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Abstract

Genetically encoded reporters have greatly increased our understanding of biology. While 

fluorescent reporters have been widely used, photostability and phototoxicity have hindered 

their use in long-term experiments. Bioluminescence overcomes some of these challenges but 

requires the addition of an exogenous luciferin limiting its use. Using a modular approach 

we have engineered Autonomous Molecular BioluminEscent Reporter (AMBER), an indicator 

of membrane potential. Unlike other luciferase-luciferin bioluminescent indicators, AMBER 

encodes the genes to express both the luciferase and luciferin. AMBER is a voltage-gated 

luciferase coupling the functionalities of the Ciona voltage-sensing domain (VSD) and bacterial 

luciferase, luxAB. When AMBER is co-expressed with the luciferin producing genes it reversibly 

switches the bioluminescent intensity as a function of membrane potential. Using biophysical 

and biochemical methods we show that AMBER switches its enzymatic activity from an OFF 

to ON state as a function of the membrane potential. Upon depolarization AMBER switches 

from a low enzymatic activity state to a high enzymatic activity state, showing several-fold 

increase in the luminescent (ΔL/L) output. We expressed AMBER in the pharyngeal muscles and 

mechanosensory neurons of C. elegans. Using the bioluminescent voltage signals and compressed 

sensing techniques we reconstructed the electropharngeogram of the C. elegans pharynx, 

validating the sensor function in vivo. Thus, AMBER represents the first fully genetically-encoded 

bioluminescent reporter, without requiring exogenous luciferin addition.

Graphical Abstract
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1 Introduction

Genetically-encoded optical sensors have gained prominence for reporting protein-protein 

interactions, gene expression, and cellular signaling. Most reporters provide an optical 

readout of the signal of interest via the excitation of a fluorescent protein [1]. Application 

of molecular engineering to detect, record and modulate neural signatures is a major area 

underpinning several neurotechnology initiatives. Over the last decade, there has been 

exponential growth in the development of genetically engineered molecular cellular probes 

owing to their ability to precisely target tissues of interest. A wide range of biomolecular 

sensors currently exists for detecting changes in voltage [2, 3], and the levels of calcium [2, 

4, 5], potassium [6, 7]and neurotransmitters[8, 9, 10]. While fluorescent reporters have been 

the mainstay, they suffer from photobleaching and phototoxicity affecting their long-term 

use [11]. Near-infrared indicators [4, 12, 13] and two-photon excitation [14, 15] overcome 

some of these limitations [16, 17], but the development of efficient indicators of cellular 

activity remains an issue.

Intracellular calcium (Ca2+) concentration and membrane potential are the two well 

characterized proxies of neuronal activity. Several Genetically-Encoded Ca2+ Indicators 

(GECIs) [2, 4, 5, 18] were developed over the last two decades with GCaMP variants [19] 

being most widely employed in the neuroscience community. However, the relationship 

between Ca2+ signals and neuronal activity can vary among different neuronal types and 

may become completely uncoupled [20, 21]. Despite the great utility of GECIs, they 

have additional limitations. For instance, several organelles (endoplasmic reticulum and 

mitochondria) and regulatory proteins contribute to Ca2+ compartmentalization [22, 23]in 
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neurons. Over expression of GECIs in neurons can cause these Ca2+-responsive probes 

to contribute to Ca2+ buffering, thereby affecting neurophysiology [23]. Despite its high 

Signal-to-Noise ratio (SNR), GECIs cannot report subthreshold or hyperpolarized potentials 

[24, 25]as is possible with fluorescent Genetically Encoded Voltage Indicators (GEVIs) [26]. 

Recently, a fluorescent hybrid GEVI complexing with an exogenously supplied synthetic 

dye was reported to be stable while recording for tens of minutes[27]. However, deciphering 

the information processing in circuits with a large population of neurons necessitates 

conducting experiments for extended periods, demanding molecular voltage reporters with 

exceptional photostability. Apart from its ubiquitous role in the action potential, the dynamic 

membrane potential is emerging as a critical factor in controlling many crucial cellular 

processes, including cell cycle progression, proliferation, and wound healing[28, 29]. 

Elucidating this emerging role of the membrane potential requires new tools and methods for 

actively recording the membrane potential over long periods (days).

Recently bioluminescence has garnered attention as an alternative to overcome some of 

the limitations of fluorescent GEVIs and GECIs [30], especially its ability to record 

for prolonged periods of time. Bioluminescence imaging does not require any external 

illumination, and light emission is achieved as a by-product of a biochemical reaction 

– oxidation of a substrate (luciferin) catalyzed by an enzyme (luciferase). Commonly 

used light-generating luciferases from fireflies (Lampyridae) and marine organisms such 

as Aequoria victoria, Renilla reniformis, Gaussia princeps, Metridia longa, and Vargula 
hilgendorfii [31, 32, 33, 34, 35] require exogenous addition of luciferin since the 

biosynthetic pathways for in situ luciferin production have not been identified in most 

organisms. There are two exceptions - the genes coding for the fungal luciferin, 3-

hydroxyhispidin [36] and the bacterial luciferin, a molecular complex of fatty aldehyde 

and reduced flavin mononucleotide, FMNH2 [37]. In a tour-de-force, Kotlobay et al. [38] 

discovered a set of genes required for expressing both the fungal luciferase and luciferin. 

However, the fungal bioluminescence system requires a total of seven genes assembled from 

multiple organisms, which can be challenging to express efficiently in eukaryotic systems. 

In contrast, the genes encoded in the bacterial lux operon are in a single polycistronic 

mRNA [39] and can enable enhanced bioluminescence [40]. The lux operon, unlike other 

bioluminescent systems, consists of a series of six genes (luxCDABE and the flavin 

oxidoreductase gene, frp) synergistically combining to produce both the luciferase and a 

luciferin-generating secondary protein complex (Figure S1 in the Supporting Information, 

SI). The luciferin synthesizing protein complex recycles the products (myristic acid and 

FMN) and the intermediates of the light reaction endogenously to light generating substrates 

(myristyl aldehyde, also known as tetradecanal and FMNH2) using metabolic pathways 

[40]. Fortuitously, tetradecanal is not freely available in large quantities in eukaryotes 

[41], ensuring low background activation. There were concerns about apparent cytotoxic 

effects of aldehyde compounds in eukaryotes [42] but the concentration of tetradecanal 

synthesized using lux operon expression does not seem to attain the toxic dose affecting 

cell viability [41]. Recent work also confirmed there is no cytotoxic effect when the 

lux cassette is expressed in mammalian cells [43]. In this paper, we describe a new 

type of Luminescent Voltage Indicator (LuVI) named AMBER (Autonomous Molecular 

BioluminEscent Reporter) for detecting voltage activity in freely moving animals. AMBER 
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uses the functionalities of the ascidian Ciona Intestinalis voltage sensing domain (VSD) 

[44], a synthetic enhanced bacterial luciferase (derived from P. luminescens luxAB, pl-

luxAB) [41], and a fluorescent moiety, YPet [45]. AMBER also leverages the molecular 

architecture of a previously developed GEVI, VSFP2.1 [46]. The rationale behind this 

choice stems from the efficient coupling between the conformational change of the VSD 

and the Cerulean/Citrine FRET (Förster Resonance Energy Transfer) pair of VSFP2.1 while 

operating within the physiological voltage range. While VSFP2.1 responds by modulating 

the FRET distance, AMBER provides an increase in overall activity by switching from 

an inactive to an active state upon depolarization. AMBER provides an unprecedentedly 

large dynamic range in the optical readout and an increased emission efficiency. Unlike 

other voltage probes reported to date, AMBER switches from an OFF to ON state upon 

depolarization. The overall light emission is ≈ 3 times brighter than the initial resting signal, 

and an on-off ratio greater than LOTUS-V [47, 48], the first LuVI developed using the deep 

shrimp luciferase [49]. We demonstrated in vivo functionality by expressing AMBER in C. 
elegans pharyngeal muscles and mechanosensory neurons.

2 Results

2.1 Optimizing Engineered Bioluminescent Voltage Indicators

We postulated voltage sensing ability can be conferred to the lux-based LuVIs by replacing 

the fluorescent FRET donor, Cerulean, of VSFP2.1 [46] with the mammalian codon-

optimized synthetic luciferase, enhanced luxAB (‘eluxAB’) [50] and the FRET acceptor, 

Citrine with YPet. This replacement resulted in the protein construct VSD-eluxAB-YPet 

(referred to as VE-Y). For the sake of brevity all engineered protein constructs are named 

using the first letter of each of the functional domains (V- Voltage sensor, E- eluxAB, 

Y- YPet, and F- FRP). Previous reports on Bioluminescence Resonant Energy Transfer 

(BRET) performance show that the acceptor position could influence the brightness of 

the probe [51]. Therefore, we swapped the position of eluxAB and YPet in VE-Y to 

compare its performance with the VY-E (see Figure S2). Molecular cloning approaches to 

create plasmids with relevant genetic elements for expressing various protein constructs are 

described separately (see the SI section 1.2 and Table S1). Production of FMNH2 is the 

rate-limiting step in the bacterial bioluminescence reaction [52]. A direct transfer of FMNH2 

minimizes FMNH2 oxidation via the dark pathway, thereby significantly increasing the 

bioluminescence quantum yield[53, 54]. We wondered if placing FRP in close apposition to 

eluxAB could enable direct transfer of FMNH2 to eluxAB from the FRP-FMNH2 complex 

and thereby increase the bioluminescent intensity. Therefore, we fused the FRP domain 

to the N-termini of both VE-Y and VY-E to obtain FV-E-Y and FV-Y-E, respectively 

(See the SI Section 1.2). We did not evaluate the positioning of FRP at the C-terminus 

since it is closer to the putative voltage activated S4 segment and VSD switching could 

become excessively slow if large protein domains are fused to its C-terminus. Furthermore, 

we wanted to mimic the overall structure of the voltage gated phosphatase and needed a 

terminal β-barrel structure (provided by YPet).

Plasmid DNAs encoding the four principal engineered protein constructs - VE-Y, VY-E, FV-

E-Y, and FV-Y-E were co-expressed with their substrate producing proteins (FRP-luxCDE 
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for VE-Y and VY-E and luxCDE for FV-Y-E and FV-E-Y) in HEK293 cells (See the 

SI Section 1.3). Bioluminescent images were recorded using a custom-built imaging 

set up (See the SI Section 1.4) placed inside a dark room. The recorded images were 

subsequently processed using the ImageJ software (See the SI Section 1.12). The efficacy 

of all engineered constructs was tested in mammalian cells at resting and depolarization 

states (using ≈ 50mM KCl). Brightfield and bioluminescent images of cells expressing 

different protein constructs were obtained before and after KCl addition (Figure S2). VE-

Y performed better than VYE in modulating the eluxAB activity. Surprisingly FV-Y-E 

performed the poorest of all the constructs tested, suggesting the positioning of eluxAB and 

YPet affects the light modulation more than the proximity to FRP. However, as expected 

FV-E-Y performed the best and this result confirms that placing eluxAB and FRP domains 

in close apposition increases the propensity of direct FMNH2 transfer from FRP to eluxAB. 

Figure 1A shows a schematic of FV-E-Y (henceforth referred to as ‘AMBER’) that exhibits 

the highest change in bioluminescent signal compared to other constructs. Figure 1B shows 

an overlay of color-coded contour pixels quantifying the fractional luminescence (ΔL/L) on 

the corresponding brightfield image of HEK293 cells expressing AMBER.

We formulated a new metric termed ‘Normalized Fractional Luminescence’ to quantitatively 

compare the performance across constructs. Normalized fractional luminescence is obtained 

by normalizing the mean photon flux (average differential intensity per unit exposure time) 

of a chosen construct by the maximum achievable value among all constructs (i.e. the 

photon-flux ratio of AMBER, see the SI Section 1.12). Figure 1C shows an unbiased 

comparison of the bioluminescent output for all the engineered constructs. FV-E-Dark 

ranks second and its structure was the same as AMBER except for the mutated YPet 

chromophore to abrogate its fluorescent property. This was followed by a set of candidates 

whose N-termini did not contain the FRP domain, illustrating the role of FRP in improving 

the brightness. Light due to endogenously produced substrates (Figure S4) was very dim 

– about 10 times smaller than the maximum achieved signal even though the integration 

time was three times as long. In contrast, un-transfected cells showed no detectable intensity 

increase after KCl addition (Figure S3). Candidate rankings made based on normalized 

fractional luminescence agrees with the outcomes of statistical approach using information 

entropy (See the SI Section 1.15 and Table S4). We performed Western blot assay to ensure 

the expression of the engineered proteins are at the comparable levels (See the SI Section 

1.16 and Figure S19)

2.2 Emission Spectrum of AMBER

An increase in the bioluminescence by several-fold after KCl addition precludes BRET 

from being the primary contributor. We therefore performed a more quantitative assay 

by recording the emission spectra using a plate reader (see the SI Section 1.5). The 

bioluminescent spectra of HEK293 cells expressing AMBER were recorded before and after 

KCl addition (See Figure 2A(left)). Representative bioluminescent micrographs obtained 

from imaging experiments are also included to enable visualization. We applied a weighted-

residual least square approach to curve fit a non-linear regression model through recorded 

spectral intensities (See the SI Section 1.5 and Table S2). A spectral curve fitting model 

was represented as a linear weighted combination of three a priori inputs - background 
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bioluminescence of HEK293 cells suspended in the growth media recorded separately, 

the bioluminescence emission spectrum of iluxAB (derived from pl-luxAB) published 

previously [40] and the fluorescence emission spectrum of YPet[55]. The shaded region 

along each trace represents the 95% confidence interval. Spectral intensities at the eluxAB 

donor (≈ 490nm) and the YPet acceptor (≈ 530nm) wavelengths increased after KCl 

addition approximately by the same factor (≈ 3X). This result suggests that conformational 

change of the VSD upon membrane depolarization does not seem to alter the Förster 

distance between eluxAB and YPet. Therefore, BRET is not the major contributor to 

increased light emission after KCl addition.

2.3 Performance of the Dark Mutant

Additional evidence to confirm the switching of AMBER upon depolarization was obtained 

by mutating residues GLY65THR and GLY67ALA within the chromophore of YPet in 

FV-E-Y[56] (See the SI Section 1.2). These mutations (creating the construct FV-E-Dark 

termed as the ‘Dark mutant’), almost completely eliminate BRET. Figure 2A(right) shows 

the bioluminescent emission spectra of HEK293 cells expressing FV-E-Dark construct at 

the resting and depolarized states. Representative bioluminescent micrographs were also 

included. The spectral curve-fitting model for the Dark mutant was represented as a linear 

weighted combination of two of the aforementioned a priori inputs – the background 

bioluminescence and the iluxAB emission spectra (See the SI Section 1.5 and Table S2). 

Bioluminescent emission of HEK293 cells expressing FV-E-Y-Dark increased significantly 

after KCl addition as expected. An increase in the spectral intensity at ≈ 490 nm by a 

factor of ≈ 2× upon depolarization suggests that switching of the enzymatic activity as the 

dominant mode of the light emission. However, the BRET mechanism seems to increase the 

overall emission and thus AMBER emission is brighter than FV-E-Dark

2.4 NADH Assay

Tracking NADH production provides an indirect evidence for eluxAB enzymatic activity 

since NADH production increases with the drop in cellular O2 concentration. NADH is 

utilized both for regenerating FMNH2 from FMN catalyzed by FRP and for the fatty 

aldehyde synthesis from the fatty acid via the luxCDE complex. While the reduced form 

(NADH) is fluorescent, the oxidized form (NAD+) is not. We monitored endogenous NADH 

fluorescence before and after KCl addition, which showed an increase in the NADH 

fluorescence after KCl addition (See the SI Section 1.4). While the steady-state NADH 

fluorescence before KCl addition is not large enough to be detected, a step increase after 

KCl addition invariably points to the drop in O2 concentration. Cytosolic NADH is produced 

at detectable levels within a few seconds after O2 consumption during the light reaction 

(Figure S5), and similar observations have been reported earlier [57]. Thus, we confirmed 

the causal link between depolarization and bioluminescence-induced O2 consumption, as 

evidenced by the increase in the NADH fluorescence. This strongly supports a voltage-gated 

enzymatic switching mechanism. An increase in NADH fluorescence also indicates that the 

rate of NADH production due to an O2 drop is faster than the rate of NADH consumption 

for aldehyde synthesis. This suggests that steady-state aldehyde concentration in cells 

produced by luxCDE is sufficient to carry out the light reaction for a long duration (at 

least for a few tens of minutes),
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2.5 Voltage Switching Characterization

We performed electrophysiology experiments to determine the voltage-dependent 

characteristics of AMBER. We transiently co-expressed AMBER and luxCDE in HEK293 

cells to record single-cell bioluminescence under voltage clamp. Results from the patch-

clamp experiments are shown in Figure 2B (See the SI Section 1.6). The curve follows the 

classical Boltzmann activation and the potential where the activity reaches half the maximal 

value termed V1/2 is the point of maximal sensitivity. The half-maximal voltage of AMBER, 

V1/2 ≈−25 mV is within the physiological range of neuronal action potentials similar to 

other GEVIs [58, 59, 60]. In comparison, the V1/2 of the bioluminescent voltage indicator 

LOTUSV [47] is ≈ 0mV. Ionic depolarization of HEK293 cells expressing AMBER and 

VY-E (with luxCDEFRP) was done by titrating with incremental amounts of KCl (Figure 

2C). The V1/2 deduced applying Nernstian relation to the KCl titration data agrees closely 

with the value obtained via patch-clamp recordings. Interestingly, V1/2 of AMBER is more 

positive compared to that of VSFP2.1 (V1/2 ≈−70 mV) but agrees closely with the switching 

threshold of VSFP2.3, derived from VSFP2.1 by modifying the linker length between the 

donor and the VSD. Additionally, V1/2 shifts towards the positive direction for AMBER 

compared to VY-E. We do not know if the BRET pair interacts with the VSD domain and 

whether its rearrangement caused the voltage shift. Earlier work showed evidence for an 

interaction between the fluorescent protein and the VSD domain, but the mechanism of 

the fluorescence modulation by the VSD is not fully understood[58]. We speculate that the 

interaction between the YPet and the VSD domains could account for the observed shift.

2.6 Chemogenetic Activation

An increase in extracellular K+ promotes depolarization, thereby affecting many cellular 

signaling processes. We therefore wanted to independently verify if enzymatic switching 

could be achieved using an activator other than K+ under physiological conditions. We 

achieved this by co-expressing rat capsaicin receptor (rTRPV1) with the AMBER (and 

its substrate luxCDE) in HEK293 cells and stimulated the cells using capsaicin [61] (See 

the SI Section 1.4). We chose rTRPV1 because it has a large single-channel conductance 

and capsaicin-induced activation of rTRPV1 causes cellular depolarization due to the large 

inward cation current [62]. Bioluminescence experiments performed under these conditions 

also exhibited changes in bioluminescence similar to depolarization with K+ (Figure S6 in 

the SI)

2.7 Characterization of AMBER Kinetics

We characterized the AMBER kinetics using a custom-built all-optical electrophysiology 

rig. Briefly, AMBER was co-expressed with a red light-sensitive optogenetic probe, 

ReaCHR [63]in HEK293 cells. Bioluminescence was recorded following cellular 

depolarization for 300ms using a red light (λ=620 nm). We consistently observed that 

the resting potential of cells co-expressing AMBER and ReaCHR (≈−14mV) was more 

positive than a cell expressing ReaCHR alone (≈ −25mV) possibly due to AMBER induced 

ReaCHR activation under resting conditions (see Figure S12 in the SI). We accounted for 

this variability in the resting state of a cell while quantifying the voltage transients using the 

Boltzmann statistics shown in Figure 2B. We note the slow decay of the voltage over time 
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allows applying quasi-equilibrium approximation of the voltage trace so that the Boltzmann 

statistics can be used in these kinetic conditions. Figure 3A shows the signals recorded in the 

all-optical electrophysiology experiment. The top trace shows the onset and deactivation of 

a 300ms light pulse. The second trace shows the membrane potential of a cell co-expressing 

AMBER and ReaCHR and the best fit single exponential decay (τoff = 450ms) is shown as 

an overlay. The third trace shows the computed activation probability using the Boltzmann 

statistics illustrating the cell is in a fairly depolarized state even in the absence of the 

light stimulus and thus has a considerable baseline activity. The change in activity is 

20% under light stimulation in these experiments. In a separate experiment we recorded 

the bioluminescent signal under identical optical stimulation conditions and the resultant 

bioluminescent signals are overlaid onto the activation probability trace. The signals were 

collected for 8 stimulation pulses repeated at a 5s interval. The data shown is the median of 

the data collected from 8 cells (See Figure S13 for additional intensity traces). We noticed a 

slow frequency envelope (purple dotted line in figure 3A) on the bioluminescent signals and 

attribute this to the depletion of the substrate and its subsequent regeneration. The spacing 

between the pulses is between ≈ 0.7–1 second, the burst themselves having an activation 

time constant of ≈ 300ms and deactivation time constant of ≈ 200ms. Since the time 

constant of the charge movement of the VSD is known to correspond to the fast component 

of fluorescent GEVIs [64], we characterized the charge activation and deactivation time 

constants,τon and τoff respectively, of cells expressing AMBER and the results are shown 

in figure 3B(see SI section 1.6). The τoff of AMBER (15–45 ms) is slightly faster than the 

deactivation time constant of the parent VSFP2.1 (60–80 ms)[46]. On the other hand, the τon 

of AMBER (≈26–330 ms) has a considerably larger variation than VSFP2.1 (≈10–85 ms). 

Beyond the V1/2 of AMBER the on-time constants are more closely matched (26–63 ms) to 

VSFP2.1. Thus the introduction of the FRP, eluxAB and YPet has a pronounced effect on 

the activation time constant when the cell is in a hyperpolarized state. Taken together the 

slow component of the time constant of AMBER deduced from the slow envelope function 

is expected to be in the order of ≈200–300 ms and the fast time constant is the order of 

≈25–50ms as given by the charge activation and deactivation time constants. In comparison, 

LOTUS-V exhibits a fast and slow time constant, with 30–40% of the population in the 

fast population. The fast time constants are 3.09 ms for the activation and 6.12 ms for 

the deactivation, while the slow component was 204ms and 144ms for the activation and 

deactivation respectively.

2.8 Molecular Modeling Studies

The most probable cause for the enzymatic switching can be attributed to the position 

of YPet relative to eluxAB because switching their position produced a dim signal, First, 

we established a molecular basis for the eluxAB function based on the structural details 

underpinning the function of V. harveyi luxAB (vh-luxAB): FMN complex [65]. vh-luxAB 

bears large sequence similarity to eLuxAB (Figure S9). Predictive models computed using 

the I-TASSER [66, 67, 68] showed how eluxAB folding affects the FMN binding pocket 

geometry. In particular, we find that association constraint between the α and β subunits is 

critical for the enzyme function as this directly affects the FMN pocket geometry (See the SI 

Section 1.7 and Figure S14). Hence, the interface distance constraints of vh-luxAB subunits 

in the FMN unbound/bound states were applied to simulate the association between α and β 
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domains of eluxAB in unbound/bound states (Table S3). Both interface distance constraints 

and the sequence alignment information were used to accurately predict the structure of 

eluxAB, eluxAB-YPet, and YPeteluxAB (see Figure S15) in the FMN unbound/bound 

states. We found that the FMN binding pocket of YPet-eluxAB in the unbound state was 

severely contracted. The solvent accessible surface area (SASA) was ≈34.5% less than that 

of the bound state as opposed to the ≈9.7% contraction for that of the eluxABYPet. These 

results are in-line with the experimentally observed bright bioluminescence for FV-E-Y and 

the dim bioluminescence for FV-Y-E and V-Y-E constructs. Furthermore, there was little 

change in the Förster distance (mean distance between FMN pocket residues and the YPet 

chromophore residues) for both BRET pair models, which explains the minor contribution 

of BRET in the differential signals. In contrast, we did not see any appreciable change in 

the FMN pocket geometry for the eluxAB (SASA≈1%) and this explains for the negligible 

change in the bioluminescent signal of V-E construct upon depolarization. Mean solvation 

free energies (See the SI Section 1.7 and Figure S16) of all the predicted structures were 

estimated using the approach described elsewhere[69].

Similar to the vh-luxAB: FMN complex [65], the SASA of FMN pocket in the unbound 

state was predicted to be smaller than that of the bound state for both BRET pair models. 

Hence, thermal mobility of the FMN pocket residues has to play a critical part in the 

eluxAB: FMN binding. Therefore, we compared the predicted values of normalized B-

factor, an indicator of thermal mobility, for key residues of the FMN binding pocket in the 

unbound state (see Figure S15b). The eLuxAB structure exhibits high thermal mobility for 

ARG107, LEU109, TYR110, GLU175 and SER176. Mutation of GLU175 was reported 

to reduce activity of vh-luxAB to < 1% [70] and plays an important role in light reaction 

kinetics. For most residues, the thermal mobility is markedly different from the eLuxAB 

structure for YPeteLuxAB and to a lesser extent in eLuxAB-YPet. Taken together these 

results shed light on why the enzymatic activity is affected when the position of eLuxAB 

and YPet are switched. Based on these observations we propose the mechanism shown in 

Figure 3C for the enzymatic switching of AMBER.

2.9 In vivo Voltage Activity Recorded Using AMBER

We created C. elegans transgenic lines to test AMBER function in vivo. We chose C. 
elegans as the model organism because of the optically transparent properties of its tissues, 

and the slow kinetics of the muscle and neuronal voltage signals (about a few seconds). 

We subcloned AMBER cDNAs in C. elegans expression vectors (See the SI Section 1.2). 

Myosin-2 heavy chain gene, myo-2[71] and the α-tubulin gene, mec-7 promoters [72, 73] 

were used to drive the transgene expression in pharyngeal muscles and mechanosensory 

touch neurons, respectively (See the SI Section 1.8). We genetically targeted specific tissues 

of interest and recorded bioluminescent voltage signals using a custom-built imaging setup 

that allows tracking the animal positions simultaneously (See the SI Section 1.9).

First, we wanted to conform if AMBER is capable of reporting physiological voltage 

signals. C. elegans uses pharyngeal pumping to concentrate its food and that starvation 

stimulates pumping action. Electrophysiological response of a C. elegans pharynx was 

generally characterized using extracellular (Electropharyngeogram, ‘EPG’) and intracellular 
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(Terminal bulb action potential, ‘AP’) electrical recordings under starving conditions, which 

stimulates pumping[74]. Recently, the fast transients of EPG and AP traces were recorded 

using a fluorescent voltage sensor [75]. We recorded voltage activity of the entire pharynx 

and the terminal bulb under serotonin-induced simulated starvation and bacterial feeding 

conditions (Figure 4A and the SI Movie SM1). Serotonin increases the rate of feeding in 

C. elegans [76] and is generally considered to provide neuromuscular food signals to the 

animals [77, 78, 79]. Voltage imaging was done for tens of seconds integrating the signals 

for 500 msec per frame (See the SI Section 1.10). This image capture speed is too slow 

to record the fast muscle kinetics of C. elegans pharynx (≈300 msec for EPG and ≈225 

msec for terminal bulb AP). We, therefore, modified a recently developed technique [80] 

using sparse sampling approach to reconstruct the terminal bulb AP (Figure 4B) and the 

EPG (Figure 4C) of different animals under starvation and bacterial feeding conditions. Our 

approach relies on a priori knowledge of the signal shape for EPG[81] and AP[82] obtained 

electrically at high temporal resolution (See the SI Section 1.10 for the ground truth signals 

of EPG and the terminal bulb AP). We reconstructed the EPG trace with sufficient accuracy 

so the dominant positive (TB depolarization) and negative (Corpus repolarization) transients 

are clearly resolved. However, some small positive and negative transients were not resolved 

fully indicating the insufficiency of the representative samples for reconstruction. On 

the other hand, SNR of the reconstructed AP traces was good enough to resolve the 

depolarization and repolarization kinetics. Based on these findings, we confirm the ability 

of AMBER to sense physiological voltage signals during pharyngeal pumping events in 

C. elegans. Next, we expressed AMBER at sufficient levels in the mechanosensory touch 

neurons (ALMR, ALML, AVM, PLMR, PLML, PVM) and the anterior nerve ring of C. 
elegans (See the SI Section 1.11). Signals from the touch neurons did not show any activity 

when the animals were moving unilaterally in the forward direction but showed bursts of 

activity while making spatially restricted movements and frequent reversals (Figure 5 and 

the SI movies SM2 and SM3) or during collisions (Figure S7). Earlier studies reported 

that mechanosensory touch neurons respond to changes in force, but not to the exertion 

of a constant force [83, 84]. We observed varying levels of activities of the touch neurons 

during collisions (Figure S7) that can exert transient differential forces due to momentum 

transfer. The underlying mechanism of differential force exertion during frequent reversals 

and restricted movements is not fully understood. Nevertheless, these motion trajectories on 

the hydrated agar bed were earlier reported to be involved in detecting food [85]. A huge 

advantage of AMBER is the ability to simultaneously record the activity of a neural circuit 

from multiple worms moving in different directions within the field of view, which is not 

possible using fluorescence (Figure S8 and the SI Movie SM4).

3 Discussion

We report the creation of a first generation voltage-sensitive bioluminescent probe 

(AMBER), which uses a Ciona VSD, a synthetic enhanced bacterial luciferase, eluxAB, 

and a β barrel domain of the fluorescent YPet. The system is autonomous and enables the 

expression of the probe and its substrate genetically, circumventing a major drawback of 

other bioluminescent systems. We engineered the placement of various domains to achieve 

a high SNR and efficient switching of the enzymatic activity. Since AMBER switches its 
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enzymatic activity reversibly with membrane potential, we performed several experiments 

to understand the switching mechanism. We shed light on the mechanism of enzymatic 

modulation using the data obtained from the computational models, cellular imaging, and 

spectroscopy measurements. Three factors frame the discussion around the mechanism 

behind enzymatic switching: the bioluminesence reaction mechanism, the role of YPet in the 

mechanism, and the role of the substrates. The bioluminescence reaction pathway proceeds 

by the FMNH2 forming a complex with the luciferase enzyme. The Enzyme-Flavin complex 

then reacts with molecular oxygen to produce a hyrdoxyperoxyflavin intermediate, which 

the subsequently reacts with the aldehyde to eventually emit a photon[86, 87]. The order of 

the reaction points to the relative importance of FMNH2 in the switching mechanism. The 

role of YPet is best understood by considering the results from the experiments performed 

on the dark mutant (FV-E-Dark) (see figure 2A). Results from the dark mutant (FV-E-Dark) 

conclusively proved the only necessary factor in the switching mechanism is the physical 

structure of YPet and not the resonance energy transfer. Furthermore, molecular modeling 

studies showed the position of YPet relative to eluxAB modulates the FMNH2 binding 

pocket. A detailed analysis of the molecular model supporting this argument from energetic 

considerations is provided in the SI. The only other method of modulating the enzymatic 

activity would be to modulate the access of the aldehyde by the voltage. However, as shown 

in figure 1C, the construct VY-E with and without the substrate producing proteins (FRP 

and luxCDE) showed similar activity. More importantly, fusing FRP to the N-terminus 

of this construct greatly reduced its activity (see FV-Y-E in figure 1C). This reduction 

in activity suggests the increased availability of FMN does not improve the light output, 

which would have been the case if aldehyde was the reason for the switching mechanism. 

he VY-E (or non-optimal) constructs serve as the ideal platform to compare the effect of 

aldehyde since they exhibit reduced performance with respect to FMNH2 (as evidenced 

by the poor performance of the FV-Y-E construct) and additionally, eluxAB has better 

access to the aldehyde since it is more exposed to the cytosol. Based on the experimental 

data and molecular modeling we propose the following as a plausible mechanism for the 

voltage switching behavior of AMBER. In the resting state, FMN binding to eluxAB is 

inhibited due to contraction of the FMN pocket accompanied by the native folding of the 

eluxAB-YPet. Upon membrane depolarization, the movement of the S4 transmembrane 

helix of the VSD reorients the YPet that coordinates with the eluxA movement through 

association constraints. These coordinated movements of eluxAB-YPet BRET pair perturb 

the initially contracted FMN pocket thereby opening it to accommodate an incoming 

FMNH2. A schematic representation of this molecular mechanism is shown in Figure 3C.

We performed all optical electrophysiology to determine the switching kinetics of AMBER. 

The slow inactivation and depolarized state of the cell even in resting conditions made it 

difficult to directly measure the time constants. However, determining the time constants of 

the gating currents enabled us to estimate the fast component of the switching kinetics, since 

the charge kinetics closely reflects the fast component[64]. By analysing the slow envelope 

modulation resulting from substrate recycling we were able to set a upper bound on the 

slow component to be 200–300 ms. By using a sparse sampling approach, we were able 

to effectively reconstruct the voltage signals of much faster events with a sample size of a 
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couple of hundred recordings in vivo (See Figures 4B & 4C). This enabled detecting faster 

kinetics even though the probe might be intrinsically slower.

We have shown for the first time the ability to modulate the enzymatic activity of a voltage-

gated luciferase by varying the membrane potential. We propose that the voltage imaging 

approach described here will have broad applicability, especially when coupled with signal 

reconstruction techniques. One key advantage of a bioluminescent voltage reporter is 

the ability to monitor voltage activity for a prolonged (days) period. Current fluorescent 

reporters of voltage activity usually require high photon flux due to their limited sensitivity 

resulting in a rather short experimental duration (15 minutes- 1 hour)[2]. While the kinetics 

of AMBER needs improvement for single neuron experiments, it highlights the advantage of 

bioluminescence for long-term voltage imaging. Additionally, tools like AMBER will help 

decipher the critical role of the membrane potential in many biological processes ranging 

from cancer biology to wound healing [29], which are intrinsically much slower (few 

hundred milliseconds to seconds). A particularly important area of application is the study 

of cardiomyocytes derived from stem cells as a potent in vitro drug screening platform[88, 

89, 47]. Additionally, monitoring changes in membrane potential over a long time period 

is essential to studying the role of membrane potential in regulating downstream gene 

expression by cells interacting via gap junctions [90], which in turn has major implications 

in cell proliferation and function.

4 Conclusions

We engineered an autonomous voltage-sensitive bioluminescent reporter based on the 

bacterial luciferase system. The ability to genetically encode the luciferase and the luciferin 

overcomes many challenges inherent with firefly and the deep-sea shrimp bioluminescent 

systems. Moreover, by extensive molecular engineering of the probe, we obtained bright 

signals upon depolarization. AMBER exhibits a voltage-dependent enzymatic switching 

not observed in other similar systems (e.g. LOTUS-V). We successfully expressed and 

demonstrated AMBER function both in HEK293 cells and in C. elegans. We report the 

activities of the mechanosensory neural circuit and the pharyngeal muscle pumping from 

multiple animals using AMBER. We believe this will greatly enhance the ability to track the 

behavior of multiple animals, while simultaneously monitoring the voltage activity. Tools 

like AMBER can help unravel the critical role played by the membrane potential in cell 

proliferation, differentiation and apoptosis.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1: 
Molecular engineering to maximize autobioluminescence brightness. (A) schematic of the 

membrane resident AMBER probe is engineered as a fused polypeptide chain, NH2-FRP-

VSD-eluxAB-YPet-COOH. Light reaction is catalyzed by eluxAB domain, which requires 

fatty aldehyde (produced by the cytosolic Fatty Acid Reductase complex consuming ATP), 

FMNH2 (produced by FRP consuming NAD(P)H) and molecular oxygen. Placing FRP in 

close apposition to eluxAB decreases the chances of FMNH2 auto oxidation either by direct 

transfer from FRP to eluxAB or by rapid diffusion. When VSD undergoes conformational 

change upon membrane depolarization, the beta barrel of the YPet turns on the enzymatic 

activity of eluxAB producing a several fold-increased bioluminescence (λmax ≈ 490nm.)

(B) A contour of fractional luminescence (log10ΔL/L) of AMBER superimposed over the 

corresponding brightfield image of HEK293 cells before and KCl addition. AMBER shows 

28-fold maximal increase and 72% average increase from 85% of chosen population of cells. 

The scale bar length is 200μm. (C) A plot of normalized fractional luminescence confirms 

that AMBER performs best among all the engineered protein constructs followed by the 

Dark Mutant. Plotted data represents mean ± std. error of the pixel recordings. (Wilcoxon 

signed-Rank test; n > 25 cells for all constructs; p < 10−5)
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Figure 2: 
Spectral emission and voltage response of AMBER. (A, left) Representative micrographs 

(top) and the bioluminescent emission spectrum (bottom) of AMBER at the resting and 

KCl induced depolarization states (Wilcoxon signed-Rank test; n > 25 cells; p <10−5). 

A ≈ 3-fold increase in the average signal was observed after KCl addition. There was 

negligible difference in the ratio of the donor (λex=490nm) to acceptor (λem=530nm) 

signals before and after KCl addition. Shaded region represents 95% confidence interval. 

(A, Right) Representative micrographs (top) and the bioluminescent emission spectrum 

(bottom) of FV-E-Dark at the resting and KCl induced depolarization states. Beta barrel of 

the Dark mutant is sufficient to switch the activity of eluxAB domain. The loss of BRET 

component is evident from the decreased brightness of the micrographs. Shaded region 

represents 95% confidence interval. (B) Representative whole cell voltage clamp recording 

of a HEK293 cell expressing AMBER. Recordings from six independent repeats varying 

the membrane potential between −60mV and 60mV at an increment of 20mV were plotted. 

Electrically stimulated optical readout follows the classical Boltzmann distribution with V1/2 

≈ −25mV. The Boltzmann equation (1/(1 + exp(−q(V − V1/2)/zQkBT))) fit yields a value of 

V1/2 = −25.5 ± 1mV and a zQ ≈ 3 ± 0.25. A single tailed paired t-test statistic confirms 

statistically significant difference between the mean intensities corresponding to the off and 

on states (Shapiro Wilk normality p-value ≈ 0.562 > Significance level, α = 0.05, single 

tailed paired t-test p < 0.02). AMBER shows approximately ≈3X increase in luminescence 

in experiments performed on HEK293T. (C) Normalized bioluminescent response of the 

AMBER and VY-E under KCl titration. An order of magnitude change in the extracellular 

KCl concentration is necessary to achieve the maximum intensity for the chosen constructs. 

For both the patch clamp and KCl depolarization experiments the luminescence is the total 

light collected over all wavelengths. Scale bar length is 200μm.
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Figure 3: 
(A)All Optical Electrophysiology to study the kinetis of AMBER. HEK293 cells containing 

a channel rhodopsin (ReaChr[63] is activated by a brief 300ms 620 nm light pulse (top 

trace). The resulting membrane potential is shown in the middle trace, the shaded green 

region is the best fitting single exponential decay to the voltage curve. The decay time 

constant is 450 ms. The bottom trace shows the activation probability of AMBER computed 

using the Boltzmann function fitted to the patch clamp data (see Fig. 2B). Shaded region 

is the corresponds to the best fit monoexponential weighted by the same activation curve. 

The dark blue pulses are bioluminescent signals (median, n=8) produced by AMBER and 

closely follows the 450ms decay curve (dark blue dotted line). The light blue dotted line is 

the low frequency envelope of the bioluminescent signal and indicates the rate of substrate 

consumption and production.(B) The on and off time constant of AMBER as determined 

from the electrical patch clamp current recordings. Depolarizing current transients were 
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obtained by applying 20ms voltage steps from −60 mV to 60 mV at an incremental step of 

20 mV from the holding potential of −60 mV. The fast component of luminescence change 

is expected to correspond to the charge movement and therefore the time constant [64]. 

(C) A proposed model for the activation of AMBER upon membrane depolarization. At 

the resting state, the transfer of FMNH2 from FRP to eluxAB is prevented thereby shutting 

off the biochemical path of the light reaction. VSD S4 transmembrane domain undergoes a 

conformational change upon membrane depolarization causing FMNH2 transfer from FRP 

to eluxAB domain.
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Figure 4: 
In vivo voltage imaging of the pharyngeal muscle activity of adult C. elegans under 

stimulated starvation and bacterial feeding conditions. (A) Bioluminescent voltage signals 

recorded from the pharynx of transgenic animals expressing AMBER. The scale bar length 

is 500μm. (B) Terminal bulb action potential traces reconstructed using experimental 

recordings (N= 200 samples) obtained from the individual animals under different 

conditions. A modified sparse sampling approach was applied to reconstruct the traces. 

Bootstrap sampling (N= 3000 samples) of the recorded data increased the signal-to-noise 
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ratio of the representation of the ground truth signal. (C) Electropharyngeogram kinetics 

reconstructed using experimental recordings (N= 200 samples) obtained from the individual 

animals under different conditions. A modified sparse sampling approach was applied to 

reconstruct the traces after Bootstrap sampling (N= 3000 samples).The different colors 

of the traces correspond to different animals.(n= 5 animals for Serotonin treatment; n=3 

animals for bacterial feeding; Bootstrap Sampling)
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Figure 5: 
Snapshots of the touch neurons activities of a C. elegans worm recorded using AMBER. 

The worm takes different shapes as shown while performing frequent reversal movements 

causing graded activity in the mechanosensory touch-neurons (PLM, PVM, ALM, AVM 

and the anterior nerve ring neurons). Arrowheads indicate the anterior of the worm (n=3 

animals). The scale bar length is 500μm.
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