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Fluorescent proteins and the biosensors created with them have been used extensively to monitor 

chemical species inside and outside of the cell. They have been used to increase our knowledge of 

cellular function in normal and diseased states. Fluorescent biosensors are advantageous because 

they can be genetically encoded, do not require exogenous reagents, and can be quantitative. 

Fluorescent biosensors are also able to measure analytes with high spatial and temporal resolutions, 

enabling measurements at the scale of physiological events. In this thesis efforts have made to 

increase the available fluorescent biosensor tools for imaging cellular events. This work includes 

creation of new sensors for two molecules not yet detectable via fluorescent protein biosensor, 

acetylcholine and adenosine diphosphate. Efforts were also made to improve the current available 

biosensors for adenosine triphosphate and cellular redox, to make them more compatible with 

multiplex and deep tissue imaging. Here I present my work to design, characterize and utilize these 

fluorescent biosensors.
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 INTRODUCTION 

1.1 Fluorescent Protein Based Biosensors 

When green fluorescent protein (GFP) was first cloned and expressed in bacteria and C. 

elegans it was a groundbreaking discovery that paved the way for a deluge of biological 

discoveries1. As a genetically encoded fluorescent indicator, it allowed scientist to easily track 

anything from cell subtypes to tumor growth, and even to track of protein localization within cells2–

7. The discovery of GFP also created the field of genetically encoded fluorescent biosensors, which 

has since exploded. With the discovery of red fluorescent proteins (RFP) derived from corals as 

well as the work to shift the spectral properties of GFP there are now a large pallet of fluorescent 

proteins available8,9. Using the variety of fluorescent proteins, researchers have developed a wide 

array of biosensors capable of detecting a vast number of cellular species10.  

Fluorescent biosensors can be broadly separated into two categories based on the type of 

signal they output, intensiometric or ratiometric. Intensiometric sensors output signals that are 

measured by changes in intensity based on the response to changes in the analyte. These types of 

sensors are generally more difficult to use quantitatively because the signal can be more easily 

affected by expression levels and bleaching artifacts. Ratiometric sensors are measured via two 

distinct signals, one that is directly proportionate to changes in the analyte and another that is 

indirectly proportionate to those same changes. This allows the derivation of a ratio and makes 

these types of sensors intrinsically quantitative. Such sensors are less likely to be affected by 

changes in protein expression or bleaching of the sensor. Since ratiometric sensors are less likely 

to be affected by these artifacts, they are generally considered more useful. However, this is not to 

say that intensiometric sensors are not useful, they are well suited to take event-based 

measurements and because ratiometric sensor require multiple signal outputs they take up more 

spectral space than intensiometric sensors, thus limiting their use in multiplex imaging. 

There are a few basic ways in which a biosensor can be created: 1) alter the structure of the 

fluorescent protein (FP) itself so that it becomes sensitive to an analyte 2) fuse a single FP to 

another protein domain that confers sensitivity to an analyte 3) fuse two or more FPs to another 

protein domain that is sensitive to analyte and thus changes the way the FPs interact with each 

other.  
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Biosensors that rely on alterations made directly to the fluorescent protein are generally 

capable of detecting cellular species that can directly react with or bind to individual amino acids 

in proteins in general, such as pH and reactive oxygen species (ROS). Some examples of this type 

of sensor are the pH sensors pHluorin11, pHRed12, and mCherryEA13 that utilize the innate pH 

sensitivity of FPs, conferred by the hydroxyl group in the chromophore, but improve upon it by 

mutating key residues surrounding the chromophore. Other examples are the redox sensitive 

sensors, the roGFPs14,15, which have cysteines engineered close to the chromophore which can be 

reduced or oxidized thus forming or breaking a disulfide bridge which then causes strain the on 

the β-barrel, altering fluorescence. This type of sensor is great for detecting smaller molecules that 

can easily alter amino acids sidechains (via disulfide bond formation or protonation/deprotonation 

events, etc.), but to detect larger and more varied molecules biosensors require a sensing domain. 

Sensing domains are usually proteins or parts of proteins that natively bind the substrate of 

interest and have a conformational change upon binding that specific substrate. The 

conformational change in the sensing domain is relayed to the FP which then causes a measurable 

change in the fluorescence. Sensing domains can be from any type of organism, from periplasmic 

binding domains of bacterial ABC-transporters to human G-protein coupled receptors. When fused 

to a single FP, these sensing domains can be used to create intensiometric probes such as GACh16, 

MaLions17, GCaMPs18,and ArcLight19, for acetylcholine, ATP, Ca2+, and cell potential 

respectively. Single FP fusions can also be used to make ratiometric sensor such as Perceval20, the 

Queens21, GEM-GECO22, and REX-GECO23 which can quantitatively measure ADP/ATP ratio, 

ATP, and calcium.  

By fusing two FPs to a sensing domain you can create a ratiometric biosensor that utilizes 

Förster resonance energy transfer (FRET) as a sensing paradigm. FRET is a non-radiative energy 

transfer between two chromophores and the efficiency of that transfer is based on spectral overlap, 

relative distance, and orientation of the two chromophores. Therefore, in order to create a FRET 

based sensor the conformational change of the sensing domain must alter the relative distance or 

orientation between the two FPs. This technique has been used to create many sensors, including 

ATeam24, Twitch25, and AKAR26 which can detect ATP, calcium, and PKA activity.  

While there are a multitude of sensors available, there is also a preponderance of 

improvements that can be made, including enhancing dynamic range, sensitivity, and signal-to-

noise of current sensors. In addition, new sensors need to be developed that are ratiometric or red-
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shifted versions of those currently available, allowing quantitative and multiples imaging 

respectively. There are also many biologically relevant molecules that do not currently have a 

biosensor capable of specifically detecting them including ADP and adenosine. 

In this thesis I will discuss my efforts to make improved biosensors for acetylcholine, ATP, 

ADP, and cellular redox. 

1.2 Cholinergic sensors 

Cholinergic signaling, mediated by acetylcholine, has been shown to affect movement and 

cognitive function in the prefrontal cortex, with observed changes in attention and cue detection27–

29. In neurological diseases such as Parkinson’s and Alzheimer’s, these functions have been shown 

to deteriorate in parallel with loss of cholinergic neuron function in various regions of the brain30–

32. There is also evidence to suggest that individuals with autism spectrum disorders have 

decreased levels of nicotinic acetylcholine receptors, which are involved in cholinergic signaling, 

in the cerebellum as well as the prefrontal and parietal cortices33. Although acetylcholine is known 

to be involved in these behavioral and disease states, there remains a distinct gap in knowledge 

about how cholinergic signals propagate, affect pathways, and become altered in these various 

disorders34. 

To address this problem, tools are needed to quantitatively measure fluctuating levels of 

acetylcholine within the timescale of neurological signaling (ms-s) and the spatial area of a 

cholinergic circuit (nm-cm). Current methods for the detection of acetylcholine or its byproduct 

choline typically involve micro-dialysis and electrochemical sensors. These techniques have 

allowed for the determination of the accepted 5-10 µM general physiological range of extracellular 

choline35–37. Using these techniques, normal and dysregulated cholinergic signaling has also been 

observed38–41. However, both microdialysis and microelectrode techniques limit the spatial and 

temporal resolution of the measurement, as well as potentially cause damage and scaring to the 

tissue, which can alter cellular behavior42. These limits in our current ability to monitor cholinergic 

signaling in brain regions require the development of new tools that can accurately track 

acetylcholine release, diffusion, and clearance with high resolution. 

Fluorescent biosensors offer a method to both increase resolution, as well as quantitatively 

measure levels of biomarkers, monitor cell signaling, and track enzyme activity43,44. Currently 

there are biosensors that can be used to study cholinergic signaling indirectly. This can be achieved 
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by measuring changes in secondary messengers, such as increased intracellular Ca+2, caused by 

activation of muscarinic acetylcholine receptors45–47. Recently, a fluorescent biosensor for 

acetylcholine was published that used the muscarinic acetylcholine receptor as a sensing domain 

and circular permuted GFP (cpGFP) as the fluorescent reporter16. However, this sensor is 

intensiometric, and while it was shown to be useful in monitoring acetylcholine release it could 

not be used to quantitate extracellular levels. Also, because the sensing domain is an integral 

membrane protein there is a need for a soluble biosensor for acetylcholine.  

1.3 ATP 

 Adenosine triphosphate (ATP) is an important cellular molecule; it acts as the energy 

currency of the cell, is involved in post translational modification, and is an important signaling 

molecule.  

 Due to ATP’s importance in cellular biology, it is no surprise that there are many available 

methods for measurement of ATP, including a veritable menagerie of fluorescent biosensors 

including Perceval, the ATeam sensors, and the Queen sensors. Perceval is a ratiometric yellow 

sensor capable of measuring the ATP to ADP ratio inside of cells20,48. The ATeam sensors are 

FRET-based biosensors that use the epsilon subunit from various bacterial ATP synthases to 

measure multiple ranges of ATP concentrations24. The Queen family of ATP sensors are another 

type of ATP sensor that utilizes the same epsilon subunits, but Queen only uses one fluorescent 

protein, cpEGFP, as the reporter21. These sensors have time and again been shown useful for 

measuring ATP concentrations inside and outside of the cell20,21,24,48,49, but they have one limiting 

characteristic, they all occupy the cyan-yellow spectral space. This limits their use for multiplex 

imaging with other cyan-yellow sensors and monitoring ATP in multiple subcellular locals. It also 

limits their use in deeper tissue imaging experiments because their excitation and emission 

wavelengths are easily absorbed by and can cause damage to tissue. To solve these two problems, 

there is a need for sensors that are red shifted and are compatible with deep tissue imaging. Some 

newly minted sensors help to partially fill this need. The MaLionR sensor is a red ATP sensor that 

was recently developed17. However, because it is an intensiometric sensor, it cannot be used to 

quantitate ATP concentrations and can only be used to observe changes. ATP sensors have also 

been created using a single FP paired with a luminescent protein, and they use bioluminescence 

resonance energy transfer (BRET) to detect changes in ATP. Both the NanoLantern family of 
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sensors and the BTeam sensors use this approach50,51. However, there are still issues with using 

these sensors in tissue due to the yellow emission light from the acceptor FPs. So, there is still a 

need for red-shifted and deep tissue compatible ratiometric sensors for detecting ATP. 

1.4 ADP 

Purinergic signaling is involved in pain sensation, immune responses and neuronal-glial 

communication and is mediated mainly by ATP, ADP, and adenosine52–57. To better understand 

the dynamics of purinergic signaling we need to be able to follow changes in the extracellular 

concentrations of both ATP and ADP. 

Existing sensors for measuring ATP, including the Queen and ATeam sensors, can be used 

to measure extracellular ATP. In fact, the ATeam sensors have been successfully targeted to the 

extracellular membrane and used to measure changes in ATP concentrations in the extracellular 

space49. What is now needed are sensors for the other component of purinergic signaling, ADP. A 

sensor for ADP has been developed using a bacterial actin-like protein, ParM, as the sensing 

domain and various synthetic dyes as the reporters58,59. However, because they require dyes to 

function, these sensors have only been used in plate-based assays and have yet to be incorporated 

into cells58,59. There is still an evident need for a fully genetically encoded biosensor capable of 

detecting ADP in the extracellular space. 

1.5 Redox 

The balance of reduction-oxidation (redox) reactions inside of living cells is imperative for 

maintaining cell health. This balance is generally maintained by a redox network made up of 

enzymatic and non-enzymatic buffers like glutathione60–62. Loss of that balance has been known 

to lead to certain disease states in aging, cancer, and Parkinson’s disease among others63–66. 

Regulated levels reactive oxygen species (ROS) are involved in normal metabolism and signaling, 

but as ROS levels become elevated above what the redox network can handle, it can begin to cause 

cellular damage than can lead to cell death67. To fully understand the redox network inside of cells, 

we must take into account the different redox networks in different organelles and how these redox 

networks interact with each other68–73.  
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Currently tools exist that enable us to shed light on the redox networks inside of cells. The 

roGFP family of fluorescent biosensors are one set of such tools14,15. The roGFPs are ratiometric 

sensors of redox potentials, so they allow for the quantitative measurement of redox networks 

inside of cells. These sensors can also be fused with cellular redox enzymes such as, glutaredoxin-

1 (Grx1) and oxidant receptor peroxidase-1 (Orp1), to improve kinetics and make them specific 

for glutathione and hydrogen peroxide respectively74. 

Unfortunately, because the roGFP-based sensors all emit green fluorescence, accurately 

measuring redox dynamics in multiple subcellular compartments is not feasible. There some 

available red fluorescent redox sensors, HyPerRed75 and rxRFP76, but unlike the roGFPs, these 

sensors are not ratiometric, and they can only be used to observe relative changes and are not 

quantitative. 

Therefore, there is a distinct need for a red shifted ratiometric biosensor capable of 

detecting changes to the redox environment inside of cells.  

It is therefore the goal of this body of work to create new fluorescent biosensors that fill 

the gaps in our current toolbox. This thesis will present our work toward creating a soluble and 

ratiometric fluorescent sensor capable of detect acetylcholine. This work also includes our progress 

toward improved sensors for detecting ATP in the red wavelengths and in deep tissue. We also 

made significant progress in the creation of a fully genetically encoded biosensor capable of 

detecting ADP on the extracellular side of the plasma membrane. Finally, we successfully created 

a red, ratiometric sensor that can be used to measure the redox status of cellular organelles 

simultaneously with the roGFPs.  
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 ENGINEERING A FLUORESCENT BIOSENSOR FOR 

MEASURING CHOLINERGIC SIGNALING 

2.1 Introduction 

Acetylcholine is a neurotransmitter that is involved in motor control, learning, and attention. 

It is thought that acetylcholine can act through volume transmission as well as traditional fast 

synaptic transmission42,77–80. Acting as a neuromodulator, acetylcholine can affect the underlying 

mechanism of complex behaviors by modulating excitability, influencing the release of other 

neurotransmitters, inducing synaptic plasticity, and coordinating firing amongst neurons78. 

Acetylcholine acts through two types of receptors, nicotinic ion-channels and muscarinic G-

protein coupled receptors. Cholinergic signaling is implicated in relaying sensory information in 

mice and C. elegans81,82. Basal forebrain projections into the prefrontal cortex have also been 

shown to use cholinergic signaling in attention and cue detection tasks28,81. Acetylcholine release 

in the striatum, which is heavily involved in motor control, has been shown to cause synaptic 

release of dopamine and γ-aminobutyric acid (GABA) in the striatum without inducing an action 

potential83–85. Substantia nigra dopaminergic neurons innervate the striatum and are involved in 

the regulation of the tonic firing rate of striatal cholinergic interneurons86,87.  

Many pathological states involve dysfunction of cholinergic signaling. For example, in 

Parkinson’s disease, the death of dopaminergic neurons in the substantia nigra drastically 

decreases the concentration of dopamine released in the striatum. It has been observed that as 

dopamine levels decrease, striatal release of acetylcholine increases88,89. In the prefrontal cortex 

cholinergic signaling has been shown to affect movement as well as cognitive functions like 

attention and cue detection. In neurological diseases, including Parkinson’s disease and 

Alzheimer’s, these functions have been shown to deteriorate in parallel with the loss of function 

of cholinergic neurons in different brain regions30–32. There is also evidence showing that there are 

lower levels of nicotinic acetylcholine receptors, involved in cholinergic signaling, in the 

cerebellum and prefrontal cortex of individuals with autism spectrum disorders33. In these cases, 

there is some understanding about which neurons play a role in cholinergic signaling. However, at 

present there is a distinct gap in our knowledge about how acetylcholine release and clearance 

dynamics affect these behaviors and how they are altered in different diseases and disorders34. This 
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gap in knowledge has persisted because we need methods to directly observe acetylcholine levels 

in intact tissue. 

Current methods of detecting acetylcholine include the use of microelectrodes, and 

microdialysis coupled to liquid chromatography or mass spectrometry38–40. Using these methods, 

normal extracellular acetylcholine levels have been measured at 5-10 µM concentrations, aberrant 

cholinergic signaling has been detected in Alzheimer’s disease, and they have significantly 

advanced our understanding of how acetylcholine can act as a neuromodulator. However, current 

methods do have their limitations often because they rely on indirect signals or they lack spatial 

and temporal resolution, limiting our ability to fully study the dynamics of cholinergic signaling35–

37,39,77,90. For example, the use of microelectrodes requires coupling them with enzymes to detect 

acetylcholine and choline, typically acetylcholinesterase and choline oxidase respectively. These 

microelectrodes can still be affected by other electroactive biomolecules in vivo and can also cause 

significant scarring38,42. 

In contrast to microelectrodes and microdialysis probes, genetically encoded fluorescent 

protein sensors offer a much less invasive way to image cellular processes in real-time and at 

cellular resolutions. Currently, sensors have been designed for use in live cells to image metabolite 

concentrations and signaling pathways43,44. The CNiFER sensors have been used to image 

acetylcholine release, the sensor expressed on adjacent cells detects acetylcholine when it binds to 

its receptor. This then causes intracellular calcium levels to increase which is monitored with the 

calcium indicator TN-XXL45,47. Since these sensors rely on detecting changing levels of secondary 

messengers this leads to an indirect measurement of cholinergic signaling45,46. Recently, a new 

sensor has been developed that is capable of directly measuring cholinergic signaling by measuring 

sensor binding. The GACh sensor is a fusion of cpGFP and the muscarinic acetylcholine receptor, 

a GPCR. When acetylcholine binds to the receptor portion of the sensor, it causes an increase in 

the intensity of green emitted light. GACh was shown to be capable of measuring cholinergic 

signaling in cultured neurons and pancreatic cells as well as in live fruit flies and mice16. However, 

because part of the sensor is an integral membrane protein, the GACh sensor is not soluble and 

cannot be used elsewhere in the cell or fully characterized in vitro. Also, because the reporter is 

intensiometric this sensor can only detect release and clearance events and cannot be easily or 

accurately used to quantitatively measure extracellular concentrations of acetylcholine. Thus, there 
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remains a clear need for a soluble and ratiometric biosensor to directly detect acetylcholine, 

providing a scientific premise for this project. 

2.2 Design of a Genetically Encoded Acetylcholine Biosensor 

We engineered a fluorescent sensor for acetylcholine by fusing a sensing domain that binds 

to acetylcholine to a fluorescent protein reporting domain. Our sensing domain is the choline and 

acetylcholine binding protein, ChoX, of the ATP-binding cassette transporter ChoVWX from 

Sinorhizobium meliloti. We chose ChoX as our sensing domain because it is known to bind both 

acetylcholine and choline, and the crystal structures for the semi-open unbound form and the 

closed bound form have been reported91–93. ChoX undergoes a clam-shell-like closing motion upon 

binding its ligand, and this global closing motion also causes small localized conformational 

changes in various regions of the protein (Figure 1). 

 

A  

B  

Figure 1 A. Comparison of the apo (PDB 2REJ) and bound (PDB 2REG) states of ChoX upon 

binding its ligand92. B. Cartoon of the acetylcholine biosensor design in which ChoX, the sensing 

domain, is coupled to a circularly permuted GFP (cpGFP), the reporting domain. 

 

By comparing the crystal structures of the unbound semi-open form to the bound closed 

form of ChoX, we identified sites, surface-exposed loops in particular, which experience 



24 

 

conformational changes. Site selection was based on a gain or loss of β-sheets, changes in the 

dihedral angle between amino acids, or spatial relocation of loops (Figure 2). We also compared 

the structure of ChoX to a maltose-binding protein and a glutamate-binding protein used 

previously to create similar sensors, to identify sites other groups have used that are structurally 

homologous to ChoX94,95. 
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Figure 2 Selected insertions sites in ChoX. A) Alignment of the bound, closed state in cyan 

(2REG)92 with the apo semi-open state in green (2REJ)92 with selected insertion sites at G116, 

A241, and D304 highlighted. B) Position 116 was selected because of the conformational change 

upon binding to choline and its location within the hinge region C) Position 241 was selected 

because it is structurally similar to a site selected for creating a maltose sensor94 D) Position 304 

was selected because it is surface exposed and shows a slight shift upon binding to choline. 

 

Using this information, we then designed fluorescent sensor candidates in which ChoX is 

fused to cpEGFP at the sites that were identified to undergo a ligand-dependent conformational 

change. cpEGFP is a version of EGFP that has been mutated to have its N- and C- termini moved 
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closer in proximity to the chromophore, allowing us to more easily affect the fluorescence. By 

fusing cpEGFP to a site in ChoX that has a conformational change, acetylcholine binding may be 

able to induce a change in the structure of cpEGFP that will measurably affect its 

fluorescence18,43,44,94. The N- and C-termini of cpEGFP were fused to ChoX using short peptide 

linkers that are also genetically encoded. 

To fully optimize the acetylcholine biosensor, several candidates were created, each testing 

one of the multiple potential cpEGFP insertion sites in ChoX that were chosen based on the criteria 

stated above.  

2.3 Characterization of First Round Sensor Candidates 

Three versions of the ChoX-cpEGFP biosensor were initially designed and tested for 

response to choline as a feasibility study (Figure 2). Remarkably, one of the three sensors showed 

a response when the concentration of choline is increased (Figure 3 & 4). Here, we initially used 

choline as a ligand because ChoX has higher affinity to choline compared to acetylcholine92,93 and 

to mitigate concerns about uncatalyzed acetylcholine hydrolysis during processing. The most 

promising candidate, with the cpEGFP inserted after glycine 116 (Figure 5), showed incremental 

decreases in fluorescence intensity when the concentration of choline is increased from 1 nM to 1 

mM (Figure 3). This biosensor responds with an approximate Kd – 482±127nM (mean ± stdev n=3) 

(Figure 4), which is increased in affinity compared to the native Kd of the original choline binding 

protein (2.3 ± 1.0 µM)92,93. The other two biosensor candidates did not show a consistent 

fluorescence change with the addition of choline. Therefore, we focused initially on the first 

candidate. 
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Figure 3 Fluorescent emission spectra of the most promising candidate from the initial set of 

acetylcholine sensors, ChoX-116cpEGFP, in the presence of increasing concentrations of 

choline. This construct was fused to a RFP, mCherry, to normalize the spectra. 

 

 

Figure 4 Choline dose response curve of ChoX-116 sensor candidate. Kd - 482±127nM (n=3 

mean ± stdev) 
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Figure 5 Diagram of the ChoX-116 construct with cpEGFP inserted into the ChoX protein after 

glycine 116. Diagram also show the amino acid makeup of the two linkers that connect ChoX to 

cpEGFP. 

 

After discovering that the ChoX-116 sensor responded to changes in choline concentration, 

we tested to see if it had the ability to detect changes in the acetylcholine concentration. We 

observed the same decrease in fluorescence as before upon addition of increasing concentrations 

of acetylcholine (Figure 6). From this data we estimated the Kd for acetylcholine to be 

44.1±88.4µM (mean ± stdev n=3) (Figure 7), which is within a similar range as the native ChoX 

protein (100±12µM)92. 

 

 

Figure 6 Fluorescent emission spectra of ChoX-116 in the presence of increasing concentrations 

of acetylcholine. Normalized to the emission peak of mCherry fused to the N-terminus. 
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Figure 7 Acetylcholine dose response curve for sensor candidate ChoX-116. Kd – 44.1±88.4µM 

(n=3 mean ± stdev) 

2.4 Conclusions and Future Directions 

Though our best sensor candidate is not ratiometric, we were able to create a soluble 

fluorescent biosensor capable of detecting acetylcholine. This sensor lays the groundwork for 

future generations of sensors that will be able to fill the gap in our current acetylcholine sensing 

technology.  

Optimization of this sensor could include tinkering with the FP and linkers to create a 

ratiometric sensor with greater dynamic range. Directed evolution is also an option that maybe 

useful in tuning the sensitivity to acetylcholine and choline so that the sensor is more sensitive to 

the former.  

2.5 Methods 

The ChoX gene was created as G-block from IDT and was designed to be inserted directly 

into the pRsetB vector directly using Gibson assembly. Sensors were constructed by Gibson 

Assembly using the NEB HiFi kit. Sensors were tagged with mCherry, an RFP, on the N-terminal 

end so that the fluorescent could be easily normalized. 

Sensor candidates were expressed as His-tagged protein in BL21(DE3) E. coli and purified 

by nickel-affinity chromatography. Protein concentrations were obtained using a BCA assay. 
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The fluorescence choline and acetylcholine dose-response curves for purified protein 

solutions were measured on a BioTek Synergy H4 multi-mode microplate reader at ambient 

temperature. Assays were run in a MOPS + Mg2+ buffer (100mM MOPS, 50mM KCl, 5mM NaCl, 

0.5mM MgCl2, 0.1% BSA). Choline or acetylcholine was added repeatedly to a single well at 

increased concentrations, excitation and emissions scans were performed after every addition. 
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 ENABLING MULTIPLEX IMAGING OF ATP WITH 

RED EMITTING BIOSENSORS 

3.1 Introduction 

 ATP is an important cellular molecule; it acts as the energy currency of the cell, is involved 

in post translational modification, and is an important signaling molecule.  

 As such, there have been a multitude of fluorescent protein-based sensors designed to 

monitor ATP levels. Perceval is one such sensor that is ideal for detecting energy levels inside of 

cells by monitoring the ATP to ADP ratio20,48. Perceval and its subsequent generations enable us 

to monitor overall cell health as measured by energy levels by ratiometrically shifting the two 

excitation peaks of a yellow fluorescent protein20,48. Another sensor that has been designed to 

answer questions focused on cellular ATP levels is the ATeam family of sensors24. ATeam uses 

the epsilon subunit from bacterial ATP synthases as a sensing domain and a cyan-yellow pair of 

fluorescent proteins that can be used to measure a FRET response24. Since FRET is an innately 

ratiometric measurement, the ATeam sensors can easily be used to quantitate the amount of ATP 

inside of cells. It has also been shown that epsilon subunits from different species of bacteria can 

be used and combined to tune the specificity of ATeam to a range that is useful for any 

application24. The Queen family of ATP sensors are another type of ATP sensor that utilizes the 

same epsilon subunit used in the ATeam sensors, but Queen only uses one fluorescent protein, 

cpEGFP, as the reporter21. Since cpEGFP has two excitation peaks, the Queen sensor are also 

ratiometric and quantitative like ATeam. As with the ATeam sensors, the epsilon subunit used in 

the Queen sensors can also be tuned to specifically fit the needs of different systems with different 

expected ATP concentrations. 

 While the all of these sensors have proven useful for measuring ATP, they have one 

limiting characteristic, they all occupy the cyan-yellow spectral space. This is limiting because: 1) 

many current sensors occupy the same spectral space, limiting their use to simultaneously make 

measurements of different analytes or in different sub-cellular compartments and 2) cyan-yellow 

fluorescent biosensors are not as useful for imaging deeper within tissue because the excitation 

and emission wavelengths are more easily absorbed by and can cause damage to the tissue. To 

solve these two problems, we have designed two sensors, a red fluorescent protein-based ATP 
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sensor to enable multiplex imaging and a bioluminescent resonance energy transfer (BRET) based 

ATP sensor for in vivo and in tissue imaging. 

3.2 Red Shifting the Queen Family of ATP sensors 

By utilizing the same sensing domain as the ATeam and Queen sensors, the epsilon subunit, 

but replacing the reporting domain with a red fluorescent protein we aimed to create a ratiometric, 

red fluorescent biosensor capable of detecting ATP within multiple physiologically relevant ranges 

(Figure 8)21,24. This would allow for the simultaneous detection of ATP in multiple different 

subcellular compartments, as well as enable the use of another cyan-yellow sensor at the same 

time as these red ATP sensors.  

 

 

Figure 8 Diagram of the Queen ATP sensors and the proposed Red Queen ATP sensors. 

 

In designing the Red Queen sensors, we planned to utilize cpRFPs that had previously been 

used in other red fluorescent biosensors and had decent dynamic ranges (Table 1). This approach 

was previously successfully applied for the creation of a wide spectral range of calcium sensors22. 

Due to the important role linkers play in creation of fluorescent protein-based biosensors, our first 
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attempts to create the Red Queens included a linker library. This library included linkers designed 

based on the linkers originally cloned into the Queen sensors as well as the linkers found in the 

red sensors which we are pulling the RFPs from. 

 

Table 1 RFPs selected to create Red Queens R-GECO46, REX-GECO23, and RCaMP96 

Parent Sensor 

Fluorescent 

Protein 

Circular 

Permutation 

Excitation 

Wavelength 

Emission 

Wavelength 

Dynamic 

Range 

R-GECO1.2 mApple 145 445, 557 600 16 

REX-GECO1 

mApple 

mutant 145 480 585 100 

RCaMP1h mRuby 142 571 594 10.5 

 

 

However, after cloning the three libraries, one for each RFP, we ran into difficulties 

expressing our Red Queens in a format that was compatible with higher throughput screens (Figure 

9). After screening more than 300 colonies over a four-month period we still had not achieved a 

good level of expression or any measurable response to changing ATP levels. We attempted to 

resolve this issue by screening a multitude of expression conditions including four types of media, 

three different expression time courses, three expression temperatures, two different culture 

volumes, and three bacterial cell lines to no avail. Circularly permuted RFPs are known to be 

notoriously finicky and difficult to work with. Native RFPs require good access to oxygen to 

properly mature and it is difficult to achieve the proper level of aeration in a 96-well format and 

cpRFPs compound the problem because the new termini can further impair maturation. This 

severely limited our ability to make progress in the production of these sensors. Even when we 

were able to achieve some level of expression and were able to screen the library with methods 

previously described21 the sensor candidates showed no response (Figure 9A). These non-

responders likely had linkers that were able to ensure maturation but were not able to transfer the 

conformational change from the ε-subunit to the RFP. While we were troubleshooting our 

expression system, a set of red, green, and blue ATP sensors were published17. However, these 

sensors are intensiometric and cannot be used quantitatively. Therefore, the Red Queens are still 

poised to be the first ratiometric red fluorescent biosensors of ATP as our work continues. 
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Figure 9 Spectra from library screens of Red Queen ATP sensors detailing the difficulties 

encountered. A) Poor expression of the Red Queen library (gray) when the positive controls 

(ATeam, blue & RCaMP1h, red) express well. As a note, this library screened the REX sensors, 

which have different spectral properties when compared to the RCaMP control, which is why the 

red peak is not resolved B) Even with decent expression no change in fluorescence upon 

challenge with KCN was observed 

3.3 Creating a BRET based Biosensor for ATP 

Another strategy to expand the color palette and overcome the issues green fluorescent sensors 

have with tissue penetration is to use some form of bioluminescence. Bioluminescent proteins do 

not require excitation light, so they are more ideal for deep tissue imaging, and they can also 

participate in resonance energy transfers with fluorescent proteins including RFPs97. Therefore, 

our aim was to create a BRET-based biosensor for detecting changes in ATP concentrations 

(Figure 10).  

 

 

Figure 10 Sensor designs. Diagrams of a BRET-ATP sensor depict NanoLuc in blue, the B. 

subtilis ε-subunit in grey, and an RFP in red 

 

Again, using the sensing domain from both the ATeam and Queen sensors, we planned on 

fusing the ε-subunit to a common bioluminescent protein, NanoLuc, as the energy transfer donor 

and an RFP to act as the acceptor21,24,97,98. NanoLuc has been shown to very efficiently transfer 
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energy to many color variants of fluorescent proteins including a GFP and a RFP97. We chose to 

initially try two different RFPs as the acceptor, tdTomato and one of its derivatives 

GRvTomato99,100. tdTomato was chosen because it is one of the brightest known RFPs and it has 

been shown to be a good BRET acceptor when paired with NanoLuc97,99. GRvTomato was chosen 

because one of the chromophores remains green and a GFP-NanoLuc pairing previously showed 

no residual bioluminescence making it an ideal candidate for a BRET sensor97,100. When paired 

together as an ATP sensor we were able to measure significant BRET between the NanoLuc and 

the respective RFP (Figure 11). From here we went onto more specifically test the response of 

these sensors to ATP. 

 

   

Figure 11 Spectra of NanoLuc-RFP fusions demonstrating BRET in between the NanoLuc 

Luciferase and the RFP A) GRvTomato and B) tdTomato. Solid lines are in the presence of 

10mM ATP, dashed lines are with no ATP present. 

 

We were able to measure an ATP dose dependent response for both the GRvTomato-

NanoLuc sensor and the tdTomato-NanoLuc sensor (Figure 12). Both the GRvT-NanoLuc and the 

tdTomato-NanoLuc sensors had similar KD’s, 2.28±0.36mM and 2.36±0.40mM (mean ± stdev n=3) 

respectively, but the tdTomato-NanoLuc sensor had a greater dynamic range. 
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Figure 12 Dose responses of the two BRET based biosensors for ATP. A) The dose response of 

the Green-Red vine Tomato – epsilon subunit – NanoLuc fusion (n=3 mean ± stdev). B) The 

dose response of the tdTomato – epsilon subunit – NanoLuc fusion. Each point is an average, 

errors bars represent standard deviation, curve is derived from the fitting (n=3 mean ± stdev). 

 

Though both sensors have decent dynamic ranges, they were further optimized by another 

member of the lab by testing different RFP acceptors. One of which, mScarlet101, had an increase 

in the dynamic range and was then shown to be visible through mouse epidermis. 

3.4 Conclusions 

We have taken the first steps toward the creation of fluorescent ATP sensors that are useful 

in multiplex imaging and tissue imaging.  

The design of the Red Queen sensors is still valid, because the MaLION sensors are 

qualitative17, and with optimization of the expression system may lead to the first ratiometric red 

fluorescent biosensor capable of detecting ATP. 

The RFP-NanoLuc sensors are the first red-shifted BRET sensors of ATP and are 

compatible with deeper tissue imaging experiments. The next step would be to demonstrate their 

usefulness by answering biological questions possibly in live mice. The epsilon subunit can also 

be exchanged or mutated to tune the specificity of these sensors so that they may be used in a 

multitude of different cellular environments. 

0.00

0.10

0.20

0.30

0.40

0.50

0.60

0 2 4 6 8 10

B
R

E
T

 R
a

ti
o

5
8

0
/4

5
0

[ATP] mM

A

0.00

0.10

0.20

0.30

0.40

0.50

0.60

0 2 4 6 8 10

B
R

E
T

 R
a

ti
o

5
8

0
/4

5
0

[ATP] mM

B



37 

 

3.5 Methods 

Protein Engineering and Library Screen 

Single FP Red ATP sensors 

The three RFPs, cpmApple, cpREXApple, cpmRuby, were fused to the epsilon subunit 

from the Queen2m sensor by Gibson Assembly using the NEB HiFi master mix. These libraries 

were transformed into NEB BL21(DE3) GOLD E. coli for efficient transformation and expression. 

Libraries were expressed in 0.75mL of 1xYT media in deep-well 96 well plates overnight at 37oC 

then for varying amounts of time at room temperature and 4oC. Each library contained a media 

blank, pUC transformed bacterial control, bacteria expressing ATeam1.03 as an ATP-sensor 

positive control, and bacteria expressing RCaMP1h as a red sensor positive control. 

Bacteria were then transferred to M9 minimal media (50mM Na2HPO4, 20mM KH2PO4, 

20mM NH4Cl, 9mM NaCl, 2mM MgSO4, 0.1mM CaCl2, pH 7.5) and diluted to an OD600 of 

approximately 0.2. Fluorescent excitation and emission spectra were then measured: 

The cpmApple and cpmRuby libraries: Excitation spectra – excitation wavelengths 435-570/9nm 

5nm steps emission wavelength 590/9nm. Emission spectra – excitation wavelength 565/9nm, 

emission wavelengths 585-650/9nm 5nm steps. The REXApple libraries: Excitation spectra – 

excitation wavelengths 450-565/9nm 5nm steps emission wavelength 585/9nm, Emission spectra 

– excitation wavelength 480/9 emission wavelengths 500-650/9nm 5nm steps. KCN was then 

added to a final concentration of 10mM, the cultures were incubated with the cyanide for 10 

minutes before a second set of excitation and emission spectra were measured. 

BRET-based ATP sensor 

Sensors were constructed by Gibson Assembly using the NEB HiFi kit, sub-cloned into the 

pRSETB vector for expression as His-tagged protein in BL21(DE3) E. coli and purified by nickel-

affinity chromatography. CeNL/pcDNA3 was a gift from Takeharu Nagai (Addgene plasmid # 

85199), and pBad-HisB-GRvT (Addgene plasmid # 87363) was a gift from Robert Campbell.  

The fluorescence and luminescence ATP dose-response curves for purified protein 

solutions were measured on a BioTek Synergy H4 multi-mode microplate reader at ambient 

temperature. Assays were performed in assay buffer (50mM MOPS-KOH 50mM KCl, 0.5mM 

MgCl2, 0.05% Triton-X, pH-7.3) at protein concentrations of 1µM. ATP was added to each well 

in the entire plate, then well-by-well 100µL of coelenterazine solution was added and the 

luminescence spectra was measured. The coelenterazine solution had to be added immediately 
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before reading the spectra or else the signal would degrade before the entire plate could be 

measured. 
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 DEVELOPMENT OF A FULLY GENETICALLY 

ENCODED ADP BIOSENSOR 

4.1 Introduction 

Purinergic signaling is involved in pain sensation, immune responses and neuronal-glial 

communication52–57. Specifically, purinergic signaling is involved in the immune response of 

microglia after infection or injury within the central nervous system53,102. In most cases, activation 

and recruitment of the microglia can assist in reducing inflammation and clearing debris, however 

in some disease states such as stroke and Parkinson’s disease, activation of microglia can 

exacerbate the damage already present in the CNS103,104. 

Adenosine triphosphate (ATP) is a major signaling molecule in purinergic pathways and 

once released can act on many cell surface receptors, similar to many other signaling mechanisms. 

However, ATP degradation products such as adenosine and adenosine diphosphate (ADP) also 

have the ability to initiate signaling cascades by binding to receptors57,105,106. To fully understand 

the dynamics of purinergic signaling we need to be able to follow changes in the extracellular 

concentrations of both ATP and ADP107. 

Using genetically encoded fluorescent biosensors to monitor ATP and ADP is 

advantageous because it does not require the addition of exogenous reagents and does little to 

perturb the normal function of the cell. Genetically encoded sensors are also useful because they 

can be used for in vitro work, cell-based systems, as well as in vivo model systems. There already 

exists a variety of sensors capable of measuring ATP, including the Queen sensors and the ATeam 

sensors21,24. The ATeam sensors have even been successfully targeted to the extracellular 

membrane and used to measure changes in ATP concentrations in the extracellular space49. All 

that remains is to develop a genetically encoded sensor for ADP that can be targeted to and used 

on the extracellular membrane.  

ParM is a bacterial actin like protein that is involved plasmid separation and has a relatively 

high native affinity for ADP (2.4µM)108. While this high affinity for ADP is not ideal for making 

sensor that would be used inside of the cell, it is more suited for use as an extracellular sensor of 

ADP where the concentration of ADP can range from nM to µM57,109,110. While ParM also has a 

high native affinity for ATP (42nM)108, certain mutations have been shown to decrease the ATP 

affinity so that ParM is as much as 400-fold more selective for ADP over ATP58,59. Previously 
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used in a semi-synthetic ADP sensor, this mutant ParM is an ideal candidate to use as a sensing 

domain for a fully genetically encoded sensor58,59. 

4.2 Designing of a Fully Genetically Encoded ADP Sensor 

The general design for the sensor is similar to other strategies, where a binding domain has 

a major conformational change upon binding the molecule of interest is fused to a fluorescent 

reporter. The actin-like bacterial protein, ParM, has been shown to change conformations in a 

Venus flytrap motion upon binding ADP (Figure 13)111.  

 

 

Figure 13 Crystal structure of ParM in the apo (1MWK)111 and ADP bound (1MWM)111 states. 

 

We aimed to create a FRET based sensor by attaching two FRET compatible fluorescent 

proteins, monomeric teal fluorescent protein (mTFP1) and a yellow fluorescent protein (mVenus), 

at two points on ParM. Two strategies were developed to achieve this goal. One was to insert the 

FPs into the protein structure at points that moved closer to each other upon binding. The other 

approach was to attach the FPs onto the N- and C- termini. Using the insertion approach would 

most likely yield a sensor with a higher FRET change but may be difficult because we were 

inserting two relatively large amino acid sequences into the ParM structure which is likely to 

destabilize the protein. Using the termini is more likely to yield a properly folded protein, but 

because the termini are located close to each other and have very small movement upon binding, 

they are less likely to produce a sensor with large FRET changes. In order to maximize the chances 

of developing a sensor, we moved forward with both strategies, selecting six insertion sites on 

surface exposed loops and the two termini. 

As FRET is dependent on not only the distance between the donor and acceptor but also 

the relative orientation of both chromophores in relation to each other. We hoped to optimize the 
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orientation using various circular permutations of both the donor and acceptor (Figure 14A)112. 

This library should allow us to sample multiple paired orientations to screen for a set that had low 

basal FRET and a large increase of FRET upon ADP binding. The second step in our library 

screens was designed in order to screen the linkers that connected the ParM sensing domain to the 

fluorescent proteins. Since the linkers are what connect the sensing domain to the reporting domain, 

they are responsible for relaying the conformational change from one domain to the other. 

Therefore, they must be optimized to best relay the binding motion, unfortunately, no consistent 

pattern has been observed across various fluorescent protein-based probes, so linker optimization 

can be more random10. To identify the best linkers between the sensing domain ParM and the two 

reporters, we engineered a second library with varying linker lengths (Figure 14B). 

 

A

 

B

 

Figure 14 Design strategies for screening A) various circular permutations to optimize 

orientation B) various linker lengths to optimize dynamic range 

4.3 Screening Sensor Candidates 

To efficiently screen our sensor libraries, we utilized an assay previously employed to test 

a fluorescent ATP sensor, where E. coli expressing the sensors were exposed to cyanide. The assay 

was used to measure the change in FRET before and after the cyanide challenge to identify 

responders21. When used before the assay was measuring a decrease in ATP, but because we 

wanted to measure an increase in ADP, we needed to validate the assay for our purposes. To 

validate the assay, we performed a luciferase assay to measure ATP concentrations and we used 

pyruvate kinase and excess phosphor(enol)pyruvate (PEP) to convert ADP to ATP. By measuring 

the ATP concentrations with and without the pyruvate kinase and PEP we could calculate the 

amount of ADP present. With this set-up we were able to determine that the KCN challenge does 

cause a measurable increase in the amount of ADP present in E. coli (Table 2). 
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Table 2 Luciferase Assay (mean ± stdev, * data extrapolated from standard curve) 

 

 

 

 

Using this assay with E. coli expressing the libraries of the ParM sensors, we initially 

screened the FP orientation library with the various circular permutated TFP and mVenus. From 

these initial libraries, hits were selected based on the presence of both FP emission peaks and a 

ratiometric change in both peaks upon cyanide challenge. We identified a total of eleven sensor 

candidates that met our criteria, nine hits were identified from terminal library and two from the 

insert library (Figure 15). The hits sampled most of the circularly permuted variations. 

Interestingly the 175 mTFP1 variant and the 229 mVenus variant were not included in these hits 

(Table 3). Another interesting point, the combination that would be later selected in the final 

screenings, wild type mTFP1 with the 157 variant of mVenus, was a hit in both the initial insert 

and terminal libraries (Table 3). 

 

 

 

Figure 15 Results of the initial library screens black dots indicate a single sensor candidate, green 

dots are sensor candidates with both emission peaks present and a ratiometric change after KCN 

addition, red diamonds are the positive control, ATeam1.03 an ATP sensor A) Results of the 

library with the mTFP1 and mVenus variants inserted with in the ParM protein structure B) 

Results of the library with the mTFP1 and mVenus variants tagged on the N- and C- termini. 
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Table 3 Identity of the hits from the first round of sensor library screenings *Ter 3 was unable to 

be sequence verified 

Hit ID 
TFP 
variant 

mVenus 
variant 

Ins 1 wt 157 

Ins 2 227 157 

Ter 1 105 173 

Ter 2 wt 157 

Ter 3 *unk *unk 

Ter 4 wt 173 

Ter 5 159 wt 

Ter 6 wt 195 

Ter 7 227 wt 

Ter 8 227 195 

Ter 9 227 173 

 

 

At this point we decided to cease working with the insert constructs and focus on the 

terminal library. This was due to low overall expression and success of the library, along with the 

level of difficulty involved in cloning. 

Using the pairs identified from the terminal library, we went on to our next planned library, 

screening the linkers in between the ParM sensing domain and the two FP reporters (Figure 14b). 

For the linker library we screened linkers of three different lengths, three, five, or seven amino 

acids, in between the mTFP and ParM (SGITSLY, SGITS, SGI) as well as the mVenus and the 

ParM (EVVIAAA, VIAAA, AAA). The composition of the linkers in this library came partially 

from necessity, based on the restriction enzymes sites used to accomplish the cloning strategy. The 

restriction enzymes sites used coded for a number of the amino acids selected. Those amino acids 

not assigned by restriction enzyme sites were chosen loosely based off of previous FRET 

sensors24,112. From this round of screening we identified three candidates with improved dynamic 

range in response to KCN addition (Figure 16). Upon sequence verification we discovered that all 

three of the hits had the same identity, mTFPwt-SGITS-ParM-AAA-cpmVenus157.  
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Figure 16 Results of the library screen of linker lengths: black dots indicate a single sensor 

candidate, green dots are sensor candidates with both emission peaks present and an improved 

ratiometric change after KCN addition, red diamonds are the positive control, ATeam1.03 an 

ATP sensor 

 

After the linker library screen the sensor had an improved dynamic range, however we 

wanted to attempt to improve the FRET change even more so. Therefore, we planned another 

library using poly proline linkers in between the FPs and ParM. Poly proline linkers have been 

used before to try and optimize the FRET change of a fluorescent biosensor for calcium25. The 

poly proline linkers should be relatively ridged because of the structure of the amino acid proline. 

This rigidity should cause a greater change in the distance between the two FPs upon ParM binding 

to its substrate, ADP. The library was designed to screen poly proline linkers with zero to seven 

prolines in between the ParM and the two FPs. At this point we had also become concerned that 

the native affinity of ParM for ATP may be interfering with our library screens inside of live 

bacteria because of the vast amounts of ATP present. To solve this problem, we shifted to a plate-

based nickel affinity chromatography purification system to purify our libraries and then tested the 

purified protein’s response to added ADP. Using the new screening method, we screened the poly-

proline library using mTFP1wt and cpmVenus157 as our FRET pairs (Figure 17). 
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Figure 17 Results from the poly proline library. Black dots indicate a single sensor candidate, 

green squares are average response of the highest responders from the previous library (mTFPwt-

SGITS-ParM-AAA-cpmVenus157), red diamonds are the positive control, ATeam1.03 an ATP 

sensor. 

 

Though many of the candidates had a similar dynamic range when compared to the 

candidates from the previous screen, the improvement was not as great as we expected. 

Comparing these responses to the response we saw in the previous library, only two candidates 

matched or exceeded the dynamic range (Figure 17). Therefore, we decided to continue working 

with the sensor we identified from the first two rounds of screenings, mTFPwt-SGITS-ParM-

AAA-cpmVenus157.  

To ensure that our sensor candidate was an actual FRET sensor that had a reversable 

ratiometric FRET change in response to changing ADP concentration we measured the lifetime 

change of the donor FP using a similar assay as the one used to identify the sensor. In this assay, 

our sensor was expressed in E. coli suspended in a low glucose media. After measuring a 

baseline for the donor lifetime, glucose was added. This should cause an increase in cellular ATP 

and a corresponding decrease in ADP which would correspond to an increase in the FRET 

between the two FPs and thus a decrease in the donor lifetime (Figure 18). Then cyanide was 
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added, which should inhibit production of ATP, so as the cell uses up the available ATP we 

should see an increase in the cellular concentrations of ADP, a decrease in FRET, and an 

increase in the donor lifetime, which is what we observe (Figure 18). 

 

 

Figure 18 Lifetime measurements of E. coli cells expressing mTFPwt-SGITS-ParM-AAA-

cpmVenus157 in low glucose media. At 2 min glucose was added and at 7 min cyanide was 

added. Average ± CI95 

 

From here we decided to work with the mTFPwt-SGITS-ParM-AAA-cpmVenus157 sensor 

which we have named ADPrime (ADP sensor for Ratiometric IMaging of Extracellular purines) 

and fully characterize its sensing capabilities. 

4.4 In vitro Characterization 

To determine the sensing capability of the sensor, we performed a full dose response and 

determined that the affinity to ADP of ADPrime is 0.16±0.06 µM (mean ± stdev n=9) (Figure 19), 

which is increased from the previously reported Kd of 0.51µM58, improving the sensitivity for the 

sensor for use in the extracellular space (nM-µM range)57,109,110. Though there is a loss in dynamic 

range of ADPrime58,59, we believe that it is enough of a change to be seen in cells.  
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Figure 19 ADP dose response. Kd = 0.16±0.06 µM (n=9 mean ± stdev) Each point is an average, 

errors bars represent standard deviation, curve is derived from the fitting. 

 

ParM is known to also have an affinity to ATP, though lower than its affinity for ADP, it 

could pose a potential problem when using our sensor to measure extracellular purinergic signaling. 

The Kd of ADPrime for ATP in protein solution is 9.88 ± 6.34 µM (mean  ± stdev n=9). Though 

ADPrime’s affinity for ATP is higher than the previously reported sensor58,59, it is still almost 100x 

lower than its affinity for ADP hopefully relaying specificity for ADP over ATP. 

 

 

Figure 20 ATP dose response. Kd =9.88 ± 6.34 µM (n=9 mean ± stdev) 
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We then wanted to test ADPrime’s specificity for ADP over ATP and ensure that our sensor 

could still detect ADP in the presence of ATP. In order to test this an ADP dose response was 

performed in the presence of ATP, at concentrations close to the Kd and at saturating levels. In the 

presence of 10µM ATP, ADPrime was still able to detect ADP with similar affinity, though the 

dynamic range of the sensor was diminished (Figure 21a). However, in the presence of saturating 

concentrations of ATP, 50µM, ADPrime lost all ability to detect changes in ADP concentration 

(Figure 21b). We suspect that the partial and complete loss of FRET response is due to a 

competitive binding event. For the purpose of a sensor that would sit on the extracellular membrane 

of cells, these ATP concentrations would not be prohibitive49,107. 

 

 

Figure 21 ATP competition assays in the presence of a) 10µM ATP (Kd – 0.22 ± 0.095µM (n=9 

mean ± stdev)) and b) 50µM ATP (Kd – 5.30 ± 125.71µM (n=9 mean ± stdev)) 

 

Adenosine is the final degradation product of ATP and ADP and also can be involved in 

purinergic signaling; thus, it is a possible species that would be present at the extracellular space. 

Therefore, we wanted to ensure ADPrime had no affinity for adenosine. Upon testing, ADPrime 

showed no affinity for adenosine (Figure 22a). Though it was highly unlikely that adenosine would 

have the same competitive binding affect that ATP had, ran similar tests to ensure that we did not 

see the same effect as ATP. Adenosine had no effect on ADPrime’s affinity for ADP or it’s 

dynamic range (Figure 22b).  

0.68

0.69

0.7

0.71

0.72

0.73

0.74

0.75

0.76

0.77

0.78

0 1 2 3 4 5

F
R

E
T

 R
a
ti
o

4
9

5
/5

2
5

[ADP] (µM)

A

0.68

0.69

0.7

0.71

0.72

0.73

0.74

0.75

0.76

0.77

0.78

0 1 2 3 4 5

F
R

E
T

 R
a
ti
o

4
9

5
/5

2
5

[ADP] (µM)

B



49 

 

 

Figure 22 a) Adenosine dose response (n=9 mean ± stdev) b) adenosine competition assay (n=9 

mean ± stdev) 

 

Most fluorescent proteins are sensitive to changing pH because the chromophore must be 

in the deprotonated state to fluoresce. In light of this, the sensitivity to changing pH and its effect 

on ADP response was also tested for our sensor. As expected, ADPrime is sensitive to pH and its 

pKa is similar to the pKa of wild type mVenus (pKa=6.0)113 (Figure 23). Therefore, ADPrime’s 

pH sensitivity is most likely due to the pH sensitivity of the Venus and not due to a pH-dependent 

nucleotide binding effect. mTFP1 likely does not contribute to this pH sensitivity because it’s 

reported pKa (4.3)114 is well outside of the range tested here. We also noted that the pH curve shifts 

upwards upon addition of saturating levels of ADP, which is expected due to the sensor’s response 

to ADP. To further demonstrate that the pH effect we observed is due to sensitivity in the Venus 

and not a pH-sensitive nucleotide binding effect we tested how pH affects ADPrime’s ability to 

detect ADP changes in a dose dependent manner (Figure 24). 
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Figure 23 pH sensitivity curve in the presence (pKa – 6.3±0.002 (n=3 mean ± stdev)) and 

absence (pKa – 6.5±0.04 (n=3 mean ± stdev)) of saturating levels of ADP 

0

0.2

0.4

0.6

0.8

1

1.2

1.4

5.5 6.5 7.5 8.5

F
R

E
T

 R
a
ti
o

4
9

5
/5

2
5

pH

No ADP

1mM ADP



51 

 

 

Figure 24 ADP dose responses at various pH A) performed at a pH of 6, Kd – 0.85±0.29µM (n=3 

mean ± stdev) B) performed at a pH of 7, Kd – 0.18±0.07µM (n=3 mean ± stdev) C) performed 

at a pH of 8, Kd – 0.40±0.10µM (n=3 mean ± stdev) 

 

At different pH’s ADPrime can still detect changes in ADP concentration with only a slight 

shift in Kd and little to no change in dynamic range. The overall ratios changes when at a more 

acidic pH due to the affect pH had on the mVenus chromophore. 

4.5 Live Cell Experiments Measuring Extracellular ADP 

Using the membrane tag from the platelet derived growth factor receptor, ADPrime was 

targeted successfully to the extracellular side of the plasma membrane of adherent HEK-293 cells 
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(Figure 25).  Both the mTFP and the mVenus are clearly visible at the membrane (Figure 25B & 

C), fluorescence seen inside of the cell is likely also membrane because widefield microscopy was 

used. The same type of ratio change was observed on the cell membrane as was seen in solution 

in the presence of ADP (Figure 25 D, E).  

 

 

Figure 25 HEK-293a cells expressing ADPrime on the extracellular membrane A) DIC image B) 

Fluorescent image of the mTFP1, clearly targeted to the membrane C) Fluorescent image of the 

mVenus, clearly targeted to the membrane D) Ratio image (495/525) at the beginning of the 

imaging experiment in the presence of no ADP E) Ratio image (495/525) during the experiment 

in the presence of 1mM ADP 

 

ADP was perfused across cells expressing ADPrime at 100uM and 1mM and then the ADP 

was washed out. The sensor was easily able to detect these changes in ADP concentration and 

returned to a baseline after they were washed out. It is unclear why the sensitivity of ADPrime 

seems to be diminished on the membrane. The change in sensitivity is a phenomenon that has been 

seen before, where sensors have different sensitivity when expressed on the membrane versus in 
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protein solution. This maybe just a difference in the bath concentration versus the at membrane 

concentration. 

 

 

Figure 26 ADP calibration in live cells on the extracellular membrane. Baseline measurement for 

5 minutes, calibrations with 100µM ADP for 5 minutes, calibration with 1mM ADP for 5 

minutes, final washout for 5 minutes. (n=77 mean ± 95% confidence interval) 

 

To further demonstrate the usefulness of ADPrime, we used a well-established model 

where a change in osmotic pressure induces a release of purinergic signaling molecules109. In order 

to validate the release of purines, these experiments were done with cells expressing an ATP sensor, 

ATeam, in the same well49. In these experiments a robust response to the osmotic shock was seen 

with both ADPrime and the ATeam sensor (Figure 27). These experiments were calibrated by the 

addition of ADP and ATP at the end of the experiment. This demonstrates the ability of ADPrime 

to detect physiological changes in purinergic signaling molecules. 
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Figure 27 Osmotic shock experiments with sensor on extracellular side of the plasma membrane 

in HEK293a cell. Baseline measurement for 5 min, osmotic shock for 5 min, recovery for 15 

mins, calibration with 1mM ADP for 5 mins, washout for 5 mins, calibration with 300µM ATP 

for 5 mins, final washout for 5 mins. (n=62 mean ± 95% confidence interval) 

4.6 Conclusions 

We have demonstrated that ADPrime is sensitive to ADP and can be used to detect ADP on 

the extracellular membrane of cells. Further steps will need to be taken to decrease ADPrime’s 

affinity for ATP if it is to be used in any model systems. It would also be of use to continue attempts 

to optimize the sensor and increase its dynamic range beyond the small change see in this first 

generation. Looking more closely into the insert type sensors that we attempted to use in our first 

round of screenings may be one way to achieve this goal. One could also attempt to improve many 

of the candidates that were identified with the polyproline library. Directed evolution would be a 

viable approach to both decrease ATP affinity while increasing dynamic range. Another approach 

that may help increase the dynamic range would be exchanging the two fluorescent proteins with 

other FPs that have been shown to have high FRET efficiencies or greater brightness. 
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Overall, ADPrime was a successful attempt at generating a fully genetically encoded 

biosensor capable of detecting extracellular ADP. ADPrime serves a good first-generation sensor 

that may be improved upon for the creation of future generations of ADP sensors. 

4.7 Methods 

FP Library Cloning 

The ParM gene was made as a G-block to include mutations previously shown to increase 

ADP affinity over ATP58,59. The library of mTFP1-mVenus constructs (Pertz kit) was purchased 

from AddGene112. Cloning for the first library we done using a double restriction enzyme digest 

using NotI and BspEI to insert ParM between the pair of FPs (mTFP on ParM’s N-terminal end 

and mVenus on the C-terminal end). The restriction sites were present in the Pertz kit DNA and 

were added to ParM via PCR112. The library was grown in a deep-well, 96-well plate with a blank, 

pUC, and ATeam control. The library was expressed in DH5a cells in LB media for 14-18 hours 

at 37oC then 2 days at room temperature. 

KCN Assay 

Bacterial cultures were diluted in M9 media (50mM Na2HPO4, 20mM KH2PO4, 20mM 

NH4Cl, 9mM NaCl, 2mM MgSO4, 0.1mM CaCl2, pH 7.5) to and OD600 of 0.2. Fluorescent 

emission spectra were then measured, excitation wavelength 450/9nm, emission wavelengths 470-

600/9nm. KCN was then added to a final concentration of 10mM, the cultures were incubated with 

the cyanide for 10 minutes before a second set of emission spectra were measured. 

Constructs that contained peaks for both fluorescent proteins and significant ratiometric changes 

were selected for the second library. 

Linker Library Cloning 

A library was designed to shorten the linker length between the FPs and the termini of 

ParM to seven, five, or three amino acids. This library was screened with the same assay as 

described above. 

Poly-proline Library 

Primers were designed to insert poly proline linkers of 0-7 repeats of the amino acid proline 

in between ParM and both the mTFP1 and mVenus (a total of 16 primers and a library size of 64). 

This library was expressed the same way as before but after expression the culture was lysed using 

a lysozyme-freeze thaw method. In short, cells were resuspended in lysis buffer (MOPS buffer, 
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100mM MOPS, 50mM KCl, 5mM NaCl, 0.5mM MgCl2, pH 7.3 + 1mg/mL lysozyme, 0.1% 

Triton-X, 1mM PMSF, 1mM DTT), incubated at 37oC for 30 minutes then cycled between freezing 

(-80oC) and thawing (37oC) three times. Lysate was pelleted at 2,500xg for 15 minutes. Lysate 

was then transferred to a HC 96-well plate (Sigma S5563) and incubated at room temp. for at least 

4 hours then at 4oC for at least 12 hours. Remaining lysate was then aspirated and the plate was 

rinsed 3x with TBS-Tween (TRIS buffered saline 0.05M Tris, 0.138M NaCl, 0.0027M KCl, 0.05% 

Tween-20, pH 8), then rinsed 3x with MOPs buffer (100mM MOPS, 50mM KCl, 5mM NaCl, 

0.5mM MgCl2, pH 7.3). Protein was eluted with MOPS buffer + 20mM Imidazole and 0.1% BSA 

on a shaker for 1-2 hrs. Eluate was then added to a pre-treated (incubated with elution buffer during 

purification) low-binding 96-well plate. ADP was then added incrementally with an emission 

spectrum taken at each step (0µM, 0.05µM, 0.25µM, 1µM, and 5µM ADP)  

Protein Expression 

The three hits from the second round of screens were expressed at a larger scale (250mL) 

and purified using nickel affinity chromatography on an AKTA instrument. 

Dose Response Assays 

All dose response assays were performed at a protein concentration of 0.125µM in buffer 

previously used for purinergic dose response assays (50mM MOPS-KOH, 50mM KCl, 0.5mM 

MgCl2, 0.05% Triton-X, pH 7.3)24,49. ADP was complexed with Mg2+ 

Competition Assays 

Competition assays were run as ADP dose response assays in increasing amounts of the 

purine of interest. ATP was complexed with Mg2+ . 

pH Assay 

To test for pH sensitivity the FRET ratio was measured with and without saturating ADP 

in buffers of varying pH (0.5 pH unit increments) 

Transfection/Membrane Expression 

Membrane targeting was achieved by cloning our ADP sensor construct into a plasmid that 

contained the Igκ signal sequence and the PDGFR membrane tag. The plasmid was transfected 

into HEK-293a cells via a calcium phosphate transfection (20K cells/cm2, 3.6ug/well in 6well 

plate). 

Microscopy 
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Cells were imaged in an imaging solution (120mM NaCl, 15mM HEPES, 10mM Glucose, 

3mM KCl, 3mM NaHCO3, 2mM CaCl2, 1.25mM NaH2PO4, 1mM MgCl2, pH 7.3) on a 3.8mm 

nitric acid treated glass cover slip in a Warner perfusion chamber. Cells were perfused with 

imaging solution (~2mL/min) for at least 15 minutes prior to imaging. Live cell imaged were taken 

using an Olympus IX83 Microscope in 10 second intervals taking a CFP (x438,m470), CYFRET 

(x438,m540), and YFP (x510,m540) image each interval for the entirety of the experiment. During 

imaging solutions (imaging solution, osmotic shock solution, ADP calibration solution, ATP 

calibration solution) were perfused at approximately 2mL/minute for the entire experiment. 

Image Analysis 

Analysis of Imaging data was carried out using ImageJ. Five ROIs were drawn to obtain 

an average background for each experiment. The background was manually subtracted, and a mask 

was made using a minimum threshold of the mean background plus three times the standard 

deviation. Cellular membrane ROIs were selected by hand, the mean gray value was measured for 

each channel. A ratio image of the CFP/CYFRET images was made to measure the overall FRET 

change. The mean grey value was collected from each image and the ratio data was normalized to 

remove the baseline drift.  
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 IMAGING CELLULAR REDOX DYNAMICS 

Reproduced with permission from ACS Sens.2017,21,11 721-1729 

Publication Date: October 26, 2017 Copyright 2017 American Chemical Society 

5.1 Intro 

Reduction-oxidation (redox) reactions must be kept in a careful balance in order to 

maintain healthy cell growth and function60–62. Loss of redox balance can lead to both reductive 

and oxidative stresses associated with aging, cancer, cardiovascular disease, and Parkinson’s 

disease63–66. For example, reactive oxygen species (ROS), such as hydrogen peroxide (H2O2) and 

superoxide anion (O2•
-), can oxidize protein-bound cysteines and other molecular species during 

normal metabolism and signaling67. However, excess ROS can cause oxidative stress and damage 

that leads to loss of function or cell death. To prevent such pathologies, redox enzymes and cellular 

redox buffers such as glutathione (GSH) are critical for maintaining proper redox balance. 

Together, both enzymatic and non-enzymatic components make up a “redox network”60 that 

contributes to homeostasis in the face of changing intracellular and environmental conditions faced 

by prokaryotes and eukaryotes. 

Like metabolic and signaling networks, the redox network is spatially organized within a 

cell, and compartments such as the cytosol and mitochondria contain distinct sources of ROS as 

well as distinct antioxidant mechanisms involving redox enzymes and redox buffers60. As a result, 

compartment-specific redox and ROS dynamics exist with varying degrees of cross-compartment 

coupling68–71. Redox coupling across compartments is a critical aspect of network response. For 

example, the production of mitochondrially-derived cytosolic ROS plays an integral role in 

retrograde mitonuclear communication and stress response72,73. However, compartment-specific 

ROS dynamics and redox signaling between organelles has been poorly studied because of the 

lack of spectrally-compatible redox probes that are available to simultaneously quantify redox in 

multiple compartments within the same living cell. 

Currently, the redox-sensitive green fluorescent protein (roGFP) sensors are widely used 

to study redox biology across model species, including yeast, plants, and animals15,78,115–119. The 

roGFP sensors were originally developed by engineering two solvent-facing cysteines on the β-

barrel of GFP15. Upon oxidation, the cysteines form a disulfide bond, causing a structural change 
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that alters the protonation state of the internal chromophore. Redox state is reported as the ratio of 

the two peaks in the fluorescence excitation spectrum near 400 nm and 485 nm, in which oxidation 

causes an increase in the 400 nm peak and a decrease in the 485 nm peak. There are two versions 

of the sensor: the roGFP1 sensor is based on wildtype GFP in which the 400 nm peak is greater in 

absolute magnitude, and the roGFP2 sensor is based on GFP(S65T) in which the 485 nm peak is 

greater in absolute magnitude. The roGFP sensors are particularly useful because they can be 

genetically targeted to specific cell types and subcellular locations, including the cytosol and 

mitochondria. Furthermore, they provide ratiometric readouts that are independent of expression 

level and enable quantitative measurements that can be compared between independent 

experiments. 

However, the roGFP-based sensors are solely green fluorescent, which makes accurate 

measurement of redox dynamics in multiple compartments within the same cell difficult or 

impossible. Recently, red fluorescent redox sensors, HyPerRed75 and rxRFP76, were engineered 

and can be used for dual-compartment, dual-color live-cell microscopye76, but these sensors are 

not ratiometric, which can render quantitative analysis more challenging. 

Therefore, in this work we describe the design, development, characterization, and validation of a 

first-generation family of roGFP-based sensors that exhibit long-wavelength emission via Förster-

type resonance energy transfer (FRET) from a roGFP donor to a red fluorescent protein (RFP) 

acceptor. Importantly, we show that the redox properties of the parent roGFP donor are maintained 

when measuring the red emission of the roGFP-RFP sensors. We also report proof-of-principle 

studies that demonstrate that using multicolor imaging we can measure redox dynamics in the 

cytosol and mitochondria simultaneously within the same cell. 

5.2 Design for Extending roGFP Emission 

This sensor design employs a FRET “relay” strategy in which the roGFP serves as a redox-

sensing donor that is fused to a RFP acceptor (Figure 28).100,120–122 Excitation of the roGFP at any 

wavelength in its excitation spectrum will result in red fluorescence from the RFP while preserving 

both redox sensing properties and a ratiometric readout. In principle, the roGFP-RFP red emission 

will be spectrally distinct and enable dual color imaging by co-expressing both roGFP and roGFP-

RFP in the same cell. This FRET relay strategy has been demonstrated with both CFP-YFP as well 

as GFP-RFP fusions engineered for high efficiency FRET, and this relay strategy has been used to 
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overcome autofluorescence in live-cell imaging.100,120–122 It is important to note that FRET between 

the roGFP donor and RFP acceptor is designed to be constant in this strategy, and the ratiometric 

redox sensing originates solely from the change in the roGFP excitation spectrum. Thus, our design 

is fundamentally different from sensors that report redox changes by a change in FRET.123,124 

 

 

Figure 28 Design of the roGFP-RFP sensor library. (a) Diagram of the FRET relay from the 

roGFP donor to the RFP acceptor. (b) Fluorescence spectra showing roGFP (solid, green) 

emission and RFP excitation (dashed, left-to-right: mRuby2, mApple, mCherry). (c) Diagram of 

the N- versus C-terminal fusions tested in this work, in which L7 indicates the GGSGGRS 

linker. 

 

To implement our design, we first generated a library of twelve roGFP-RFP fusions to 

identify constructs that provide red emission via our FRET relay strategy. FRET efficiency 

depends on the distance, orientation, and spectral overlap between the donor and acceptor 

fluorescent proteins.125 Therefore, we considered four main variables in our library design: the 

roGFP choice, the fusion linker, the RFP choice, and the orientation of the fusion. We included 

both roGFP1 and roGFP2 as possible donors in our library because they have similar redox sensing 

capabilities and provide ratiometric readouts15. Although the roGFP2 sensor is more commonly 

used, the roGFP1 sensor can be beneficial for live-cell imaging because of its greater brightness 
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when excited at 400 nm. For the fusion linker, we used a short seven amino acid linker (GGSGGRS) 

that has previously been used for high efficiency FRET between fluorescent proteins.126 For the 

acceptor, we included the RFPs mRuby2, mApple, and mCherry (Figure 28).99,127,128 The mRuby2 

acceptor provides the greatest spectral overlap between the roGFP green emission and its 

absorbance, and it has been used as a FRET acceptor for the GFP Clover.127 The mCherry acceptor 

provides the greatest spectral separation between the green and red emission profiles, and it has 

been used in FRET pairs with GFPs both in vitro and in vivo.129 We included mApple as an 

acceptor with intermediate spectral profile and high brightness.128 Finally, we also included 

constructs in which the RFP acceptor was fused to either the N- or C-terminus of the roGFP donor 

(Figure 28). 

5.3 Screening Sensor Candidates for FRET Efficiency 

In order to select the best performing fusion constructs, we screened our library using 

steady-state and time-resolved fluorescence measurements. We first qualitatively screened our 

twelve constructs by measuring emission spectra and fluorescence anisotropy. We discovered that 

all twelve roGFP-RFP fusion constructs exhibit a clear red fluorescence FRET emission peak upon 

donor excitation (Figure 29, Figure 30). Although there is substantial residual donor green 

fluorescence, the red emission peak is distinct and well above background (Table 4).  Furthermore, 

FRET is expected to cause depolarization of the red emission and thus a decrease in anisotropy. 

Indeed, all constructs also exhibit a large decrease in fluorescence anisotropy in the red emission 

channel upon donor excitation, despite the increase in overall protein size (Table 5). Thus, 

significant FRET occurs in all twelve constructs. 
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Figure 29 Fluorescence spectra of all roGFP1 sensor constructs. (a) excitation spectra collecting 

green donor emission, (b) excitation spectra collecting red acceptor emission and (c) emission 

spectra exciting at the isosbestic point. 
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Firgure 29 Continued 
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Figure 30 Fluorescence spectra of all roGFP2 sensor constructs. (a) excitation spectra collecting 

green donor emission, (b) excitation spectra collecting red acceptor emission and (c) emission 

spectra exciting at the isosbestic point. 
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Figure 30 Continued 
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Table 4 Spectral bleed-through (mean ± stdev) 

Construct 400 nm Bleed-Through (%) 480 nm Bleed-Through (%) 

mApple-roGFP1, roGFP1-mApple 6.8  0.1 14.3  0.7 

mRuby2-roGFP1, roGFP1-mRuby2 4.82  0.07 10  1 

mCherry-roGFP1, roGFP1-mCherry 7.3  0.9 7.3  0.9 

mApple-roGFP2, roGFP2-mApple 6.9  0.1 13.1  0.2 

mRuby2-roGFP2, roGFP2-mRuby2 4.7  0.2 9.3  0.1 

mCherry-roGFP2, roGFP2-mCherry 4.06  0.09 6.65  0.07 

 

Table 5 Steady-state and time-resolved fluorescence characterization of roGFP-RFP library (n=3, 

mean ± stdev.) * Three highest FRET efficiency constructs chosen for in-depth characterization. 

Construct Anisotropy Ratio(ox) / Ratio(red) Donor Lifetime (ps) FRET Efficiency 

roGFP1 0.270  0.001 2.61  0.02 3145 ± 2 N/A 

mApple-L7-roGFP1 0.047  0.002 1.62  0.04 2370 ± 10 0.247  0.006 

roGFP1-L7-mApple -0.028  0.001 1.51  0.02 2175 ± 5 0.308  0.003 * 

mRuby2-L7-roGFP1 0.107  0.001 1.63  0.01 2140 ± 30 0.32  0.01 * 

roGFP1-L7-mRuby2 0.0660  0.003 1.75  0.01 2360 ± 20 0.249  0.007 

mCherry-L7-roGFP1 0.04  0.02 1.44  0.03 2280 ± 1 0.275  0.001 

roGFP1-L7-mCherry 0.03  0.02 1.63  0.04 2290 ± 20 0.273  0.008 

roGFP2 0.270  0.001 8.07  0.01 2905 ± 5 N/A 

mApple-L7-roGFP2 0.022  0.002 3.22  0.03 2085 ± 2 0.282  0.002 

roGFP2-L7-mApple -0.0132  0.0008 3.66  0.07 2074 ± 5 0.286  0.003 

mRuby2-L7-roGFP2 0.126  0.001 4.86  0.04 2130 ± 30 0.27  0.01 

roGFP2-L7-mRuby2 0.0698  0.007 4.15  0.07 2180 ± 20 0.248  0.008 

mCherry-L7-roGFP2 0.053  0.002 2.92  0.03 1986 ± 4 0.316  0.003 * 

roGFP2-L7-mCherry 0.018  0.002 4.456  0.008 2062 ± 2 0.290  0.002 

 

 

We next assessed whether the constructs preserve redox sensing by measuring the steady-

state fluorescence excitation spectra in the presence of excess reduced or oxidized dithiothreitol 

(10 mM DTT). All twelve constructs exhibit a redox-dependent ratiometric change in the 

excitation spectrum when collecting either direct donor roGFP green fluorescence emission or 

FRET acceptor red fluorescence emission (Figure 29, Figure 30). From the excitation spectra, we 

quantified the excitation ratios for the FRET acceptor red fluorescence emission channel (Ratio = 
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F400nm/F485nm) in the oxidized and reduced states, and we measured the dynamic range as the 

maximal fold change in ratio signal upon oxidation (Dynamic range = Ratiooxidized/Ratioreduced) 

(Table 5). Compared to the roGFP1 and roGFP2 parent sensors, the roGFP-RFP fusion constructs 

exhibit on average a 40% and 50% reduction in dynamic ranges. The attenuation in the dynamic 

ranges is primarily due to imperfect FRET efficiency, and it is not caused by spectral crosstalk 

between the donor and acceptor channels, which is minimal (Table 4). Despite the attenuation in 

dynamic range, all constructs exhibit clear preservation of redox sensing as well as a ratiometric 

response of the same magnitude as other sensors that have proven useful in live-cell 

imaging.78,118,127 

In order to quantitatively compare FRET efficiencies of the twelve constructs, we measured 

donor fluorescence lifetimes, which decrease with increasing FRET efficiency. As expected, all 

roGFP-RFP constructs exhibit reduced donor fluorescence lifetimes relative to the roGFP1 and 

roGFP2 parent sensors, indicating FRET efficiencies from 25-32% (Table 5). We therefore 

selected three constructs with the highest FRET efficiencies, roGFP1-mApple, mRuby2-roGFP1, 

and mCherry-roGFP2, for further characterization of their redox sensing properties (Figure 31). 
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Figure 31 Characterization of steady-state and time-resolved fluorescence properties of the 

highest FRET efficiency roGFP-RFP constructs. (a-b) Redox-dependent ratiometric changes in 

the fluorescence excitation spectra when collecting (a) residual roGFP donor green emission and 

(b) RFP emission via FRET. (c) Fluorescence emission spectra show the residual roGFP donor 

(green arrow) and RFP FRET acceptor emission peaks (red arrow). (d) The roGFP-RFP 

constructs exhibit a decreased donor fluorescence lifetime, which is used to quantify FRET 

efficiency. (e) The roGFP-RFP constructs (circles, measured; dashed line, fitted) preserve redox 

sensing and exhibit similar DTT reduction potentials relative to the parent roGFP (triangles, 

measured). 
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5.4 In Vitro Characterization of Redox Potentials 

To determine if the redox properties of the parent roGFP are preserved in these three 

selected fusion constructs, we carried out redox titrations against increasing ratios of oxidized-to-

reduced DTT. We determined that the midpoint potentials of roGFP1-mApple (-287.1 ± 0.4 mV) 

and mRuby2-roGFP1 (-288.7 ± 0.8 mV), measured in both direct donor green fluorescence and 

FRET acceptor red fluorescence channels, are in agreement with the midpoint potential of the 

parent roGFP1 measured in this work (-287.4 ± 0.7 mV) and as originally reported by Hanson et 

al. using the same method (-288 mV).15,115 Likewise, we also determined that the midpoint 

potential of mCherry-roGFP2 (-272 ± 1 mV) is in agreement with the midpoint potential of the 

parent roGFP2 measured in this work (-274.4 ± 0.5 mV) and as originally reported (-272 mV).15,115 

Thus, our results confirm that our FRET relay constructs preserve the original redox properties of 

the parent roGFP and provide an excitation ratiometric response when measuring the FRET 

acceptor red fluorescence emission. (n=3, mean ± stdev) 

With ~30% FRET efficiency, the roGFP-RFP constructs generate significant red 

fluorescence signal, despite the residual green donor emission. By targeting these new sensors to 

subcellular locations, we hypothesized that the roGFP-RFP red fluorescence signal could be 

spectrally and spatially separated from roGFP green fluorescence signal targeted to a different 

compartment. Thus, in order to validate the function of the roGFP1-mApple, mRuby2-roGFP1, 

and mCherry-roGFP2 constructs for dual-color imaging, we next measured mitochondrial and 

cytosolic redox potentials simultaneously within the same cells. 

5.5 Cytosolic and Mitochondrial Redox Potential 

When Neuro2A mouse neuroblastoma cells were co-transfected pairwise with a 

mitochondrially-targeted roGFP-RFP fusion and its respective parent roGFP for cytosolic 

expression, we found that the red and green fluorescence signals were spectrally and spatially 

separated as hypothesized. The mito-roGFP-RFP fusions were targeted to the mitochondrial matrix 

by appending the signal sequence from cytochrome c oxidase subunit VIII (Cox8), which we and 

others have previously employed, and we observed excellent subcellular localization to 

mitochondria, as expected (Figure 32)129.  
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Figure 32 Confocal images show excellent subcellular localization for mito-roGFP-RFP 

constructs, targeted with the cox8 mitochondrial localization signal. Undifferentiated neuro2a 

cells exhibit large nuclei, causing the perinuclear appearance of the mitochondria, which are also 

rounded under high glucose conditions, as previously observed38 

 

Ratiometric imaging was carried out with sequential collection of green and red emission, 

in which the red emission was localized to mitochondria (Figure 33). In order to measure redox 

potentials, we carried out baseline ratio measurements followed by a sensor calibration as 

previously described15,78,115. In the calibration, sensors were fully oxidized by the addition of 1 

mM H2O2 to the imaging solution followed by full reduction with 10 mM DTT, and the calibration 

values were used to calculate the percent oxidation of the respective sensors (Figure 33)15,78,115. As 

expected from previous reports, the mitochondrially targeted sensors on average are more oxidized 

than the cytosolic sensors because of the alkaline pH of the mitochondrial matrix15,78,115. Taking 

compartment-specific pH into account (assuming cytosolic pH = 7.2 and mitochondrial pH = 

8.0)130,131, our average measurements of the cytosolic and mitochondrial redox potential, -298 ± 6 

mV and -338 ± 5 mV (mean ± stdev) respectively, agree well with previously reported values 

(Figure 33)15,78,115. Importantly, our approach enables the direct comparison of the average 

mitochondrial and cytosolic redox potentials within the same cell. We discovered that 
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mitochondrial redox potential is set -40 mV relative to cytosolic redox potential, which was highly 

consistent across independent cells and sensor pairings (Figure 33). Thus, our roGFP-RFP FRET 

relay redox sensors enable steady-state differences in redox potential between subcellular 

compartments to be quantified. We next tested whether our new sensors could also quantify 

differences in subcellular redox dynamics.  

 

 

Figure 33 Simultaneous measurement of cytosolic and mitochondrial matrix redox potentials by 

the co-expression of cyto-roGFP and mito-roGFP-RFP in Neuro2A cells. (a) The mean response 

of the cell populations during the imaging time course (roGFP1-mApple, n=12 cells; mRuby2-

roGFP1, n=14 cells; mCherry-roGFP2, n=15; errors are 95% confidence intervals). A baseline 

measurement period is followed by treatment with excess H2O2 and DTT (arrows) in order to 

calibrate the fully oxidized and fully reduced states of the sensor. The calibration is used to 

determine the sensor percent oxidation on a cell-by-cell basis for every experiment. (b) Single-

cell analysis of compartment-specific redox potentials. Lines connect cytosolic and 

mitochondrial redox potentials for individual cells. Mean ± s.e.m. is shown for the population. 

5.6 Heterogeneous Responses to Cytosolic Reductive Stress 

We found that our dual-compartment imaging approach was able to reveal cell-to-cell 

population heterogeneity in compartment-specific responses to cytosolic reductive stress induced 

by exposure to excess N-acetylcysteine (NAC). In our initial redox studies (Figure 33), we 

observed that the Neuro2A cells exhibited an oxidative rebound following DTT addition during 

the final calibration phase, which indicates that Neuro2A cells respond to reductive stress. It has 

previously been observed that reductive stress causes a paradoxical oxidative response in HEK293, 
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H9c2, and other cell types132–134. NAC is a cell-permeant reductant that increases the levels of 

cytosolic reduced glutathione, but NAC is mitochondrially impermeant132,134. Interestingly, NAC-

induced reductive stress causes an oxidative response in mitochondria but not the cytosol132,134. 

However, the compartment-specific difference in redox dynamics was determined by comparing 

population averages from cells separately transfected with cytosolic or mitochondrial roGFP-based 

probes, and therefore open questions remain regarding whether a difference in compartment-

specific responses actually exists within a single cell and whether there is variability from cell-to-

cell. 

To answer this question, we used our dual-compartment imaging approach. After a baseline 

measurement period, Neuro2A cells expressing mitochondrial roGFP1-mApple and cytosolic 

roGFP1 were exposed to 6 mM NAC132,134  followed by cell-by-cell sensor calibration with H2O2 

and DTT after every experiment (Figure 34). At the level of the population average, we observed 

that both the cytosol and mitochondrial matrix experienced an initial reduction in redox potential 

upon addition of NAC; however, a small oxidative rebound was observed in the mitochondria after 

several minutes, which was absent in the cytosol (Figure 34). Our population measurement is in 

agreement with the previous population measurements, and the smaller magnitude of the oxidative 

rebound likely reflects cell-type differences132,134. Furthermore, our measurements also reveal a 

reductant-specific difference in the stress response because, while NAC-induced stress causes an 

oxidative rebound in mitochondria only, DTT-induced stress causes an oxidative rebound in both 

the cytosol and the mitochondria. Importantly, our dual-compartment imaging approach revealed 

heterogeneous responses at the single-cell level. That is, some cells showed no change, some cells 

showed a reduction, and some cells showed an oxidation of the mitochondria relative to the cytosol 

in response to NAC-induced stress (Figure 34). In order to quantify the cell-to-cell heterogeneity, 

we scored the difference in compartment-specific responses by measuring the ratio of the mito-

roGFP1-mApple percent sensor oxidation to the cytosolic roGFP1 percent sensor oxidation, which 

reflects the change in mitochondrial redox relative to cytosolic redox upon NAC treatment (Figure 

34). The heterogeneity reflects cell-to-cell differences in compartmentalized redox buffering 

capacity as well as cross-compartment redox coupling68,132–134. Thus, our roGFP-RFP FRET relay 

redox sensors enable differential compartment-specific dynamics to be quantified, showing that 

cytosolic stress can affect mitochondrial redox dynamics. 
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Figure 34 Single-cell heterogeneity in compartment-specific redox dynamics is observed in 

response to reductive stress when Neuro2A cells are treated with 6 mM N-acetylcysteine (NAC). 

(a) The mean compartment-specific time-course responses of the cell populations (n=80 cells, 

errors are 95% confidence intervals.). On average, Neuro2A cells co-expressing mito-roGFP1-

mApple (yellow) and cyto-roGFP1 (green) exhibit an oxidative rebound in the mitochondria 

(yellow arrow) that is not observed in the cytosol (green arrow). (b-d) Single-cell analysis 

reveals population heterogeneity in the compartment-specific response to NAC. (b) The ratio of 

mitochondrial sensor oxidation to cytosolic sensor oxidation quantifies the variability in the 

mitochondrial redox change relative to the cytosol at the single-cell level. Lines show responses 

for individual cells, and the population mean ± s.e.m. is shown. (c) Cell count histogram shows 

the heterogeneity in the magnitude of the single-cell responses. (d) Examples of single-cell 

responses. 

5.7 Heterogeneous Response to Mitochondrial Inhibition 

Lastly, we tested whether our dual compartment imaging approach could reveal cell-to-

cell population heterogeneity in compartment-specific responses to mitochondrial inhibition. The 

mitochondrial electron transport chain is a major source of both mitochondrial and cytosolic ROS. 

Inhibition of electron transport is expected to cause a decrease in ROS production, but low dose 

treatment with transport inhibitors or proton uncouplers can also cause an increase in ROS132,135,136. 

However, there remains an open question to what extent mitochondrial and cytosolic redox 

dynamics are coupled in the face of mitochondrial inhibition. To answer this question Neuroa2A 

cells expressing roGFP1-mApple in mitochondria and roGFP1 in the cytosol were grown in low 

glucose media in order to increase mitochondrial respiration prior to imaging137,138. During 

imaging, mitochondrial inhibition was induced with the complex I inhibitor rotenone and the 
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uncoupling protonophore carbonyl cyanide 4-(trifluoromethoxy)phenylhydrazone (FCCP) (Figure 

35). At the level of the population average, we observed a trend suggesting that mitochondrial 

inhibition causes cytosolic reduction and mitochondrial oxidation (Figure 35). Importantly, our 

dual compartment imaging approached revealed cell-to-cell variation in the magnitude of 

mitochondrial oxidation relative to cytosolic reduction, and it also revealed that at the single-cell 

level complex compartment-specific dynamics can occur in response to mitochondrial inhibition 

(Figure 35). The heterogeneity may reflect cell-specific differences in respiratory efficiency as 

well as variability in redox buffer capacity in the face of metabolic inhibition. Overall, these results 

demonstrate that our roGFP-RFP FRET relay redox sensors can quantify how mitochondrial stress 

alters cytosolic redox dynamics at the single-cell level. 

 

 

Figure 35 Single-cell heterogeneity in compartment-specific redox dynamics observed in 

response to metabolic stress when Neuro2A cells are treated with mitochondrial inhibitors 

(rot/FCCP: 2 µM rotenone and 2 µM FCCP) under low glucose conditions. (a) The mean 

compartment-specific time-course responses of the cell populations (n=18 cells, errors are 95% 

confidence intervals). On average, Neuro2A cells co-expressing mito-roGFP1-mApple (yellow) 

and cyto-roGFP1 (green) exhibit mitochondrial oxidation and cytosolic reduction in response to 

mitochondrial inhibition. (b-d) Single-cell analysis reveals significant heterogeneity in the extent 

to which mitochondria oxidize relative to the cytosol in individual cells. (b) The ratio of 

mitochondrial sensor oxidation to cytosolic sensor oxidation quantifies the variability in the 

mitochondrial redox change relative to the cytosol at the single-cell level. Lines show responses 

for individual cells, and the population mean ± s.e.m. is shown. (c) Cell count histogram shows 

the heterogeneity in the magnitude of the single-cell responses. (d) Examples of single-cell 

responses. 
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5.8 Conclusions 

In this work, we developed a first-generation family of genetically encoded redox sensors 

that exhibit an excitation-ratiometric red fluorescence readout, and we demonstrated their utility 

in dual color, dual compartment live-cell imaging. These roGFP-RFP sensors utilize a FRET relay 

strategy to extend the emission spectrum of the donor roGFP out to red fluorescence wavelengths, 

and they preserve the redox sensing properties of the donor roGFP sensors. However, these first-

generation sensors exhibit modest FRET efficiencies of approximately 30%, and they suffer from 

residual donor green fluorescence. Future optimization of the linker length could improve the 

FRET efficiency, but currently the residual donor emission leads to a spectral mixing problem that 

precludes the use of the roGFP-RFP sensors with other green fluorescent sensors if they are 

expressed in the same compartment. To circumvent this problem, we targeted the roGFP-RFP 

sensors to the mitochondria and roGFP sensors to the cytosol, and spatial localization allowed is 

to measure cytosolic and mitochondrial redox potentials simultaneously within the same cell for 

the first time to our knowledge. Thus, these sensors are advantageous for quantifying subcellular 

redox potentials because they can be targeted to organelles, they exhibit an emission profile that 

is spectrally distinct from green fluorescent redox sensors, and they preserve the redox sensing 

properties of the roGFP sensors. Our results also demonstrate that our FRET relay strategy can in 

principle be used to extend the fluorescence emission of other green fluorescent sensors of redox 

or other analytes into red wavelengths for multiparameter imaging studies. 

5.9 Methods 

Molecular Biology and Protein Expression  

Standard molecular biology, protein expression, and nickel affinity purification procedures 

were used. Poly-histidine-tagged proteins were expressed using the pRsetB bacterial expression 

vector. Protein lacking the poly-histidine tag was expressed in mammalian cells using the GW1 

mammalian expression vector with four copies of the COX8 mitochondrial signal sequence for 

mitochondrial localization or without any signal sequence for cytosolic expression38. Plasmid 

constructs are distributed via Addgene. 

Steady-State Fluorescence Spectroscopy  
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For all spectroscopy measurements protein was diluted to a final concentration of 1 µM in 

75 mM HEPES, 125 mM KCl, 1 mM EDTA, pH 7.0 – 7.3. Solutions were degassed under vacuum 

and purged with argon gas, and protein solutions were equilibrated with 10 mM reduced DTT (1, 

4-Dithiothreitol) or 10 mM oxidized DTT (trans-4,5-Dihydroxy-1,2-dithiane) for 1 hour before 

measurements. Fluorescence anisotropy was determined for samples oxidized with 10 mM ox DTT. 

Redox titrations carried out in solutions in which the total DTT concentration was held constant at 

10 mM while the reduced DTT to oxidized DTT ratio was varied. Midpoint potentials were 

determined as previously described20 and by fitting titration data to a Boltzmann equation.  

Time-Resolved Fluorescence Spectroscopy 

Fluorescence lifetimes were measured on a custom-built microscope using a 447 nm pulsed 

diode laser with an instrument response function full width at half maximum of 150 ps. roGFP 

donor emission was collected using a combination of 500 longpass and 550 shorpass filters. 

Empirical lifetimes were measured from the photon decays, and FRET efficiency was calculated 

as 1 – τroGFP-RFP/τroGFP. 

Live-Cell Imaging 

Neuro2A cells were cultured according to ATCC recommendations and transfected with 

Effectene reagent (Qiagen) according to the manufacturer’s instructions. Cells were imaged in 

glass-bottom 12-well plates at 6-minute intervals at room temperature on an Olympus IX83 

microscope. DIC images were taken before and after experiments to verify cell health. Percent 

sensor oxidation and pH-adjusted midpoint potentials were calculated assuming cytosolic pH = 

7.2 and mitochondrial matric pH = 8.0 as previously described9. 

Data Analysis 

Images were analyzed with ImageJ as previously described38. Briefly, ratio signals were 

manually measured from ratio images obtained by dividing fluorescence images on a pixel-by-

pixel basis. Fluorescence images were background subtracted and thresholded at three standard 

deviations above the mean background to reject background pixels.  
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