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1. Abstract 
Genetically encoded reporters have greatly increased our understanding of biology, 
especially in neuroscience. 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 systems, 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 modulates its enzymatic 
activity as a function of the membrane potential. AMBER shows several-fold increase in the 
luminescent (ΔL/L) signal upon switching from the off to on state when the cell is 
depolarized. In vivo expression of AMBER in C. elegans allowed detecting pharyngeal 
pumping action and mechanosensory neural activity from multiple worms simultaneously. 
AMBER reports neural activity of multiple animals at the same time and can be used in 
social behavior assays to elucidate the role of membrane potential underlying behavior. 
 
2. Significance Statement 
There have been many exciting advances in the development of genetically encoded voltage 
indicators to monitor intracelluar voltage changes. Most sensors employ fluorescence, which 
requires external light, potentially causing photobleaching or overheating. Consequently, there 
has been interest in developing luminescence reporters. However, they require addition of an 
exogenous substrate to produce light intracellularly. Here, we engineered a genetically encoded 
bioluminescent voltage indicator, AMBER, which unlike other bioluminescent activity indicators, 
does not require addition of an exogenous substrate. AMBER allows a large differential signal, a 
high signal-to-noise ratio, and causes minimal metabolic demand on cells. We used AMBER to 
record voltage activity in freely-moving C. elegans, demonstrating that AMBER is a important 
new tool for monitoring neuronal activity during social behavior.  
 
 
3. Introduction 
Genetically encoded optical reporters 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 an exponential growth 
in the development of genetically engineered molecular neural 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 [8-10]. While fluorescent reporters have been the mainstay, it suffers from 
photobleaching and phototoxicity affecting their long-term use [11]. Near-infrared/red 
indicators [4,12,13] and two-photon excitation [14,15] overcome some of these limitations, but 
the development of efficient indicators of neural 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, 16] were developed over the last two decades with GCaMP variants [17] 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 [18,19]. Despite the great utility of GECIs, they have some potential 
limitations. For instance, several organelles (endoplasmic reticulum and mitochondria) and 
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regulatory proteins contribute to the spatially varying Ca2+ compartmentalization [20, 21] in 
neurons. Overexpression of GECIs in these neurons can cause these Ca2+-responsive probes to 
contribute to Ca2+ buffering, thereby affecting neurophysiological conditions [21]. Despite its 
high signal-to-noise ratio (SNR), GECIs cannot report subthreshold or hyperpolarizing neuronal 
events [22,23] compared to fluorescent Genetically Encoded Voltage Indicators (GEVIs) [24]. 
Recently, neural spikes of hundreds of neurons were recorded for several minutes using a 
fluorescent hybrid GEVI [25], but the necessity for complexing with a synthetic dye can be a 
limitation for long-term use. Deciphering the information processing in circuits with a large 
population of neurons necessitates conducting experiments for a long duration demanding 
molecular reporters with exceptional photostability. 
 
Recently bioluminescence has garnered attention as an alternative to overcome some of the 
limitations of fluorescent GEVIs and GECIs [27]. Bioluminescent 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) catalysed by an enzyme (luciferase). Commonly used light-
generating luciferase from fireflies (Lampyridae) and marine organisms such as Aequoria, 
Renilla, Gaussia, Metridia, and Vargula [28-32] require exogenous addition of luciferin since the 
biosynthetic pathways for in situ luciferin production have not yet been identified. There are 
two exceptions - the genes coding for the fungal luciferin, 3-hydroxyhispidin [33] and the 
bacterial luciferin, a molecular complex of fatty aldehyde (Myristyl aldehyde, CH3(CH2)12CHO) 
and reduced flavin mononucleotide, FMNH2 [34]. In a tour-de-force, Kotlobay et al. [35] 
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 bacterial lux operon genes are encoded in a single polycistronic mRNA [36] and 
can enable enhanced bioluminescence [37]. 
 
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 (See Figure S1). The 
luciferin synthesizing protein complex recycles the products (Myristic acid, CH3(CH2)12COOH 
and flavin mononucleotide, FMN) and the intermediates of the light reaction endogenously to 
light generating substrates (CH3(CH2)12CHO and FMNH2) using metabolic pathways [36].  
Fortuitously, CH3(CH2)12CHO is not freely available in large quantities in eukaryotes [38], 
ensuring low background activation. There were concerns about apparent cytotoxic effects of 
aldehyde compounds in eukaryotes [39] but the concentration of CH3(CH2)12CHO synthesized 
using lux operon expression does not seem to attain the toxic dose affecting cell viability [38]. 
Recent work also confirmed there is no cytotoxic effect when the lux cassette is expressed in 
mammalian cells [40]. 
 
In this paper, we describe a new type of LuVI (Luminescent Voltage Indicator) named AMBER for 
observing neuronal activity in freely moving animals. AMBER uses the functionalities of the 
ascidian Ciona intestinalis voltage-sensing domain (VSD) [41], bacterial luciferase, luxAB [38] 
(derived from P. luminescens), and a fluorescent protein, YPet [42]. AMBER leverages the 
molecular architecture of a previously developed GEVI, VSFP2.1 [43]. The rationale behind this 
choice stems from the efficient coupling between the conformational change of the VSD and the 
Cerulean/Citrine FRET pair of VSFP2.1 that operates within the physiological voltage range. 
AMBER provides an unprecedentedly large dynamic range in the optical readout and an 
increased efficiency of the biophotonic emission. Unlike other voltage probes reported to date, 
AMBER undergoes an increase in the enzymatic activity upon depolarization. The overall light 
emission is 10X times brighter than the initial resting signal, which is greater than the signal 
change observed in the LOTUS-V [44], the first LuVI developed using the deep shrimp luciferase 
[45]. We expressed the optimized first generation of AMBER in C. elegans pharyngeal muscles 
and mechanosensory neurons and demonstrate that it functions in vivo. AMBER allowed 
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recording neural signatures in multiple freely moving animals in different directions 
simultaneously, which is not possible using fluorescent imaging approaches. 
 
4. Results: 
 
4.1 Optimizing engineered AMBER Constructs: We postulated voltage sensing ability can be 
conferred to the lux-based LuVIs by replacing the fluorescent FRET donor, Cerulean, of VSFP2.1 
[43] with the mammalian codon-optimized synthetic luciferase, enhanced luxAB (‘eluxAB’) [46]. 
This replacement resulted in the protein construct VSD-eluxAB-YPet (See the Supporting 
Information, SI under Section 1). Previous reports on BRET performance show that the acceptor 
position could influence the brightness of the probe. We, therefore, swapped the position of 
eluxAB and YPet (designated VSD-YPet-eluxAB) to compare its performance with the VSD-
eluxAB-YPet.  
 
FMNH2 is the rate-limiting substrate in the bacterial bioluminescent reaction [47]. Fusing FRP to 
luxAB would enable direct transfer of FMNH2 to luxAB from the FRP-FMNH2 complex. This direct 
transfer minimizes FMNH2 oxidation via the dark pathway, thereby significantly increasing the 
bioluminescent quantum yield [48,49] of the bioluminescent reaction. We tested the hypothesis 
that placing FRP in the vicinity of the membrane-targeted eluxAB would increase 
bioluminescent light intensity. We therefore fused the FRP domain to the N-termini of both 
VSD-YPet-eluxAB and VSD-eluxAB-YPet to obtain FRP-VSD-YPet-eluxAB and FRP-VSD-eluxAB-
YPet, respectively (See the SI under Section 1 and Figure 1).  
 
Plasmid DNAs encoding the four principal engineered protein constructs − VSD-eluxAB-YPet, 
VSD-YPet-eluxAB, FRP-VSD-eluxAB-YPet, and FRP-VSD-YPet-eluxAB were co-expressed with their 
respective substrate proteins in HEK293 cells (See the SI under Section 2). Bioluminescent 
images were recorded using a custom-built imaging set up (See the SI under Section 3) in a dark 
room. The recorded images were subsequently processed using the ImageJ software (See the SI 
under Section 10).   
 
Efficacy of all the engineered constructs were tested by imaging cells before and after 
depolarization by KCl addition (50 mM final concentration). VSD-eluxAB-YPet performed better 
than VSD-YPet-eluxAB in modulating the eluxAB activity (Figure 2a). Surprisingly FRP-VSD-YPet-
eluxAB performed the poorest of the constructs tested, indicating the positioning of eluxAB and 
YPet affects the light modulation more than the proximity to FRP. However, as expected FRP-
VSD-eluxAB-YPet performed the best and this result confirms that placing the eluxAB and FRP 
domains in close apposition increases the propensity of direct FMNH2 transfer from FRP to 
eluxAB. The signal-to-noise ratio (SNR) of the images (Figure 2b) obtained for the various 
constructs after KCl addition indicates that the FRP-VSD-eluxAB-YPet performed the best among 
all the engineered constructs tested (Figure S2). Light due to endogenously produced substrates 
(Figure S3) is very dim – about 10 times smaller than the maximum achieved signal even after 
integrating three times as long. In contrast, untransfected cells showed no detectable intensity 
change after KCl challenge (Figure S4). 
  
4.2 Plate reader assay: An increase in the bioluminescent signal by several-fold after KCl 
addition precludes that the majority of the emitted energy is due to the resonance energy 
transfer. We, therefore, performed a more quantitative assay by recording the emission spectra 
using a plate reader (See the SI under Section 4). Luminescence spectra of HEK293 cells 
expressing the bright construct (FRP-VSD-eluxAB-YPet) were recorded before and after KCl 
addition. Figure 2c provides direct evidence of enzymatic modulation after KCl addition, as 
there were increases in both the eluxAB donor peak (~ 490 nm) and the YPet acceptor peak (~ 
530nm). In comparison, the number of photons detected before KCl addition were smaller, 
indicating a very low basal activity of eluxAB.  
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4.3 Dark Mutant: Additional evidence to confirm the enzymatic switching of AMBER upon 
depolarization was obtained by mutating residues G65T and G67A within the YPet 
chromophore of FRP-VSD-eluxAB-YPet [50] (See the SI under Section 1). These mutations 
(creating the ‘dark mutant’), greatly diminish the resonant energy transfer at the YPet 
wavelength. Bioluminescent imaging of HEK293 cells expressing the dark mutant showed an 
increase in the intensity upon depolarization using KCl (Figure 3). Plate reader experiments 
using the dark mutant showed an increase in the spectral intensity at 490 nm upon 
depolarization suggesting modulation of the enzymatic activity as the dominant mode of the 
light emission (See Section 4 and Figure S5 in the SI). 
 
4.4 NADH Assay: Tracking NADH production provides indirect evidence for eluxAB enzymatic 
activity since NADH production increases with the drop in cellular O2 concentration. NADH is 
used 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 Sections 3, 10 and Figure S6 in the SI). 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 (See Figure S6 in the 
SI), and similar observations have been reported earlier [51]. Thus, we confirmed the causal link 
between depolarization and O2 consumption by the light reaction evidenced by the increase in 
the NADH fluorescence, strongly suggesting a voltage induced enzymatic-switching mechanism. 
This result also suggests that the steady-state aldehyde concentration in cells is sufficient to 
carry out the light reaction for a long duration (at least for a few tens of minutes) since an 
increase in fluorescence indicates that the rate of NADH production due to an O2 drop is faster 
than the rate of NADH consumption for the aldehyde synthesis. 
 
4.5 Voltage switching characterization: We performed electrophysiology experiments to 
determine the voltage-dependent characteristics of the probe. We transiently co-expressed FRP-
VSD-eluxAB-YPet and luxCDE in HEK293 cells to record single-cell bioluminescence under 
voltage clamp. Results from the patch-clamp experiments are shown in Figure 4a (See section 5 
in the SI). The half maximal voltage, V1/2 ~ −30 mV is within the physiological range of neuronal 
action potentials similar to other GEVIs [52-54]. Increase in the bioluminescence of HEK293 
cells expressing two different probe constructs - FRP-VSD-eluxAB-YPet and VSD-YPet-eluxAB 
(with their respective substrates) was recorded by titrating with incremental amounts of KCl 
(Figure 4b). 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 is more positive 
compared to that of VSFP2.1 (V1/2 ~ −70 mV) from which it was derived. Moreover V1/2 agrees 
closely with that of VSFP2.3, which is derived by modifying the linker length between the 
fluorescent donor and the VSD. This analysis suggests a possible structural coupling between 
the eluxAB and the VSD domains during activation. Additionally, V1/2 shifts towards the positive 
direction for FRP-VSD-eluxAB-YPet compared to VSD-YPet-eluxAB. 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 GFP derived fluorescent protein 
and the VSD domain, but the mechanism of the fluorescence modulation by the VSD is not fully 
understood [52]. We speculate that the interaction between the YPet and the VSD domains 
could account for the observed shift. 
 
4.6 Chemogenetic activation: Since an increase in extracellular K+ affects many cellular 
signaling processes, we wanted to independently verify if enzymatic switching could be 
achieved using a different chemical activator under physiological conditions. To do so, we co-
expressed rat TRPV1 (rTRPV1) with the bright probe construct (and its substrate luxCDE) in 
HEK293 cells and stimulated the cells using capsaicin [55]. rTRPV1 has a large single-channel 
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conductance [56]. Therefore, capsaicin-induced activation of rTRPV1 causes depolarization due 
to a large inward cation current [56]. Bioluminescent imaging performed under these conditions 
also exhibited a signal increase when subjected to the chemical stimulus (See section 3 and 
Figure S7 in the SI) 
 
4.7 In vivo Activity of AMBER: We created C. elegans transgenic lines to test AMBER function 
in vivo. We chose C. elegans for these analyses due to the optically transparent properties of the 
tissues, and the slow kinetics of the muscle and neuronal voltage signals (about a few seconds). 
We subcloned the AMBER (and its substrate) cDNAs in C. elegans vectors (See Section 1 in the SI) 
and expressed them in pharyngeal muscles and mechanosensory touch neurons under the 
control of the myosin-2 heavy chain (myo-2) promoter [57] and the β-tubulin (mec-7) promoter 
[58,59], respectively. We recorded bioluminescent signals using a custom-built imaging set up 
that allowed tracking the positions of the animal simultaneously (See Sections 6 and 7 the SI 
and Figure S8). 
 
First, we wanted to confirm that AMBER is capable of reporting physiological voltage signals. 
We expressed AMBER in the pharyngeal muscles of C. elegans and recorded (See Section 8 in the 
SI) the voltage activity of the corpus, isthmus and terminal bulb (TB) during natural feeding. We 
tracked movement of the TB muscles during feeding by simultaneously recording the bright 
field images (See Figures 5a-b and Supplementary Movie SM1). C. elegans uses pharyngeal 
pumping to concentrate its food, and starvation drives neuromuscular signals [60] causing 
rhythmic pumping (in the corpus, isthmus and TB), peristaltic movements (in the isthmus) and 
grinding actions (in the TB). A few earlier studies reported voltage activity of the serotonin-
induced pharyngeal pumping using fluorescent GECIs [61,62] and GEVIs [63]. Here, we report 
the voltage activity of the three components during natural feeding on bacteria. 
 
We found the filtered trace of the voltage activity recorded using AMBER was a direct reflection 
of the muscle movement. AMBER detects the key features of the muscle kinetics (contracted 
and relaxed states) as observed previously in serotonin-induced pumping events (between 0.5−1 
Hz) using a fluorescent GECI, DRIP [62]. However, unlike the slow DRIP kinetics, AMBER 
faithfully reproduced the sharp jumps of the muscle motion, as indicated by the voltage 
transients (See the TB traces corresponding to the voltage activity and muscle movement in 
Figure 5b and Figure S9). We also observed variability in the voltage traces between the animals 
reflecting the diversity of their feeding behavior [64,65]. AMBER enables recording voltage 
activity at multiple time scales (seconds to tens of minutes), which can provide new insights 
into the animal behavioral outputs. These observations demonstrate the ability of AMBER to 
sense physiological voltage in vivo. 
 
Next, we expressed both the probe and the substrate (See Sections 1, 6 and 9 in the SI) in 
mechanosensory touch neurons (ALMR, ALML, AVM, PLMR, PLML, PVM) and the anterior nerve 
ring (See Figure S10 for mec-7 promoter driven eGFP expression). Signals from the touch 
neurons did not show any activity when the worm was moving unilaterally in the forward 
direction but showed bursts of activity while making spatially localized movements and 
frequent reversals (see supplementary movies SM2, SM3 and Figure 6a) or during collisions 
(Figure 6b). The mechanosensory touch neurons responded to differential force, but not to 
constant force [66,67]. We observed activities in the touch neurons of animals during collisions, 
which may be due to transient differential forces caused by momentum transfer. The 
underlying mechanics in other cases (frequent reversals and localized movements) could not be 
teased out, although it is known that such motions on the agar bed help the animals to detect 
bacteria on the plate [68]. 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 6c and Supplementary Movie 
SM4). 
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5. 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 
protein. The system is autonomous and enables expression of both the probe and substrate 
genetically, circumventing the major drawback of other bioluminescent systems. We engineered 
the placement of various domains to achieve a high SNR and efficient modulation of the 
enzymatic activity (See Figures S11-S13). Of particular importance, using C. elegans, we 
demonstrate the effectiveness of AMBER in monitoring voltage changes simultaneously in many 
free moving animals exhibiting normal behavior. 
 
We performed several experiments to understand the mechanism through which AMBER 
switches its enzymatic activity reversibly with membrane potential. Direct modulation of 
fluorescence is known to occur in GEVIs where the fluorescent protein is fused directly to the C-
terminus of the Ci-VSD. We ruled out direct bioluminescence modulation by designing a 
construct with eluxAB fused to the C-terminus of VSD. Though the construct showed some 
weak signals it did not show a large change in the light emission as observed in the FRP-VSD-
eluxAB-YPet. Dimerization of the acceptor fluorescent protein can cause a voltage-dependent 
FRET in fluorescent GEVIs [69]. We ruled out this mechanism using a dark mutant of YPet that 
showed voltage-dependent bioluminescent signals but no acceptor resonance energy transfer. 
Additional evidence comes from observing the activity of FRP-VSD-YPet-eluxAB, which exhibits 
poor voltage modulation. Given this observation, one possibility is that the position of YPet 
might have prevented dimerization and therefore exhibits no modulation; implying 
dimerization is the key to the modulation. However, if the undimerized state is the bright or 
‘on’ state, this particular construct should constantly be emitting a large bioluminescent signal, 
which is not observed in experiments (See Figure 2a). 
 
The presence of the YPet β barrel could structurally modulate the coupling between eluxA and 
eluxB domains. To rule this out we used the construct that has both the YPet and eluxAB 
positions switched (FRP-VSD-YPet-eluxAB). As mentioned previously, this construct was the 
poorest performing among the constructs we tested. If the movement of the VSD S4 
transmembrane domain had coupled eluxA and eluxB non-optimally mediated by the YPet, then 
this construct should show an increase in the effect because YPet is closer to VSD than eluxAB. 
However, this was not observed.  
 
The availability of FMNH2 is necessary for light production, and is therefore a rate limiting 
substrate. FRP, the enzyme that catalyze the conversion of FMN to FMNH2 is directly coupled to 
the N-terminus of VSD. It is possible that the rate of FMNH2 production is voltage-dependent, 
thereby modulating the luminescence. However, we excluded this mechanism as well by 
creating constructs with and without FRP, and measuring the luminescence output. Although 
the brightest construct was the one with FRP on the N-terminus (with eluxAB-YPet in the C-
termini), when compared to their counterparts (with YPet-eluxAB in the C-termini), the 
constructs without FRP showed higher modulation thereby eliminating this proposal.  
 
Lastly, the movement of the VSD could directly modulate the accessibility of the substrate to 
eluxAB by modifying the substrate-binding pocket. This possibility is excluded by the results 
from the construct with only eluxAB coupled to VSD. We observed almost no switching as 
evidenced by the SNR plot in Figure 2b. 
 
We suggest that one plausible mechanism for the voltage dependent activity could be the 
structural arrangement of FRP-VSD-eluxAB-YPet indirectly resulting in the modulation of the 
substrate accessibility. We speculate that the presence of the β barrel structure of YPet prevents 
substrate access to eluxAB before depolarization and adopts an open confirmation when the 
voltage changes.  
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Currently, our experimental setup does not allow quantifying the voltage-dependent 
bioluminescent kinetics. However, there are some general trends that we observed. In most 
experiments, the integration time was 1 sec, and we have been able to observe in vivo signals 
with a 500 msec integration time in cases where we obtained high expression levels of the 
probe proteins. This can be seen from the experiments performed on C. elegans. High 
expression in the pharyngeal muscles allowed us to detect voltage changes in 500 msec, thereby 
enabling to track the muscle movement with voltage signals (Figure 5a-b).  
 
Our creation of AMBER proteins show for the first time the ability to modulate enzymatic 
activity of eluxAB by varying the membrane potential to realize a voltage-gated luciferase. We 
propose that voltage imaging using bioluminescence as described here will have a broad 
applicability. 
 
6. Conclusions: 
We engineered an autonomous voltage-sensitive bioluminescent reporter based on the bacterial 
bioluminescent 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, we optimized the performance of the probe to emit bright signal after 
depolarization using molecular engineering approaches. 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 vitro (HEK293 cells) and in 
vivo (C. elegans). We reported the voltage activities of the mechanosensory neural circuit and 
the pharyngeal muscles from multiple animals using AMBER. We believe this will greatly 
enhance the ability to track the behavior of multiple animals, while simultaneously monitoring 
the activities of neurons.  
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Figure 1: Schematic representation illustrating the molecular architecture of AMBER. AMBER is a plasma membrane resident Ciona voltage-sensing domain (Ci-VSD) whose N
and C termini are fused to Flavin reductase phosphate (FRP) and a BRET pair comprising bright bacterial luciferase bioluminescent donor (eluxAB) and a yellow fluorescent
protein acceptor (YPet). An increase in membrane potential increases the probability of photon emission (max ~ 490nm) by the luciferase domain that catalyses the reaction
between a reduced flavin (FMNH2), fatty aldehyde (synthesized by the fatty acid reductase complex) and molecular oxygen. The positioning of the Flavin reductase phosphate in
the N-terminus reduces the auto oxidation of the FMNH2 by enabling direct shuttling between the luciferase and the flavin reductase.
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Figure 2: (a) In vitro bioluminescent performance before and after KCl challenge of various engineered protein constructs expressed in HEK293 cells. FRP-VSD-eluxAB-YPet is
the best candidate ( Maximum fractional luminescence, (L/L)max ~ 28; Average fractional luminescence, (L/L)avg ~ 0.72; Information entropy ratio, IR ~ 85%; n=53 cells;
p<0.00001). See supplementary tables S2 and S3 for the information entropy and t-test statistics of all engineered protein constructs; (b) Signal-to-noise ratio of various
engineered constructs. Performance of the majority of the constructs meet Rose criterion (SNR > 5) suggesting the signal is sufficiently higher than the background noise. (c)
Emission spectra of HEK293 cells expressing the bright construct before and after KCl challenge. Photon counts for each spectral wavelength show the mean counts obtained
from n=8 trials. The scale bar of the micrograph corresponds to 200m
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� � �
�
�Figure 3: Bioluminescent emission of HEK293 cells expressing the dark mutant probe before and after KCl challenge. The data suggests the structural

interaction between YPet and eluxAB domains is the primary driver for the modulation of activity. BRET seems to play only a minor role in the transduction of
the membrane potential into photon count. ( Maximum fractional luminescence, (L/L)max ~76; Average fractional luminescence, (L/L)avg ~1.2; Average
information entropy ~73.2%; n=83 cells; p<0.00001). The scale bar corresponds to 200m.
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Figure 4: (a) Representative whole cell voltage clamp recording from a HEK293 cell expressing the bright candidate and its substrate. Recordings from six independent 
repeats varying the membrane potential between 60mV and 60mV at increments of 20mV were shown. The intensity of the light emitted under electrical stimulation follows 
the classical Boltzmann distribution with V1/2 ~ 30mV. Paired t-test statistic between 60mV (off state) and +20mV (on state) confirms statistically significant difference 
between their bioluminescent intensities (a =0.05, p < 0.02)  (b) Normalized bioluminescent response of the top two high performing constructs under KCl titration. The semi-
log plot shows an order of magnitude change in the extracellular KCl concentration is necessary to achieve the maximum intensity for the chosen constructs.
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Figure 5: (a) In vivo voltage imaging of adult C.elegans pharyngeal muscle activity during natural feeding. (b) Live tracking of the Terminal Bulb (TB) movement during voltage
imaging of TB, Isthmus and Corpus using AMBER. The voltage trace of TB follows closely the shape of TB movement. In contrast, the activity of Isthmus shows a time lead with
respect to the TB activity. The Corpus trace is not well resolved due to the inability to map its position precisely. The scale bar corresponds to 500m.
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Figure 6: (a) Snapshots of the touch neurons activities in a single worm obtained using the bright probe. 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). Arrow heads indicate the anterior
of the worm. The scale bar corresponds to 500m.
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Figure 6: (b) Snapshots of activities of the touch neurons in a population of worms during collision. Touch
neurons respond to differential forces exerted on the colliding worms due to momentum transfer. Arrow heads
indicate the anterior of the worms. The scale bar corresponds to 500m.
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Figure 6c: Snapshots of varying levels of activity in touch neurons from a population of worms
recorded in a single field of view. Arrow heads indicate the anterior of the worms. The scale bar
corresponds to 500m.
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Figure 1: Schematic representation illustrating the molecular architecture of AMBER. AMBER is a plasma membrane resident Ciona voltage-sensing domain (Ci-VSD) whose N

and C termini are fused to Flavin reductase phosphate (FRP) and a BRET pair comprising bright bacterial luciferase bioluminescent donor (eluxAB) and a yellow fluorescent

protein acceptor (YPet). An increase in membrane potential increases the probability of photon emission (max ~ 490nm) by the luciferase domain that catalyses the reaction

between a reduced flavin (FMNH2), fatty aldehyde (synthesized by the fatty acid reductase complex) and molecular oxygen. The positioning of the Flavin reductase phosphate in

the N-terminus reduces the auto oxidation of the FMNH2 by enabling direct shuttling between the luciferase and the flavin reductase.
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Figure 2: (a) In vitro bioluminescent performance before and after KCl challenge of various engineered protein constructs expressed in HEK293 cells. FRP-VSD-eluxAB-YPet is

the best candidate ( Maximum fractional luminescence, (L/L)max ~ 28; Average fractional luminescence, (L/L)avg ~ 0.72; Information entropy ratio, IR ~ 85%; n=53 cells;

p<0.00001). See supplementary tables S2 and S3 for the information entropy and t-test statistics of all engineered protein constructs; (b) Signal-to-noise ratio of various

engineered constructs. Performance of the majority of the constructs meet Rose criterion (SNR > 5) suggesting the signal is sufficiently higher than the background noise. (c)

Emission spectra of HEK293 cells expressing the bright construct before and after KCl challenge. Photon counts for each spectral wavelength show the mean counts obtained

from n=8 trials. The scale bar of the micrograph corresponds to 200m
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Figure 4: (a) Representative whole cell voltage clamp recording from a HEK293 cell expressing the bright candidate and its substrate. Recordings from six independent 

repeats varying the membrane potential between 60mV and 60mV at increments of 20mV were shown. The intensity of the light emitted under electrical stimulation follows 

the classical Boltzmann distribution with V1/2 ~ 30mV. Paired t-test statistic between 60mV (off state) and +20mV (on state) confirms statistically significant difference 

between their bioluminescent intensities (a =0.05, p < 0.02)  (b) Normalized bioluminescent response of the top two high performing constructs under KCl titration. The semi-

log plot shows an order of magnitude change in the extracellular KCl concentration is necessary to achieve the maximum intensity for the chosen constructs.
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Figure 5: (a) In vivo voltage imaging of adult C.elegans pharyngeal muscle activity during natural feeding. (b) Live tracking of the Terminal Bulb (TB) movement during voltage

imaging of TB, Isthmus and Corpus using AMBER. The voltage trace of TB follows closely the shape of TB movement. In contrast, the activity of Isthmus shows a time lead with

respect to the TB activity. The Corpus trace is not well resolved due to the inability to map its position precisely. The scale bar corresponds to 500m.
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Figure 6: (a) Snapshots of the touch neurons activities in a single worm obtained using the bright probe. 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). Arrow heads indicate the anterior

of the worm. The scale bar corresponds to 500m.
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Figure 6: (b) Snapshots of activities of the touch neurons in a population of worms during collision. Touch

neurons respond to differential forces exerted on the colliding worms due to momentum transfer. Arrow heads

indicate the anterior of the worms. The scale bar corresponds to 500m.
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Figure 6c: Snapshots of varying levels of activity in touch neurons from a population of worms

recorded in a single field of view. Arrow heads indicate the anterior of the worms. The scale bar

corresponds to 500m.
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