manipulate the level of a specific metabolite or a specific bioenergetic 

ratio and, therefore, can be used to study the function of that specific metabolite or that 

specific bioenergetic ratio. We do not include master regulators like transcription factors, 

kinases, or hormone receptors in this category despite their important roles as metabolism 

regulators. The latter work through indirect mechanisms by manipulating the activities of 

many enzymes and cannot be used to manipulate the levels of only one metabolite or only 

one bioenergetic ratio.

The key idea behind GEMMs is to leverage enzymes for the manipulation of metabolite 

levels or bioenergetic ratios in a spatial and temporal manner. In principle, an ideal GEMM 

candidate should catalyze a reaction that will change a metabolite level or a bioenergetic 

ratio of interest and not affect anything else inside the cell. A good GEMM candidate 

should i) catalyze a reaction that is thermodynamically favorable in living cells, ii) have a 

sufficiently high catalytic activity (i.e., have low Km and high kcat) to induce manipulation 

of the desired metabolite or bioenergetic ratio, iii) catalyze reactions that involve either 

only metabolite(s) of interest or abundant intracellular molecules like water and oxygen 

to minimize the chance of changing the levels of other metabolites, and iv) be a soluble 

protein to allow targeting to different subcellular compartments for compartment-specific 

manipulation of metabolism.

Several GEMMs have been developed to date (Figure 3, Table 2). These includes tools 

for manipulation of NADH/NAD+ ratio (LbNOX27), NADPH/NADP+ ratio (TPNOX28), 

lactate/pyruvate ratio (LOXCAT29), CoQH2/CoQ ratio (AOX30), ΔΨm (MitoChR231, 

ABCB-ChR232, mtOFF, mtON33 and mito-dR34), superoxide (Killer Red35,36), singlet 

oxygen (miniSOG37), and H2O2 levels (DAAO38). Using these GEMMs, researchers can 

test whether a particular phenotype is caused by changes in these parameters (Figure 4). 

For example, if Manipulation A leads to a decrease in NADH/NAD+ ratio and leads to 

phosphorylation of Protein X then LbNOX can be used to induce a decrease in NADH/

NAD+ ratio without Manipulation A, and phosphorylation of Protein X can be checked. If 

LbNOX causes phosphorylation of Protein X then it supports the hypothesis that a decrease 

in NADH/NAD+ ratio as a result of Manipulation A causes phosphorylation of Protein 

X. Conversely, GEMMs can be used to rule out a particular parameter from playing a 

causal role. Table 2 contains key characteristics of available GEMMs including chemical 

reactions they catalyze, Km, and kcat values. We hope that this information will be useful for 

researchers as they choose the most relevant GEMM for their experiments.
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In addition to GEMMs, there are genetically encoded tools that can be used to bypass 

endogenous enzymes. NDI139 can be used to bypass mitochondrial Complex I. NDI1 is 

a single polypeptide that catalyzes the same chemical reaction as Complex I but does not 

pump protons outside of the mitochondrial matrix. NDI1 and its homologs are the alternative 

forms of mitochondrial Complex I in several fungi and NDI1 is the only form of Complex 

I in S. cerevisiae. Similarly, AOX40 catalyzes the combined reaction of Complexes III 

and IV without pumping protons and mitoLbNOX expressed in mitochondria catalyzes the 

combined reaction of the entire mitochondrial electron transport chain (i.e. Complex I, III 

and IV) without pumping protons. These bypass enzymes are useful to study the causal 

relationship of proton pumping vs redox homeostasis of ETC enzymes and can be used to 

rescue phenotypes caused by mutated/inactivated ETC complexes.

Several strategies were used to design and develop GEMMs. The most common approach 

is to use naturally occurring enzymes. In this approach, biochemical properties especially 

Km and kcat value are important to select promising GEMM candidates. LbNOX, AOX, 

DAAO and NDI1 have been developed using this common approach. MitoChR2, ABCB-

ChR2, mtOFF, mtON and mito-dR have been developed using a similar approach where 

enzymes previously used to manipulate plasma membrane potential to mimic neuronal 

action potentials where targeted to mitochondria to manipulate ΔΨm. TPNOX, miniSOG 

and LOXCAT were rationally engineered. In case of TPNOX, a quintuple mutant of LbNOX 

was developed based on the structure of Escherichia coli glutathione reductase (EcGR)-

NADPH because there was no naturally occurring H2O-forming oxidases that are highly 

specific for NADPH. miniSOG were engineered from LOV2 domain of Arabidopsis thaliana 

phototropin 2 (AtPhot2) using a combination of rational and random mutagenesis to achieve 

maximal singlet oxygen (1O2) production37. LOXCAT was engineering by fusing a naturally 

occurring enzyme that convert lactate to pyruvate with another naturally occurring enzyme 

to detoxify H2O2 by-product of the first reaction. Finally, KillerRed was identified using a 

screen for phototoxic homologues of GFP in E. coli35.

GEMMs have already been used in several studies. Direct manipulation of NADH/NAD+ 

ratio using LbNOX demonstrated that NAD+ recycling, not ATP synthesis, is an essential 

function of mitochondrial electron transport chain that is required for mammalian cell 

proliferation27. In addition, LbNOX was used in mice to demonstrated that hepatic NADH/

NAD+ regulates circulating triglyceride levels, glucose tolerance and FGF21 levels41. 

TPNOX was used to show that NADH/NAD+ and NADPH/NADP+ reduction potentials 

are connected in the mitochondria but not in the cytosol28. Several studies have used NDI 

and AOX to investigate the requirement of complex I and III of mitochondrial ETC for 

tumour growth, endothelial cell proliferation and regulatory T cell function in vivo42–45. All 

these studies highlight the utility of GEMM to empower studies of ‘causal metabolism’.

Guidelines for using GEMMs

In this section, we will focus on the aspects of experimental design that should be considered 

when performing experiments with GEMMs. Controls must be used to ensure that GEMM 

expression level is sufficient, GEMM is localized to the relevant subcellular compartment, 

and GEMM reaction by-products do not contribute to observed phenotypes.
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We recommend using an inducible expression system for performing experiments with 

GEMMs. Inducible expression provides several advantages. First, short-term vs long-term 

effects of metabolic parameter manipulation using GEMM can be studied using inducible 

expression while only long-term effects will be observed with constitutive expression. 

Inducible expression of GEMMs is especially important for the application of GEMMs 

in live animals where it might be useful to induce GEMM expression only in adults 

to bypass potential developmental effects. Second, the inducible expression of GEMMs 

allows for rigorously controlled experiments where uninduced cell line or strain can be 

used as a control. The latter will alleviate a concern that genetic modifications other 

than GEMM expression introduced during cell line or strain preparation contributed to 

the phenotype. A catalytically dead mutant of GEMM (or another protein like GFP or 

Luciferase) can be used as a negative control to verify that the observed effects are due to 

GEMM catalytic activity and not the effects of inducer or proteotoxic stress. And third, the 

inducible expression of GEMMs can be used to perform experiments under conditions when 

a prolonged constitutive expression is toxic to cells or organisms. For mammalian cells and 

animals, the doxycycline-inducible system allows for inducible expression of GEMMs with 

minimal leaky expression46. Doxycycline is an inhibitor of the mitochondrial ribosome at 

about ten times higher concentrations than required for maximal inducible expression, so 

its concentration has to be titrated carefully47. In addition, adenovirus and adeno-associated 

virus vectors can be used for the inducible expression of GEMMs in vivo.

GEMMs can be used to manipulate compartment- and tissue-specific metabolic parameters. 

For compartment-specific manipulation, GEMMs can be targeted to specific organelles 

by attaching the relevant targeting sequence including mitochondrial targeting sequence, 

nuclear localization sequence, nuclear exclusion sequence, peroxisomal targeting sequence 

among others. Similarly, GEMM expression can be induced only in specific tissues using 

tissue-specific promoters.

It is important to confirm that the parameter of interest is manipulated when GEMMs are 

expressed. GEMMs are enzymes so their ability to manipulate a metabolic parameter is 

dependent on expression level. At low levels, GEMMs might not be able to manipulate 

metabolism significantly so simply confirming that a GEMM is expressed is not sufficient. 

We anticipate that the ability of GEMMs to manipulate metabolic parameters will be 

affected by cell types and physiological conditions, so it is important to confirm that GEMM 

expression manipulates the metabolic parameter in a particular experimental system. In 

addition, the expression of GEMMs at different levels can be used to observe physiological 

responses to different levels of manipulation of a metabolic parameter. Several approaches 

can be used to measure the effect of a GEMM on a metabolic parameter including 

fluorescence sensors, LC-MS or biochemical assays. Fluorescence sensors reviewed above 

should be the method of choice when GEMMs are used to manipulate metabolic parameters 

in subcellular compartments.

In addition to manipulating target metabolic parameters, several GEMMs consume oxygen 

and produce heat. For example, LbNOX, TPNOX and AOX consume oxygen in addition 

to manipulating NADH/NAD+, NADPH/NADP+ and CoQH2/CoQ. Most cells can sense 

and respond to change in oxygen concentration, so it is important to rule out the 
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effect of oxygen. This can be done by confirming that GEMMs do not affect oxygen 

concentration using HIF1alpha stability, HIF1alpha target gene expression, or by measuring 

oxygen concentration using oxygen-sensitive dye or electrode. If GEMMs do lower oxygen 

concentration, then control experiments should be performed to test whether a decrease 

in oxygen concentration can induce the phenotype of interest. GEMMs catalyze exergonic 

reactions that produce heat. GEMMs are unlikely to change the temperature of cells in 

culture because cells dissipate heat efficiently due to their large surface-to-volume ratio 

but GEMMs could in theory affect temperature regulation in larger vertebrate animals (i.e., 

mice) so this must be considered while interpreting the results. One approach for controlling 

for potential thermoregulation effects of GEMMs expression in large vertebrates would be to 

perform experiments in thermoneutral conditions.

Next generation tools for studying metabolism

There are a lot of opportunities to develop new and improved reagents for manipulating 

and measuring metabolites and bioenergetic ratios. We envision that future work in this 

area will pursue four broad directions: i) combined use of GEMMs and sensors to study 

metabolism, ii) design of novel tools for metabolites and bioenergetic ratios that currently 

cannot be measured or manipulated, iii) improvement of existing tools, and iv) development 

of novel synthetic biology approaches for tissue- and compartment-specific expression of 

these tools with precise temporal and expression level control. We believe that these reagents 

will revolutionize our ability to measure and manipulate metabolism, which will be essential 

for discovering the molecular mechanisms driving the effect of metabolism on a variety of 

phenotypes like lifespan and age-associated diseases (Figure 4).

Only a fraction of key metabolites and bioenergetic ratios can be measured or manipulated 

using available fluorescence sensors and GEMMs (Tables 1, 2). Fluorescence sensors and/or 

GEMMs for the following key metabolic parameters are awaiting to be developed: many 

amino acids (major regulators of biosynthesis and cell growth), oxygen (major regulator of 

energy metabolism), superoxide (key reactive oxygen species), mitochondrial membrane 

potential (major regulator of mitochondrial physiology), Acetyl-CoA/CoA ratio (major 

regulator of acetylation and TCA cycle), Fructose-2,6-bisphosphate (major regulator of 

glycolysis and gluconeogenesis), malonyl-CoA/CoA (major regulator of fatty acid synthesis 

and oxidation), SAM/SAH (major regulator of methylation). The availability of GEMMs 

and sensors for these and other key parameters will transform our ability to study 

compartment- and tissue-specific metabolism.

Most of the key properties of available metabolic sensors can be improved based on the 

comparison to Ca2+ sensors that have gone through several generations of optimization. 

Ca2+ sensors like GCaMPs can now detect physiologically relevant nM concentration of 

Ca2+ and have an impressive dynamic range of fluorescence response of 20–40-fold48,49. 

For comparison, metabolic sensors have a dynamic range of 2–5-fold, are available in 

only one color, and are responsive to only a small range of a sensed parameter. Based 

on this comparison, there is room for improvement of current metabolic sensors. Several 

iterations of Ca2+ sensors through mutagenesis can serve as a good roadmap for approaches 

to improve current metabolic sensors50. An important future direction would be to modify 
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the available sensors to use additional fluorescence proteins with the goal of achieving 

simultaneous measurement of multiple metabolites. For example, changes in ATP/ADP and 

NADH/NAD+ ratios can be measured simultaneously if we had compatible fluorescence 

sensors. Already some of the metabolic sensors (e.g. PercevalHR51, SoNar22, HyPer52 and 

Citron153) were significantly improved compared to their original version and we hope that 

other groups will join this exciting field to further improve these and other sensors.

Available GEMMs can be improved in several ways. First, GEMMs with lower Km and 

higher kcat can be developed to simplify the application of GEMMs as available GEMMs 

often have to be expressed at high levels to perturb the target metabolic parameter. The 

latter can be achieved by rational mutagenesis, directed evolution or by testing additional 

homologues from evolutionary diverse organisms. Second, catalytically dead versions of 

GEMMs can be developed for the use as negative controls in GEMM experiments. Third, 

GEMMs for manipulation of ΔΨm and superoxide currently require light activation that 

allows very rapid manipulation of ΔΨm and superoxide but significantly complicates 

and limits the types of experiments that can be performed. Availability of GEMMs for 

manipulation of ΔΨm and superoxide that do not require light activation will simplify 

manipulation of ΔΨm and superoxide. Finally, small molecule inhibitors and activators of 

GEMMs can be developed to allow for acute activation and inhibition of GEMM activity.

Another important area for improvement of fluorescence sensors and GEMMs is synthetic 

biology. Application of GEMMs depends on our ability to express GEMMs at different 

levels, in different tissues and with precise temporal control. GEMMs will benefit from 

improvement in our ability to quantitatively predict the effect of codon optimization, introns, 

5’- and 3’-UTR and Kozak sequences on levels of gene expression. Similarly, further 

development of inducible expression systems will allow for precise control of level of 

GEMM expression with temporal resolution. The long-term goal would be to have GEMM 

constructs that could achieve tuneable GEMM expression with a dynamic range of 10–100-

fold and with precise temporal control.

We hope that this overview of available genetically encoded tools for measuring and 

manipulating metabolism will encourage more people to use these reagents and to join 

the effort of developing new tools in this area. These genetically encoded tools will empower 

the research community to answer entirely new questions about the regulation of metabolism 

and help us uncover the molecular mechanisms that drive the effect of nutrition on aging and 

age-associated diseases.
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Figure 1. 
Overview of the regulation of metabolism and cell physiology by nucleotides, amino acids, 

lipids, and bioenergetic ratios.
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Figure 2. 
Schematic structures of select fluorescence sensor for measuring metabolism. The binding 

of a metabolite causes a conformational change that results in a change in fluorescence 

properties of the sensor like brightness or FRET. Depicted structures of sensors are made by 

merging the structures of sensing domains and fluorescence proteins and do not represent 

actual structures of full-length sensors, which have not been determined. The following PDB 

structures of sensing domains were used: LigA (5TT5), PiBP(1A40), LldR(2DI3), T-Rex 

(1XCB), Orp1 (3CMI), Gpx1 (7C10), GlnK1 (2J9E).

Choe and Titov Page 18

Nat Chem Biol. Author manuscript; available in PMC 2022 November 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 3. 
Structures and reactions catalyzed by several available GEMMs. Light activation is 

required for activation of mtOFF, for driving proton pumping of mtON against proton-

motive force and for production of superoxide by KillerRed and singlet oxygen by 

miniSOG. The following PDB structures were used: LbNOX (5ER0), TPNOX(5VOH), 

AOX(3VV9), NDI1(4G9K), DAAO(1C0I), mtON(1QKO), mtOFF(1QKO), KillerRed 

(3GB3) and miniSOG(6GPU).
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Figure 4. 
Schematic of the use of GEMMs and fluorescence sensors. GEMMs can be used to mimic 

the effect of treatments on specific metabolites and bioenergetic ratios. The latter can be 

used to establish the causal role of a metabolic parameter changes in mediating the effect 

of treatment on the phenotype of interest. Fluorescence sensors can be used to measure 

metabolites and bioenergetic ratio in live cells and organisms.
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Table 1.

Properties of genetically encoded sensors.

Sensed 
Parameter

Name of Sensor EC50 Detectable range of 
parameter

Dynamic 
range (ΔF/
Fmin)

Physiological 
range of 
parameter54,55

Positive control

Bioenergetic parameters

NADH/NAD+ Peredox56

SoNar22

Frex

0.01
0.025

0.001–0.05
0.001–1

1.5
15

Cytosolic: 0.05–
0.0157

Mitochondrial: 0.1–
0.257

Antimycin A
FCCP

NAD+

NAD+ biosensor

58

FiNad

59

NAD-Snifit

60

60μM
1.3mM
60μM

0.01–1 mM
0.1–10mM
0.01–1mM

2
7
7

0.1–0.4mM61–63 Nicotinamide 
riboside
FK866

ATP/ADP PercevalHR 51 3.5 0.4–40 3 1–5054,55,64,65 Oligomycin
Glucose 
withdrawal

ATP
Ateam

66

QUEEN

67

iATPSnFR

68

3mM
2mM
150μM

1–10mM
1–10mM
10μM-1mM

1.5
3
2.4

1–10mM64,65 Oligomycin
Glucose 
withdrawal

Phosphate FLIPPi 69 1μM-30mM 0.1μM-100mM 0.5–0.7 1–10mM70 Phosphate

NADPH iNap 21 1–20μM 0.1–1000μM 8 10–200μM61,71 H2O2, diamide

NADPH/
NADP+

NADP-Snifit 60 30 1–100 7 10–10072 H2O2 diamide

GSH/GSSG GRX1-roGFP2 18 40 5–100 GSH/GSSG 8 10–10073,74 H2O2 diamide

H2O2
Orp1-roGFP2

19

HyPer

75

0.5μM
0.1μM

0.05–10μM (H2O2)
0.01–1μM (H2O2)

6
4

1–700 nM76,77 H2O2 diamide

Intermediary metabolism

Glucose
FLII12Pglu-700μδ6

78

0.7mM
0.03–3mM

0.05–10mM
1μM-100mM

0.7
5

3–10 mM (human 
blood)

Glucose
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Sensed 
Parameter

Name of Sensor EC50 Detectable range of 
parameter

Dynamic 
range (ΔF/
Fmin)

Physiological 
range of 
parameter54,55

Positive control

FGBP

79

Pyruvate
PyronicSF

80

PYRATES

81

0.5 mM
65 μM

0.03–3mM
0.01–1mM

2.5
0.2

∼300μM55 Pyruvate

Lactate Laconic 82 0.1mM 1μM-10mM 0.2 1–10mM83,84 Lactate

Citrate
Citron1

53

Citroff1

53

1.1mM
5 μM

0.01–10mM
1–100μM

9
18

0.5–1mM54,55 Glucose
BMS-303141
Antimycin A

α-ketoglutarate OGsor 85 0.7mM 0.1–10mM −0.75 ∼1mM54,55 Glutamine

Long Chain 
Fatty Acyl-CoA

LACSer 86 0.3–0.7μM 0.01–100μM 1.2 1–200nM87 Long chain fatty 
acids

Amino acids

Glutamine FLIPQ-TV3.0 88 1μM-8mM 0.1μM-20mM 0.1–0.26 1–20mM54,55 Glutamine

Glutamate
iGluSnFR

89

GluSnFR

90

110μM
2μM

1μM - 1mM
0.1–10μM

4.5
0.44

20–60mM54,55 Glutamate

Histidine
FHisJ

91

FLIP-cpHisJ194

92

22μM
14μM

1μM - 1mM
1μM - 1mM

5
0.63

0.5–1mM54,55 Histidine

BCAA
OLIVe

93

BCAA sensor

94

0.1–1mM
1–10μM

0.01–10mM
0.1–100μM

0.9
1.6

3–5mM54,55 BCAA

Glycine GlyFS 95 20μM 1μM-1mM 0.2 3–6mM54,55 Glycine

Arginine FLIP-cpArtJ185 92 10μM 1–100μM 0.5 0.1–0.3mM54,55 Arginine
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Sensed 
Parameter

Name of Sensor EC50 Detectable range of 
parameter

Dynamic 
range (ΔF/
Fmin)

Physiological 
range of 
parameter54,55

Positive control

Tryptophan FLIPW 96 100μM 15μM-1mM 0.3 ∼0.2mM54,55 Tryptophan

*
Values are rounded to two significant digits and one significant digit for physiological range.
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Table 2.

Chemical reactions catalyzed by GEMMs and their kinetic parameters.

GEMM Chemical reaction Km (μM) kcat (s−1) Physiological concentration of 
metabolites

LbNOX 27 2NADH + 2H+ + O2 → 2NAD+ + 2H2O 70 (NADH) 650 1–200 μM (NADH)61–63

100–400 μM (NAD+3)61–63

TPNOX 28 2NADPH + 2H+ + O2 → 2NADP+ + 2H2O 24 (NADPH) 310 3–200 μM (NADPH)21,61

5–70 μM (NADP+)21,61

LOXCAT 29 2Lactate + 2H+ + O2 → 2Pyruvate + 2H2O 570 (Lactate) 340 1–10 mM (Lactate)83,84

200–400 uM (Pyruvate)97,98

DAAO 99 D-alanine + H2O + O2 → pyruvate + NH4
+ + H2O2 1.0 (Alanine) 80 1–700 nM (H2O2)76,77

NDM 100 NADH + H+ + CoQ → NAD+ + CoQH2 9.4 (NADH) 80 1–200 uM (NADH)61–63

∼100–400 uM (NAD+)61–63

AOX 40 2CoQH2 + O2 → 2CoQ + 2H2O 340 (CoQH2) 410 ND

MitoChR2

31

ABCB-ChR2

32

mtOFF

H+
mito matrix + hγ → H+

mito intermembrane space ND ND ΔΨm ∼ 150–220mV

mtON

33

mito-dR

34

H+
mito intermembrane space + hγ → H+

mito matrix ND ND pH ∼7.4 cyto
pH ∼ 7.8 mito

ΔΨm ∼ 150–220mV

miniSOG 37 O2 + hγ → 1O2 (singlet oxygen) ND ND << 1pM

Killer Red 35 O2 + hγ → O2
•−(superoxide) ND ND 1–100pM

*
Values are rounded to two significant digits and one significant digit for physiological range.
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