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Editorial on the Research Topic 
Bioluminescent indicators and sensors for biomedicine and environmental analysis



At times in which the biosphere and humanity are undergoing major changes, bioanalytical and bioindication techniques to monitor health, the environment and emerging threats are on high demand. Bioluminescence, the emission of visible light by living organisms for communicative purposes, has been extensively used for bioanalytical purposes to assess biological and environmental integrity, alerting humanity about biological and environmental threats, and assessing industrial products microbiological quality. In this Research Topic, some of the latest advances about the improvement of bioluminescence systems and of associated detecting technologies for biomedical, environmental and safety bioanalysis purposes are reported.
• The increase of sensitivity of smartphone cameras, for example, is allowing the development of fast biosensing devices for point of care health and environmental applications, as can be seen in the manuscript (Wienhold et al.).
• Niwa et al. introduce the application of the TES technique for ultra-sensitive and wide-band wavelength range color imaging for biological samples with application in confocal laser scanning microscopy
The construction of novel bioluminescent fusion proteins is allowing important advances biosensing and diagnostics, for example:
• the development of intracellular calcium sensing proteins based on photoproteins with FP-tagged calcium binding domains, which allows the fast and sensitive detection of calcium flows cultured mammalian cells (Yang and Johnson) and,
• the development of a fusion protein based on a brighter firefly luciferase and ZZ-protein, which is used to detect antibodies and antigens in bioluminescent immunoassays, with sensitivity matching the commercially available chemiluminescent assays (Viviani et al.).
The development of novel brighter bioluminescent systems emitting in the FR and NIR based on combinatory chemistry and genetic engineering of luciferases, are promising for mammalian tissue bioluminescence imaging of biological and pathological processes. Among them here we report:
• A novel form of infralluciferin (Jathoul et al.) which emits in the NIR, and
• the NIR bioluminescence tracking macrophages in melanomas as shown by Zambito et al.
The engineering of luciferases is also allowing their improvement for better bioanalyitical applications such as:
• The engineering of the secreted recombinant ostracod luciferase which is allowing to better understand the structure/function relationship and to improve its expression in different heterologous systems (Mitani et al.), and
• The improvement of the thermostability of firefly luciferase which is allowing to develop more robust protein–protein interaction assays “FlimPIA” based on the functional complementation of mutant firefly luciferases (Fluc) (Ohmuro-Matsuyama et al.).
Bioluminescence is also being effectively used in biosensors for safety purposes, to detect dangerous explosives such as the optimized Escherichia coli-based bioreporter for the detection of 2,4,6-trinitrotoluene (TNT) and derivatives (DNT) (Elad et al.).
Finally, an E.coli bioreporter based on the randomly mutagenized ribose binding protein (RbsB) associated with the GFP-based screening was constructed to bind and detect the non-natural ligand 1,3-cyclohexanediol (13CHD) (Tavares and van der Meer).
The above papers reflect some of the continuous advances and prospects of bioengineering of bioluminescent systems and its associated detecting technologies in the fields of biomedical, environmental and safety bioanalysis.
AUTHOR CONTRIBUTIONS
VRV wrote this editorial.
PUBLISHER’S NOTE
All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.
Conflict of interest: The author declares that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.
Copyright © 2022 Viviani. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.









	 
	ORIGINAL RESEARCH
published: 23 July 2021
doi: 10.3389/fbioe.2021.705534





[image: image]

Ribose-Binding Protein Mutants With Improved Interaction Towards the Non-natural Ligand 1,3-Cyclohexanediol

Diogo Tavares and Jan Roelof van der Meer*

Department of Fundamental Microbiology, University of Lausanne, Lausanne, Switzerland

Edited by:
Elisa Michelini, University of Bologna, Italy

Reviewed by:
Jon Dattelbaum, University of Richmond, United States
Pasqualina Liana Scognamiglio, Italian Institute of Technology (IIT), Italy

*Correspondence: Jan Roelof van der Meer, Janroelof.vandermeer@unil.ch

Specialty section: This article was submitted to Biomaterials, a section of the journal Frontiers in Bioengineering and Biotechnology

Received: 05 May 2021
Accepted: 29 June 2021
Published: 23 July 2021

Citation: Tavares D and van der Meer JR (2021) Ribose-Binding Protein Mutants With Improved Interaction Towards the Non-natural Ligand 1,3-Cyclohexanediol. Front. Bioeng. Biotechnol. 9:705534. doi: 10.3389/fbioe.2021.705534

Bioreporters consist of genetically modified living organisms that respond to the presence of target chemical compounds by production of an easily measurable signal. The central element in a bioreporter is a sensory protein or aptamer, which, upon ligand binding, modifies expression of the reporter signal protein. A variety of naturally occurring or modified versions of sensory elements has been exploited, but it has proven to be challenging to generate elements that recognize non-natural ligands. Bacterial periplasmic binding proteins have been proposed as a general scaffold to design receptor proteins for non-natural ligands, but despite various efforts, with only limited success. Here, we show how combinations of randomized mutagenesis and reporter screening improved the performance of a set of mutants in the ribose binding protein (RbsB) of Escherichia coli, which had been designed based on computational simulations to bind the non-natural ligand 1,3-cyclohexanediol (13CHD). Randomized mutant libraries were constructed that used the initially designed mutants as scaffolds, which were cloned in an appropriate E. coli bioreporter system and screened for improved induction of the GFPmut2 reporter fluorescence in presence of 1,3-cyclohexanediol. Multiple rounds of library screening, sorting, renewed mutagenesis and screening resulted in 4.5-fold improvement of the response to 1,3-cyclohexanediol and a lower detection limit of 0.25 mM. All observed mutations except one were located outside the direct ligand-binding pocket, suggesting they were compensatory and helping protein folding or functional behavior other than interaction with the ligand. Our results thus demonstrate that combinations of ligand-binding-pocket redesign and randomized mutagenesis can indeed lead to the selection and recovery of periplasmic-binding protein mutants with non-natural compound recognition. However, current lack of understanding of the intermolecular movement and ligand-binding in periplasmic binding proteins such as RbsB are limiting the rational production of further and better sensory mutants.

Keywords: biosensor, periplasmic binding proteins, Escherichia coli, directed mutagenesis, fluorescence assisted cell sorting


INTRODUCTION

Periplasmic binding proteins (PBPs) form a family of proteins with a conserved bilobal structure (Berntsson et al., 2010; Chu Byron and Vogel, 2011). PBPs scavenge molecules (ligands) for the cell, which upon binding are presented to transport channels and/or to membrane receptors involved in chemotaxis (Binnie et al., 1992). Crystal structures and nuclear-magnetic resonance data have shown that PBPs can adapt two semi-stable conformations. In absence of the ligand most of the protein molecules adopt an open conformation, in which the binding site is exposed. In presence of the ligand, the molecule is buried in the binding pocket and the PBP adopts a closed conformation (Björkman and Mowbray, 1998; Li et al., 2013). This particular opening-and-closing and the fact that they locate in the periplasmic space make PBPs a potentially attractive protein class for biosensing purposes (Edwards, 2021). PBPs can be integrated in an in vivo hybrid signaling chain leading to expression of a reporter protein, which can be easily measured (Medintz and Deschamps, 2006; van der Meer and Belkin, 2010). In the context of this work, we focused on the ribose binding protein (RbsB) of Escherichia coli, which in presence of the natural ligand ribose changes from open to closed conformation. RbsB and its affinity for ribose have been deployed as a bioreporter system through use of a hybrid membrane receptor named Trz1 (Reimer et al., 2014). Trz1 consists of a fusion between the C-terminal part of the E. coli cytoplasmic EnvZ osmoregulation histidine kinase and the N-terminal periplasmic and membrane-spanning part of the E. coli Trg chemotaxis receptor (Baumgartner et al., 1994). Ribose-bound RbsB triggers the Trz1 autophosphorylation cascade, leading to OmpR phosphorylation and increasing its affinity for the ompC promoter. This yields increased transcription of reporter genes fused to PompC.

Periplasmic binding proteins have been proposed as a flexible platform to design new ligand-binding pockets based on protein engineering approaches (Dwyer and Hellinga, 2004), with, however, very limited and controversial successes. Several studies attempted to engineer PBPs based on rational design and computational approaches, but this led to poorly foldable proteins (Boas and Harbury, 2008; Scheib et al., 2014; Banda-Vazquez et al., 2018). Other studies exploited natural properties of the PBPs to reduce or increase binding specificity (Amiss et al., 2007; Ko et al., 2017) or to graft binding-pockets between closely related PBPs (Scheib et al., 2014; Banda-Vazquez et al., 2018). We previously described six novel RbsB mutants with loss of binding to ribose and moderate but significant response to 1,3-cyclohexanediol (13CHD). These mutants were obtained through a combination of computational prediction of binding pocket mutations in RbsB and screening for gain of GFPmut2 fluorescence output in an E. coli bioreporter system (Tavares et al., 2019). However, all mutant proteins showed signs of poor stability, mis- or unfolding and potentially translocation problems compared to wild-type RbsB, suggesting that the poor inducibility by 13CHD may partly be due to protein instability caused by the introduced binding pocket substitutions. Indeed, other studies have shown that mutations both in the ribose binding pocket and protein periphery can destabilize the protein (Antunes et al., 2011; Reimer et al., 2017). This was refined by alanine replacement mutagenesis, in order to understand individual residue importance for RbsB folding and functioning (Vercillo et al., 2007; Reimer et al., 2017).

The goal of this work was to understand whether primitive binding of 13CHD by designed RbsB mutants (Tavares et al., 2019) can be improved by both rational and directed evolution approaches. We started with six mutant rbsB templates that were previously obtained (Tavares et al., 2019), which were used for random or site-directed mutagenesis, cloned into the E. coli GFPmut2 bioreporter strain and extensively screened by fluorescence-assisted cell sorting for improved GFPmut2 induction in presence of 13CHD. Potential gain-of-function mutants were separated and used for new rounds of mutagenesis and screening. Our hypothesis was that mutations in parts of RbsB outside the direct binding pocket may compensate folding defects and could lead to better functional PBP variants. Given that computational predictions on PBP folding are not sufficiently accurate yet, this procedure might open a route to profit from de novo computational binding pocket predictions to create primitive binding capacity and optimize protein functioning using random mutagenesis and selection.



RESULTS


Random Mutagenesis of RbsB Protein Variants With Primitive 13CHD Affinity

We previously selected six RbsB mutants (named DT001, DT002, DT011, DT013, DT015, and DT016) that had lost the capacity to bind ribose, and instead had gained primitive affinity to 13CHD as new ligand (Tavares et al., 2019). Purified mutant proteins, however, displayed severe misfolding, poor stability and poor translocation into the periplasmic space (Tavares et al., 2019). In order to potentially improve mutant protein functionality, we used the respective rbsB-DT mutant genes as individual templates to produce random mutagenesis libraries (RML) using error prone PCR (ep-PCR). RMLs produced from each starting RbsB-variant were transformed into the E. coli bioreporter strain carrying the Trz1-ompR-ompC’:gfpmut2 signaling chain (Reimer et al., 2014). Individual clones were encapsulated in alginate beads and grown to microcolonies, which were incubated with 1 mM 13CHD to induce GFP formation (Tavares et al., 2019).

Some 10 million beads, covering three times the estimated sizes of the RML002 and RML016 (derivatives of DT002 and DT016, respectively) were screened by fluorescence-activated cell sorting (FACS), separating beads with an 13CHD-induced fluorescence above the 98th percentile. 105 beads were recovered, from which plasmid DNA was isolated and used as template for a new round of random mutagenesis. The new libraries (with estimated sizes of 5.5 × 106 and 8.5 × 106 clones) were again encapsulated, induced and screened, but now restricting recovery to the top 0.1% of GFPmut2 fluorescence. 6 × 103 beads were collected, purified to individual clones, and screened in eight replicates in 96-well plates for 13CHD induction. This resulted in finding three mutants (named: DT020, DT021, and DT022) with consistent and up to 2.1-fold 13CHD induction, a significant increase and/or reduction of fluorescence background when compared with parental DT002 and DT016 (Table 1). Sequencing revealed a single different amino acid substitution in each of the three mutants (Table 1). Mutant DT020 had the exact same 1.5-fold induction as its parent DT016, but showed a 30% reduced fluorescence background intensity (p = 2.25 × 10–5, n = 12 replicates, Table 1). Mutants DT021 and DT022 displayed a small increase in fold induction to 1.66 ± 0.09 (n = 13 replicates) and 2.09 ± 0.16 (n = 14 replicates), respectively (Table 1).


TABLE 1. GPFmut2 fluorescence in Escherichia coli expressing wild-type- and mutant-RbsB proteins under uninduced and 13CHD-induced conditions.

[image: Table 1]Separate RMLs produced from the initial variants DT001, DT011, DT013, and DT015 (named RML001, RML011, RML013, and RML015, and with library sizes of 3.4 × 106, 2.2 × 106, 1 × 106, and 4.1 × 106 clones, respectively), were similarly encapsulated, induced with 13CHD and screened on an estimated three times library coverage for higher GFPmut2 fluorescence compared to non-induced conditions. In total, 151 beads were recovered that showed GFPmut2 fluorescence higher than any bead observed in non-induced conditions, which were purified and individually tested for 13CHD inducibility. Unfortunately, all mutants also showed significant increase in fluorescence in absence of 13CHD and none had induction levels above 1.5 times. Sequencing of some of these mutants showed gene deletions resulting in truncated RbsB mutant proteins. Pooled DNA from those 151 mutants used as template for a new library (estimated size of 1.5 × 106 variants) did not yield further improvements. In contrast, almost all tested clones showed deletions of the rbsB variant open reading frames resulting in truncated proteins. These RMLs were therefore not further investigated.



Random Mutagenesis of 2nd Generation Mutant RbsB Proteins With 13CHD Affinity

Because of the accumulation of truncated gene variants in the libraries we decided to create three new RMLs based on the newly isolated improved DT variants (DT020, DT021, and DT022, Table 1). These libraries (RML020, RML021, and RML022, with estimated sizes of 1.5 × 106, 3 × 106, and 2.5 × 106 clones, respectively) were again encapsulated to individual cells, grown to microcolonies and screened both under uninduced and 13CHD-induced conditions. In this screening, only beads with a fluorescence signal higher than the maximum observed signal under non-induced conditions for the same number of screened beads, were collected. Four mutants were recovered, with consistent and significant increase of 13CHD-dependent induction of GFPmut2 fluorescence and/or reduced background in absence of 13CHD (Table 1, n = 8–14 replicates). Three of those mutants displayed a single amino acid substitution, and one (DT033) showed three substitutions (Table 1). In one case (DT035) the substitution affected an amino acid in the signal peptide. Mutants DT033 and DT035 showed a similar fold induction, around 2.6 times, in presence of 13CHD (n = 9–12 replicates, Table 1). Mutants DT032 and DT038 were the most promising, with fold-inductions of 2.97 ± 0.37 and 3.19 ± 0.48 times (n = 13–14 replicates, Table 1). This represents a 4.5-fold increase in induction compared to the parental mutant DT016 (Table 1). All four mutants displayed a reduction in GFPmut2 fluorescence in absence of inducer in comparison to parental DT016, except DT033. The highest reduction was observed with DT038, with a background reduction of approximately two times (Table 1).

GFPmut2 fluorescence in E. coli cells expressing DT016, DT022, DT032, and DT038 displayed a typical dose-dependency at different 13CHD concentrations (Figure 1). For the four mutants, the GFPmut2 fluorescence signal after 2 h induction was saturated at 0.5–0.75 mM 13CHD with 1.5–3 times fold induction (Figure 1B). Higher concentrations of 13CHD, up to 2.5 mM, did not lead to further increase of fluorescence (Figure 1A, p = 0.06–0.99, t-test equal variance, n = 8 replicates). The lowest concentrations of 13CHD that yielded significant induction compared to medium without inducer after 2 h incubation were 0.25 mM for DT022, DT032 and DT038, and 0.5 mM 13CHD for DT016 (Figure 1B, inset).


[image: image]

FIGURE 1. GFPmut2 fluorescence of Escherichia coli BW25113 ΔrbsB expressing DT016 (blue diamonds), DT022 (light green triangles), DT032 (ochre squares), or DT038 (black circles) in presence of different 13CHD concentrations. (A) Average GFPmut2 fluorescence in flow cytometry after 2 h incubation with a range of 13CHD concentrations. (B) As (A), but as fold induction compared to uninduced conditions. Each point shows the mean of eight biological replicates (each from a measurement of 100,000 cells). Error-bars indicate calculated SD (not visible when inside the symbol). Dashed line represents the non-induced level. Inset in (B) Asterisks point to the lowest tested 13CHD concentrations giving a statistically significantly different fluorescent signal compared to the blank control (incubated in absence of any 13CHD, p < 0.05, two-sided t-test, n = 8 replicates).


The four third generation (i.e., DT032, DT033, DT035, and DT038) mutants were subsequently used to create four new RMLs, which were screened as before, but this did not lead to isolation of mutant proteins with improved induction with 13CHD (i.e., more than three times GFPmut2 fluorescence increase upon induction compared to uninduced levels). We noted, however, that populations of several mutants displayed double fluorescence levels simultaneously, almost irrespectively of 13CHD presence (Figure 2). These subpopulations corresponded to completely uninduced and fully induced fluorescence levels seen from wild-type RbsB with ribose (Figure 2A, Low_Pop and High_pop). For example, mutant 1F6 displayed one subpopulation with a mean fluorescence value of 15,000 and a second of 220,000 (Figure 2B). The proportion of cells within the low and high subpopulation was approximately 36 and 62%, respectively. Upon 2 h incubation with 1 mM 13CHD the proportion of cells within either subpopulation changed to 25 and 74%, respectively (Figure 2B). Similar results were obtained with mutant 2C10, showing a reduction of 8% in the proportion of cells within the low fluorescence subpopulation upon 13CHD induction, and an increase of 9% in the high subpopulation (Figure 2C). Mutant 1F8 displayed a different behavior, with an almost equal proportion of cells distributed between the low and high subpopulations under uninduced conditions; but an increase up to 87% within the subpopulation with lowest fluorescence in presence of 13CHD (Figure 2D).
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FIGURE 2. DT038-derivative mutants displaying subpopulations with two fluorescence states. Low_Pop and High_Pop represents cells with low and high fluorescence levels, respectively. Proportions of cells within both gates are indicated. (A) Wild-type RbsB uninduced and induced with 0.1 mM. (B–D) As (A), but for mutant 1F6, 2C10, and 1F8 induced with 1 mM 13CHD. Each density plot shows 100,000 cells.


Across multiple tests and replicates, the proportions of cells within those subpopulations differed substantially, making it hard to judge whether this was consistent behavior one would expect from an inducible protein. This suggested, therefore, that these mutants had become hypersensitive and spontaneously switched between open (i.e., uninduced signal) and closed (i.e., induced) state at the level of an individual cell.



Positions of 2nd and 3rd Generation Mutations With Improved Induction With 13CHD

The positions of the amino acid substitutions observed in the various new mutants (Table 1) were threaded on the closed structure of wild-type RbsB (PDB ID: 2DRI). Six out the seven isolated mutants displayed a single amino acid substitution. Exception was DT033 that displayed three amino acid changes. Mutant DT020 displayed a conservative substitution within the signal peptide (V10I) (Table 1). DT021 and DT022 displayed conservative amino acid substitutions K206R and G89V, respectively (Figure 3A and Table 1). The V89 residue of DT022 is located within the binding pocket, 1.9 Å from the 13CHD molecule (Figure 3A). This suggests that the G89V substitution is directly responsible for the 50% increase of GFPmut2 fluorescence upon 13CHD induction, when compared to its parent DT016 (Tavares et al., 2019). Previous studies demonstrated the importance of residue 89 for ligand binding (Vercillo et al., 2007; Reimer et al., 2017; Tavares et al., 2019), suggesting that V89 improves the capacity to bind 13CHD in comparison with G89. Finally, mutation K206R found in DT021 is located in a peripheral turn of the structure (Figure 3A).
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FIGURE 3. Positions of amino acid substitutions observed in various 13CHD mutants, visualized on the closed structure of wild-type RbsB (PDB ID: 2DRI). (A) Mutated residues in 2nd (blue) and 3rd generation mutants (pink). (B) Acquired mutations in DT038, seen as a superposition of 1st (orange, in DT016; the original Rosetta designed binding pocket mutations), 2nd (blue, in DT022) and 3rd generation mutations (pink). (C) Superposition of wild-type RbsB (PBD ID: 2DRI, blue), and the threaded DT038 structure (light gray). (D) Detailed view from (C) panel, showing the interaction between ligand and residues located at 89 position. Asp89 of RbsB and Val89 of DT038 are colored in purple and blue, respectively. Light green line indicates a H-bond. Molecular structures of 13CHD (red) are placed in the binding pocket. Signal peptide mutations are not shown on the structure as this is cleaved off.


Two out of the four 3rd generation mutants displayed non-conservative mutations. Notably, DT032 had a leucine at position 170 instead of serine, whereas DT033 displayed a S207P substitution. DT033 showed two conservative mutations (L201P and K250R; Figure 3A and Table 1). Mutant DT035 again displayed a mutation in the signal peptide (K5N). This and the V10I substitution of DT020 in the signal peptide may have improved the translocation and/or stability of the mutant protein. Of the other five substitutions observed in this 3rd round of evolution, three (L170S, L201V, and K250R) were located outside the binding pocket in three different α-helices of the protein (Figure 3A). The two others (K206R and S207P) were localized in a peripheral turn of the protein structure (Figure 3A). All of them led to an increase of the fold–induction with 13CHD (Table 1). However, their peripheral position suggested they play a role in protein stability and not directly in ligand binding. Interestingly, five out the seven substitutions found in 2nd and 3rd generation mutants localized in the same region of the protein (Figure 3A), suggesting that changes in that area improve protein function (e.g., stability or intramolecular hinge movement). Interestingly, leucine at position 201 was substituted twice independently by two different amino acids (i.e., proline and valine), underscoring its critical role. None of the positions recovered in these DT variants for 13CHD binding had been previously described as critical for the various roles of RbsB in a near-complete Ala-substitution scanning (Reimer et al., 2017).

To further infer potential structural changes of observed mutants in comparison to wild-type RbsB, we used Swiss-Model (Guex et al., 2009; Bertoni et al., 2017; Bienert et al., 2017; Waterhouse et al., 2018; Studer et al., 2020), Phyre2 (Kelley et al., 2015) and Missense3D (Ittisoponpisan et al., 2019). Swiss-Model, Phyre2 did not predict any structural differences of the new mutations compared to the closed structure of wild-type RbsB (Figures 3B,C, shown for DT038). Analysis of each of the eight amino acid substitutions in DT016 by Missense3D indicated expansion of the binding cavity by F16S and R90S, and H-bond breakage by D89V and T135A. This was expected, since these were designed and engineered ligand binding pocket mutations to accommodate 13CHD. However, none of other four mutations in DT016 were predicted by Missense3D to cause any (individual) structural difference compared to RbsB. Interestingly, the G89V mutation in DT022 compared to DT016 (or D89V compared to wild-type) was predicted to cause further expansion of the ligand binding pocket and to H-bond breakage (Figure 3D). This is probably the consequence of replacing a buried amino acid (Gly) by an exposed one (Val). Other individual amino acid substitutions, found in other isolated mutants, were not predicted to cause any structural difference compared to wild-type RbsB, but we acknowledge that Missense3D only tests single substitutions at a time.



DNA Shuffling and Site Saturation Mutagenesis

Rescreening of the 2nd round RML002 and RML016 libraries, led not only to the isolation of the second generation mutants (i.e., DT020, DT021, and DT022) but to eight more variants as well (Table 2). Individual retesting of those eight variants showed no change in the mean fold-induction of GFPmut2 in presence of 1 mM 13CHD compared to DT016 itself (Table 2, p = 0.245–0.89, n = 6 replicates). On the other hand, five mutants (named here: 2H2, 7B2, 7B9, 7C5, and 7G4) displayed a lower background fluorescence in uninduced conditions, when compared to DT016 (Table 2, p = 0.01–0.00001, n = 6 replicates). The highest background reduction was two-fold, observed in 7G4 mutant (Table 2). The lower fluorescence background suggests a better equilibrium between open and closed conformation. The DNA of the eight mutants was then shuffled in the hope to create synergetic effects, but no mutant with improved induction by 13CHD was isolated from this screening.


TABLE 2. List of isolated mutants from RML002 and RML016 2nd round used for DNA shuffling.

[image: Table 2]Computational simulations had previously suggested nine amino acids as being critical for changing the specificity of RbsB protein to 13CHD (Tavares et al., 2019). Two residues were later found by ala-substitution scanning to be important for ribose binding (R141 and D215) (Reimer et al., 2017). We therefore tested whether site-saturation mutagenesis of these residues could further improve DT002 and DT016 variants for 13CHD induction (Figure 4). Replacement of R141 and D215 by each of the other 20 possible amino acids was confirmed by sequencing and 250 colonies of each site saturation library were tested individually by flow cytometry for gain of 13CHD induction. None of the tested mutants from the DT002_R141X, DT002_D215X, or DT016_R141X and DT016_D215X libraries showed improved 13CHD induction, compared to parental strains, whereas several were worse. Inter alia, this showed that R141 in mutant DT016 can be replaced by a serine without impairing inducibility by 13CHD.
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FIGURE 4. Inferred binding pocket of DT016 in presence of 13CHD (in red) and with the substituted residues for ligand binding color-coded based on characteristics (non-polar- orange; polar- green). (A) Arginine at position 141, selected for site saturation mutagenesis, is highlighted in dark blue. Distance between 13CHD molecule and R141 is indicated. (B) As for (A) but for Aspartic acid at position 215.




Mutagenesis of Neighboring Residues in DT016

Finally, we tested whether substitutions in the direct neighborhood of the previously engineered ligand binding pocket mutations would affect induction by 13CHD, through synergistic or compensatory effects on the overall protein function or behavior. For this we focused again on DT016, the most promising mutant with newly obtained specificity to 13CHD (Tavares et al., 2019). Next, we designed a strategy to mutate the two amino acids flanking (i.e., those before and after) each of the eight ligand binding pocket mutations of DT016 (Supplementary Figure 2). We reconstituted the dt016 open reading frame in 12 overlapping PCR fragments (Figure 5A). PCR primers covered the regions of the eight introduced mutations in DT016 (Figure 5B), with flanking amino acids of those being replaced by all other 20 possible amino acids (Table 3). The disadvantage of this strategy was that stop codons could not be avoided in primer design. A library with an estimated size of 1 × 106 clones (RML-DT016AA) was screened as before by agarose encapsulation and flow cytometry. As expected, a large fraction of clones carried truncated proteins (75% from 25 randomly picked colonies from the library on plates). None of the clones displayed higher fold induction than DT016 itself. We concluded that this strategy was not worth further pursuing.
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FIGURE 5. Flanking residue mutagenesis. (A) Scheme of the design strategy to reconstitute dt016 with 12 overlapping primers (purple), positioned at the sites of the previous ligand binding pocket mutations, and each covering the two neighboring codons on each side. The assembly was carried out in three steps (fragments separated by dotted lines) and followed by a final extension reaction with external primers (orange). Gene not drawn to scale. (B) Inferred structure of DT016 based on RbsB structure (PDB ID: 2DRI). Molecular structure with 13CHD (red) bound in its pocket. The eight designed substitutions in DT016 are highlighted in orange and flanking residues mutated with this strategy are highlighted in green.


TABLE 3. Strains used in this study.

[image: Table 3]


DISCUSSION

Periplasmic binding proteins have been deployed as a starting point to design new receptor proteins (Dwyer and Hellinga, 2004). Despite the vast knowledge on PBPs structures and their natural ligands (Berntsson et al., 2010), the successful design of new ligand binding domains has been very limited so far (Schreier et al., 2009; Yang and Lai, 2017). Introducing amino acid substitutions in a protein is challenging, since they can easily lead to an abnormal function or behavior of the mutated protein (Reimer et al., 2017). In a previous study nine residues were identified and substituted in the binding pocket of RbsB, with the goal to change the binding specificity from the natural ligand ribose to the non-natural compound 13CHD (Tavares et al., 2019). Despite the modest increase of induction (up to 1.5-fold with 13CHD), six mutant proteins without ribose recognition but with 13CHD binding were isolated. Relatively poor induction had been attributed to mutant protein instability, poor translocation, and/or misfolding (Tavares et al., 2019).

The goal here was to produce and select compensatory mutations by random or semi-random approaches, which might either have a stabilizing effect or further improve 13CHD ligand binding, or both. We focused on the previously isolated mutants, which we used as scaffolds for mutagenesis. Several rounds of random mutagenesis and increasing selectivity of sorting of bead-grown microcolonies induced with 13CHD, led to recovery of a few mutants with consistently higher induction of GFPmut2 fluorescence than their parental strains (up to 3.2-fold at 1 mM 13CHD). As these mutants carried mostly substitutions outside the direct ligand binding pocket, we assume that they are compensatory mutations that improve functions other than ligand binding itself, for example, L170S in DT032 or L201V in DT038.

In order to maximize our chances to isolate an improved variant for 13CHD detection, we used different mutagenesis approaches to create genetic variability. Our semi-random approaches did not produce the expected results, since no improved variant was isolated from the created libraries. Site saturation mutagenesis of R141 and D215 residues on DT002 and DT016 resulted in decrease of the capacity for induction by 13CHD, except for a R141S substitution in DT016 that did not affect inducibility. This indicated that we could not improve the 13CHD induction by replacing R141 and D215 residues; in contrast, it showed that their presence is essential for 13CHD binding and signaling. The importance of both R141 and D215 residues in RbsB for ribose induction and signaling (Reimer et al., 2017) and for ligand binding (D215) had been previously demonstrated (Vercillo et al., 2007). Also DNA shuffling did not lead to isolation of mutants with potential synergistic improvements, although background reduction in absence of inducer was observed (Table 2). Random mutation of the 32 residues flanking the nine substitutions engineered for 13CHD ligand binding did not yield improved variants either, possibly because of the high percentage of variants with a truncated protein. Some variants displayed a comparable induction level to their parent DT016 (around 1.5 times). However, given the high number of substitutions in these variants (up to 32 amino acid substitutions), an interpretation of their effect was impossible. These results indicated that changing several parts of the RbsB-mutant proteins at the same time may not be the best way to find variants with improved function. Introducing multiple mutations increases the probability to find proteins with improved capacities, but at the same time increases the chances to introduce mutations that may impair the protein function. This creates an important trade-off, and has to be considered each time when designing and implementing a mutagenesis strategy.

In contrast, random mutagenesis across the complete gene variants led to the isolation of seven mutants with significantly improved 13CHD inducibility, two of which with 4–4.5-fold improvement of induction. This was accomplished by screening of relatively large libraries on microcolonies grown in beads, under different screening thresholds and several rounds of repetition. We acknowledge that FACS thresholding in such screening is a difficult point, because distinguishing between fluorescence outliers of false-positive clones and true positive inducible ones can be subjective. In less restrictive sortings, all beads above the 98th fluorescence percentile of the 13CHD induced library were collected, re-used as template for a new library, from which we recovered the top 0.1% fluorescence beads. This strategy led to isolation of three variants with improved induction with 13CHD. In the more restrictive sorting, only beads with a fluorescence higher than any bead under uninduced conditions were recovered. This resulted in isolation of four mutants with up to 3.2-fold induction by 13CHD. Since both strategies allowed us to isolate mutants with improved 13CHD detection, we conclude that the restrictive sorting is a better strategy, partly because of the time investment and downstream screening of individual clones. A disadvantage of the restrictive strategy is that mutants are missed that have low fluorescence background under uninduced conditions and intermediate fluorescence upon induction (i.e., a fluorescence signal less than the maximum observed in the uninduced library). Alternatively, one could try to “bin” mutants in different fluorescence categories in the hope of finding some with lower fluorescence backgrounds and still some induction. The difficulty is that a priori the evolutionary path of a variant highly inducible by 13CHD is not known and may pass through intermediates with high uninduced levels to regain background, or through those with low uninduced levels and gain specificity (Romero and Arnold, 2009; Tracewell and Arnold, 2009; Zheng et al., 2020). Multiple rounds of mutagenesis thus allowed to improve 13CHD detection in a step-by-step manner. This suggests that further rounds of random mutagenesis could eventually lead to the isolation of a variant with similar binding capacity to 13CHD as wild-type RbsB toward ribose (13 fold) (Tavares et al., 2019), although we could not achieve that here. Some studies show that multiple rounds of evolution are needed to improve a specific protein ability without impairing the protein (Brustad and Arnold, 2011).

What can we conclude from the obtained DT variants in terms of amino acid substitution effects? Two mutants (DT020 and DT035) displayed an amino acid substitution in the signal peptide (V10I and K5N). The improved 13CHD induction might have been due to higher periplasmic protein levels, being the result of a positive effect on peptide recognition by SecB chaperone, responsible for presenting RbsB to the translocation channel, and or improved stability. Only one variant (DT022) carried a substitution (G89V) in the binding pocket (Figures 3A,D). This residue is less than 2 Å away from the inferred position of 13CHD and previous studies demonstrated the importance of residue 89 for ligand binding (Vercillo et al., 2007; Reimer et al., 2017; Tavares et al., 2019). An exposed valine residue at this position thus might improve 13CHD binding, yielding a 50% higher fold induction when compared with parent DT016 (Table 1). All other mutations were found outside the binding cavity, and we assume that they must have improved other aspects of protein functionality than ligand binding itself, although we did not test this specifically by biochemical methods on purified protein. This could affect, for example, protein stability or improved hinge flexibility, or binding to the chemoreceptor Trz1. Five out the seven mutations were located in the same peripheral region of the protein (Figure 3A), but none concerned positions previously implicated in RbsB functioning by Ala-substitution scanning (Reimer et al., 2017). Leucine at position 201 was replaced by two other non-polar residues in two different isolated mutants and neighboring residues K206 and S207 were replaced by arginine and proline, respectively. The concentration of observed mutations in this region suggests that previous introduced mutations may have disturbed this region of the protein and compensatory mutations were needed. This specific region of the protein, therefore, could be a promising target for future rounds of mutagenesis, aiming to find variants with better overall function. Importantly, the new variants were not only more highly induced by 13CHD, but also displayed reduced fluorescence background, especially DT032, DT035, and DT038. This is further evidence that these mutations are compensatory and improve the overall functionality of the proteins in the bioreporter signaling cascade.

Creation of new ligand-binding cavities in PBPs had been heralded more than a decade ago as one of the key areas of advance for computational protein design (Looger et al., 2003), but more recent de novo design of protein (and peptide) structure design have focused more on small-molecule-binding proteins (Polizzi and DeGrado, 2020), switchable/allosteric capacity (Langan et al., 2019), protein folding (Rocklin et al., 2017) and epitope-scaffolds design (Sesterhenn et al., 2020). Much of the initial claimed successes of PBP ligand pocket engineering has not held up under the scrutiny of independent repetitions (Schreier et al., 2009; Reimer et al., 2014). More recent advances have been reported that have shown grafting of existing ligand pockets in PBPs, and a single study of a de novo design achieving marginal 13CHD binding (Scheib et al., 2014; Banda-Vazquez et al., 2018; Tavares et al., 2019). It might thus well be that, in contrast to the original assumption of a wide protein family with known crystal structures of open and closed configurations, PBPs are actually particularly difficult to engineer. The reasons may be that PBPs need an inherent intramolecular protein movement between open and closed configuration and have manifold functional constraints, such as ligand binding, binding to the receptor, or translocation. Current ligand pocket predictions do not take the other constraints into consideration, which make complete rational computational design challenging.

For example, in the RbsB-based bioreporter configuration wild-type and mutant-RbsB proteins have to be expressed and translocated to the periplasmic space. Once in the periplasmic they recognize and bind their ligand, leading to a conformational change of the protein (Boas and Harbury, 2008; Stank et al., 2016). Subsequently, the closed form of the protein binds the hybrid Trz1 receptor, starting a phosphorylation cascade that in the end leads to induction of GFPmut2 expression (Reimer et al., 2014). It is important to understand that if an introduced mutation affects any aspect of these steps the final outcome (i.e., GFPmut2 signal) is affected. The transition between open and closed conformation is extremely important for PBPs with bilobal structure such as RbsB. It is assumed that PBPs in absence of ligand can be found in a dynamic equilibrium of open and closed state (Ravindranathan et al., 2005; Schreier et al., 2009), which is important for their function. Similar characteristics are observed in other PBPs, for example in the closely related galactose-binding protein of E. coli (Unione et al., 2016). In presence of the proper ligand, the closed form is stabilized (Schreier et al., 2009) and, like in case of RbsB can present the ligand molecule (ribose) to either the chemoreceptor (i.e., Trg and Trz1) or to ribose transport channels (Binnie et al., 1992; Riley, 1993; Stewart and Hermodson, 2003). We observed that introduced mutations can block RbsB variants in either of the two states, and consequently, disable its function to bind the ligand and trigger the bioreporter system, or trigger the receptor signaling cascade without binding the ligand. We also observed RbsB-DT variants that in the E. coli bioreporter strain caused “stable” double populations with different GFPmut2 fluorescence intensities both in absence and in presence of inducer. This is in contrast to wild-type RbsB behavior, which (despite reported open-closed form dynamics in absence of ligand) in absence of ribose results in coherent low reporter output and in the presence of ribose in coherent high fluorescence. This suggests that the time-scale of the dynamics may be affected by the introduced mutations, blocking the DT variants in either open or closed form long enough to trigger (or not) the bioreporter signaling cascade leading to GFP expression. This is supported by the fact that these subpopulations corresponded to completely uninduced and fully induced fluorescence levels seen from wild-type RbsB with ribose (Figure 2). A small percentage of the low fluorescence population shifts to high fluorescence upon induction, indicating that ligand-binding is still affecting the transition states, but is insufficiently discriminating between the two (Figures 2B,C). The implications of individual and combinations of secondary mutations for specific aspects of RbsB-DT variant functionality, e.g., translocation, stability, intermolecular movement, folding, ligand or receptor binding, however, can only be derived from more precise biochemical techniques with purified protein.

In conclusion, the results obtained in this study showed that it is possible to improve the signaling performance of previously designed RbsB mutants with de novo ligand binding pockets using random mutagenesis. The two most promising mutants DT032 and DT038 displayed a 4–4.5-fold improvement in induction to 13CHD, mostly as a result of background reduction in absence of inducer (Table 1). The variants react in a dose-dependent manner, with a lower detection limit around 0.25 mM 13CHD. This study demonstrates the principle that new PBP ligand-binding domains can be engineered using the RbsB signal transduction bioreporter platform and that more work is needed to achieve a ligand detection limit that approaches the wild-type RbsB sensor for ribose, which demonstrates a 13-fold fluorescence induction and 50 nM detection limit (Reimer et al., 2014; Tavares et al., 2019).



MATERIALS AND METHODS


Bacterial Strains and Culture Conditions

Expression of the RbsB-Trz1-ompCp-gfpmut2 signaling chain (or the RbsB variants) was tested in E. coli BW25113 ΔrbsB as host. In this case, cells were cultured in minimal medium (MM) supplemented with 20 mM fumarate. For selection of mutants by FACS, cells were first grown within alginate beads in low phosphate minimal medium (MM LP) supplemented with 20 mM fumarate and appropriate antibiotics to produce microcolonies, as described previously (Tavares et al., 2019). The cells-in-beads were then induced with 0.1 mM ribose or 1 mM 1,3-cyclohexanediol (13CHD) for 2 h, as described previously (Tavares et al., 2019). Escherichia coli DH5α cells were used for cloning and plasmid propagation. Random libraries were transformed into ElectroMAX DH10B T1 Phage-Resistant competent cells (Thermofisher).

All strains used in this study are listed in Table 3.



Random Mutagenesis Libraries and Plasmid Construction

Mutations in the rbsB gene or its dt variants were generated by error-prone PCR (ep-PCR). Gene variants were amplified by primers flanking the coding sequence in the plasmids pSTVPAA-DTxxx and located up- and downstream of the SalI and NdeI sites (Supplementary Figure 1). Error-prone-PCR reactions were carried out with 4 ng of DNA template in presence of varying MnCl2 concentrations (0.025–0.06 mM). Six reactions were prepared simultaneously to average stochastic biases. After an initial denaturation step of 10 min at 94°C, the following steps were repeated for 25 cycles: 1 min at 94°C, 1 min at 70°C, and 1.5 min at 72°C, followed by an extension of 10 min at 72°C. Amplicons were then visualized by agarose electrophoresis, and products of around 1 kb were excised, pooled and purified. Purified PCR products and pSTVPAA plasmids were digested with SalI and NdeI at 37°C and 300 rpm for 45 min. Plasmid self-ligation was prevented by treating the digested plasmid with Shrimp Alkaline Phosphatase (rSAP, New Englang Biolabds). The digestion products were visualized by agarose electrophoresis, and the correctly sized digested bands were excised from the gel and purified.

Plasmid and amplicon fragments were ligated with T4 DNA ligase using a ratio of 1:2 vector to insert. The ligation mixture was incubated overnight at room temperature, and aliquots of 100 ng DNA were electro-transformed into ElectroMAX DH10B cells. Cells were recovered after the electroporation by addition of 1 mL of SOC medium, pooled from five separate reactions and incubated for 1 h 30 at 37°C, 225 rpm. Small proportions of these mixtures where plated on LB agar (Cm, chloramphenicol at 30 μg ml–1) plates to estimate the number of colony forming units in the libraries. The remainder was cultured en masse in 200 ml LB medium (with Cm), which was used to isolate and purify a plasmid-library pool. Aliquots of 1.6 mL of the grown culture were stored in 15% (v/v) glycerol at –80°C. Five aliquots of each 100 ng of purified pSTVPAA-mutant plasmid pool were then transformed into the bioreporter strain E. coli BW25113 ΔrbsB, for testing of ribose- and 13CHD-dependent expression of GFPmut2. Library aliquots were again stored at –80°C. Error-prone-PCR in presence of different MnCl2 concentrations (0.025–0.06 mM) resulted in between 1 and 3 mutations per 1,000 bp.



DNA Shuffling and Site Saturation Mutagenesis

As an alternative to error-prone-PCR we used DNA shuffling to create new rbsB variants. For this we used eight rbsB variants as template (Table 2), which were amplified by PCR using primers outside the coding regions and beyond the XcmI and SalI sites (Supplementary Figure 1 and Table 4). PCR-amplified templates (200 ng each) were mixed and digested with 0.5 U of DNase I for 3 min at 15°C, after which the reaction was inactivated at 80°C for 10 min. Aliquots of 200 ng of fragmented DNA were then reassembled by PCR in progressive hybridization in presence of 2.5 U of GoTaq polymerase (Thermofisher) and 200 μM of each dNTP in the following temperature cycles. After an initial denaturation period of 2 min at 94°C, the following steps were repeated for 35 cycles: 40s at 94°C, 90s from 65 to 41°C in intervals of 3°C and 90s at 68°C, followed by a final 30 min period at 68°C. The PCR reassembly products were next amplified with primers located inside the previous ones (Supplementary Figure 1 and Table 4), visualized by agarose electrophoresis, after which 1-kb DNA bands were isolated and purified. These products were digested with XcmI and SalI and ligated to pSTVPAA digested with the same enzymes. Ligation mixture aliquots of 100 ng each were then transformed into the bioreporter strain E. coli BW25113 ΔrbsB.


TABLE 4. List of primers used to introduce new mutations in RbsB-derivate proteins.

[image: Table 4]Positions R141 and D215 in the DT002 and DT016 were changed by site-saturation mutagenesis. For this, the entire plasmid(s) pSTVPAA-DT002 or −016 (5 ng) was amplified by Q5 High-Fidelity DNA polymerase using overlapping but reverse complementary primers with ambiguous bases at the desired positions (Figure 4 and Table 4). PCR products were digested with DpnI to remove template DNA and after enzyme inactivation were directly transformed into the bioreporter strain E. coli BW25113 ΔrbsB. Variant genes were confirmed by sequencing.



Mutagenesis of Neighboring Residues in DT016

In order to reconstitute the rbsB gene 12 overlapping primers were designed (Table 5). Assembly of the 12 designed primers was carried out in two steps. In the first step, primers were divided in three independent annealing groups (Figure 5A). PCR for every group was performed with 200 μM of dNTPs, 50 nM of each primer and 0.02 U/μL of Q5 High-Fidelity DNA polymerase. After an initial denaturation period of 30 s at 98°C, the following steps were repeated for 10 cycles: 10 s at 98°C, 15 s at 45°C, and 20 s at 72°C, followed by a final 2 min period at 72°C. In the second step, 2 μL of the three independent reactions were mixed with 200 μM of dNTPs and 0.02 U/μL of Q5 High-Fidelity DNA polymerase (same PCR conditions as in step1). PCR products were then finally extended with external primers, 1 μL of the 2nd assembly reaction was amplified by PCR and reactions were performed in triplicate to remove any bias. After an initial denaturation period of 30 s at 98°C, the following steps were repeated for 35 cycles: 10 s at 98°C, 30 s at 68°C, and 30 s at 72°C, followed by a final 5 min period at 72°C. Amplified products were visualized by agarose electrophoresis and 1 kb DNA bands were isolated and purified. Final products were digested with XcmI and SalI and ligated to pSTVPAA digested with same enzymes. After overnight ligation with T4 DNA ligase, D5Hα cells were transformed with 100 ng of DNA for plasmid replication. After rescue a small percentage of cells were plated and were sent for sequencing to estimate library size and variability.


TABLE 5. List of primers used to introduce new mutations close to pre-existing mutations on DT016 protein.
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RbsB-Based Bioreporters Assays

RbsB- and DT-based libraries in E. coli, or single purified clones were screened for GFPmut2 expression by FACS and/or flow cytometry, as described in detail previously (Tavares et al., 2019). In short, cells were encapsulated and grown to microcolonies in alginate beads, before induction. Beads (microcolonies) expressing higher GFPmut2 signal (measured in the FITC-H channel of the instrument) than the set thresholds were sorted and collected in tubes containing 1 ml LB medium supplemented with Amp and Cm. Sorted mutants were regrown and re-screened either as alginate-bead mixtures or as pure cultures in 96-well plates (in at least eight individually grown replicates). Media, incubation conditions, experiments and instruments details are explained previously (Tavares et al., 2019).



Statistical Analysis

Flow cytometry induction of GFPmut2 in E. coli cultures was measured in multiple independently grown biological replicates (n = 6–14). Induction is then expressed as the ratio of the mean GFPmut2 fluorescence of induced cultures by that of their uninduced (split) halves. Differences among the mean GFPmut2 uninduced fluorescence and fold induction were tested using Student’s t-test.



Structure Threading and Analysis

Threaded structures of RbsB variants were determined with Swiss-Model (Guex et al., 2009; Bertoni et al., 2017; Bienert et al., 2017; Waterhouse et al., 2018; Studer et al., 2020) and Phyre2 (Kelley et al., 2015), with wild-type RbsB structure (PDB ID: 2DRI) as scaffold. Structural superpositions and distance analysis were calculated with UCSF Chimera (Pettersen et al., 2004).
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Immunoassays are widely used for detection of antibodies against specific antigens in diagnosis, as well as in electrophoretic techniques such as Western Blotting. They usually rely on colorimetric, fluorescent or chemiluminescent methods for detection. Whereas the chemiluminescence methods are more sensitive and widely used, they usually suffer of fast luminescence decay. Here we constructed a novel bioluminescent fusion protein based on the N-terminal ZZ portion of protein A and the brighter green-blue emitting Amydetes vivianii firefly luciferase. In the presence of D-luciferin/ATP assay solution, the new fusion protein, displays higher bioluminescence activity, is very thermostable and produces a sustained emission (t1/2 > 30 min). In dot blots, we could successfully detect rabbit IgG against firefly luciferases, Limpet Haemocyanin, and SARS-CoV-2 Nucleoprotein (1–250 ng), as well as the antigen bound antibodies using either CCD imaging, and even photography using smartphones. Using CCD imaging, we could detect up to 100 pg of SARS-CoV-2 Nucleoprotein. Using this system, we could also successfully detect firefly luciferase and SARS-CoV-2 nucleoprotein in Western Blots (5–250 ng). Comparatively, the new fusion protein displays slightly higher and more sustained luminescent signal when compared to commercial HRP-labeled secondary antibodies, constituting a novel promising alternative for Western Blotting and immunoassays.
Keywords: luciferase, immunoassays, Amydetes vivianii, SARS-CoV-2, western blot, ZZ-domain
INTRODUCTION
Bioluminescence, the emission of visible light by living organisms has been extensively used for bioanalytical purposes during the past decades, including their use as reagents for ATP and enzymatic assays, and reporter genes for bioimaging biological and pathological processes and biosensors (Viviani and Ohmiya 2006; Roda et al., 2009). In times of pandemics, sensitive and fast detection and diagnostic methods such as immunoassays are especially demanded.
Immunoassays are widely used for detection of antibodies against specific antigens in diagnosis, as well as in electrophoretic techniques such as Western Blotting. In the past, radioactive methods involving I125 labelled Protein A to detect antigenic proteins have been used for Western Blots and Immunoassays (Kessler, 1975, 1981; McConahey and Dixon, 1980). Later, the radioactive methods were replaced by safer colorimetric, fluorescent or chemiluminescent methods.
The chemiluminescence methods are in general more sensitive and specific. They usually rely on the conjugation of HRP to a secondary antibody which recognizes IgG, which upon mixing with the chemiluminescent substrate solution, consisting of luminol or a derivative and H2O2, emits a blue chemiluminescence (Nesbitt and Horton, 1992).
The need of novel sensitive chemiluminescence immunoassays is especially important in times of emerging viruses and pandemics of SARS-CoV-2. As an example of the wide use of chemiluminescence immunoassays for SARS-CoV-2, a recent report shows that among the current 54 commercially available antibody-based assays for SARS-CoV-2, 13 of them are luminescent and 10 are chemiluminescent. The chemiluminescent tests display between 66 and 75% sensitivity for IgM, and 75–100% for IgG (Kojouri, 2020). Methods and reagents for automated chemiluminescence enzyme immunoassays for SARS-CoV-2 nucleocapsid protein and spike proteins are also being developed.
Bioluminescence based immunoassays consisting on the fusion of luciferases or photoproteins to antigen or an antibodies were also proposed, but in general, they were not so popular like the chemiluminescent ones. Luciferase from bacteria (Vibrio harveyi) was fused to protein A showing its applicability in bioluminescent immunoassays (Lindbladh et al., 1991). The photoprotein obelin from Obelia longissima (Cnidaria) was attached to ZZ-domain of protein A demonstrating the possibility of its application in immunoassays (Frank et al., 1995). Obelin was also conjugated to anti-thyroid hormones (human thyrotropin and thyroxine), and the sensitivity of these bioluminescent immunoassays were similar to those using radioisotopes (Frank et al., 2004). Kobatake et al. (1993) produced a fusion protein based on the protein A fused to N-terminal deleted Photinus pyralis firefly luciferase. However, despite being antigenically active, this construct displayed weaker luminescent activity than wild-type firefly luciferase. Later, the authors fused protein A to the full-length firefly luciferase, obtaining a more active construct, with high affinity for IgG, detecting up to 5 pg of tumor marker a-fetoprotein (AFP) (Zhang et al., 2000).
More recently, the nanoluciferase from Oplophorus gracilirostris (deep-sea shrimp) was fused to a nanobody against aflatoxin B1, a potentially carcinogenic mycotoxin produced by fungi in cereals, resulting in an attractive, simple, and rapid analytical tool for quantification of the pollutants in commercial foods (Ren et al., 2019). An immunoassay for antibodies against SARS-CoV-2 proteins based on the fusion of viral S e N protein fragments with NanoLuc luciferase was also developed. This method was specific to quantify the levels of SARS-CoV-2 antibodies in patients (Haljasmägi et al., 2020).
A quantitative bioluminescence immunoassay for immunohistochemistry based on Cypridina luciferase conjugated secondary antibody and its luciferin, was also developed and successfully used to detect the tumor marker carcinoembryonic antigen (Wang et al., 2020). Bioluminescent sensors to detect multiple antibodies based on microfluidics and BRET were also proposed (Kosuke et al., 2020).
Although nowadays most immunoassays use IgG based secondary antibodies, protein A still remains a useful and cheaper alternative, especially for affinity purification of antibodies (Huang et al., 2006). Protein A was first isolated from Staphylococcus aureus, and due to its high affinity for the portion Fc of immunoglobulins, has been extensively used in immunoassays. Furthermore, the small ZZ portion of protein A, can be used to construct smaller fusion proteins which are highly expressed in bacteria (Drevet et al., 1997).
In order to develop efficient bioluminescence based immunoassays, here we report the construction and uses of a novel bioluminescent fusion protein based on the ZZ portion of protein A and a brighter luciferase arising from Amydetes vivianii firefly, which emits a more blue-shifted emission than other firefly luciferases (Viviani et al., 2011; Pelentir et al., 2019). The new fusion protein can be successfully used for CCD imaging and photographical detection of several primary antibodies in immunoassays and Western Blots, including the detection of Anti-SARS-CoV-2 nucleoprotein.
MATERIAL AND METHODS
Reagents. SARS-CoV-2 Nucleoprotein and Anti-SARS-CoV-2-Nucleoprotein were obtained from CusaBio (Houston, United States); Anti-goat firefly luciferase, firefly D-luciferin potassium salt was obtained from Promega (Madison, United States); Anti-rabbit Hemocyanin and CoA were obtained from Sigma (St Louis, United States). Western Blotting chemiluminescent detection kit was obtained from GE Healthcare (Chicago, United States).
cDNAs and constructions. The chimeric protein DNA was constructed by ligating protein A ZZ fragment with the N-terminal of Amydetes vivianii firefly luciferase cDNA inside the pCold vector (Takara, Japan). For this purpose, ZZ DNA fragment was amplified from the plasmid pCP (Drevet et al., 1997), using primers containing NdeI restriction sites (ZZ-For) GAT ATA CAT ATG GCG CAA CAC and (ZZ-Rev) GCC GCA TAT GGA TCC ATG GAC TAG TGA TC. The amplification product was digested with NdeI, purified, and then ligated to the Nde I-digested and dephosporylated pCold vector containing the Amydetes luciferase cDNA (pC-Amy), using Takara Ligation kit. The ligation was used to transform E. coli XL1Blue, the recombinant colonies were induced with IPTG O/N, sprayed with D-luciferin and screened by photodetection using CCD camera (ATTO, Japan). The construction was confirmed by digestion with Nde I, by PCR using ZZ and pCold-F primers, and finally by DNA sequencing.
Protein expression and purification. The vectors containing the wild-type Amydetes vivianii (pC-AmyLuc) and chimeric protein (pC-ZZ-AmyLuc) were used to transform E. coli BL21 cells. For ZZ-AmyLuc and wild-type luciferase expression, transformed E. coli BL21 (DE3) cells were grown in 100–1,000 ml of LB medium at 37°C up to OD600 = 0.4, and then induced at 18°C with 0.4 mM IPTG during 18 h. Cells were harvested by centrifugation at 2,500 g for 15 min and resuspended in extraction buffer consisting of 0.10 M sodium phosphate buffer, 1 mM EDTA, and 1% Triton X-100, 10% glycerol and protease inhibitor cocktail (Roche, Switzerland), pH 8.0, lysed by ultrasonication and centrifuged at 15,000 g for 15 min at 4°C. The N-terminal histidine-tagged fusion protein and wild-type Amydetes firefly luciferase were purified by agarose-Nickel affinity chromatography (Wash buffer: 50 mM Phosphate pH 7.0; 300 mM NaCl, 20 mM imidazole and Elution buffer 50 mM Phosphate pH 7.0; 300 mM NaCl, 250 mM imidazole) followed by dialysis (25 mM TRIS-HCl pH 8.0, 10 mM NaCl, 1 mM EDTA, 2 mM DTT, and 15% glycerol), as described (Pelentir et al., 2019). The concentrations of purified luciferases were between 0.5 and 1 mg/ml, and the estimated purity, according to SDS-PAGE gels were about 90%.
Luminometric assays for bioluminescence and chemiluminescence. Luciferase bioluminescence and HRP chemiluminescence activities were measured using an AB2200 (ATTO; Tokyo, Japan) luminometer. The assays for luciferase activity were performed by mixing 5 µl of 40 mM ATP/80 mM MgSO4 solution with a solution consisting of 5 µl of luciferase or chimeric protein and 90 µl of 10 mM luciferin in 0.10 M Tris-HCl pH 8.0 at 22 C. For commercial rabbit horseradish peroxidase (HRP) conjugated antibody chemiluminescence activity, 5 µl of diluted HRP-conjugated antibody were mixed with 50 µl of substrate solution 1 and 50 µl of substrate solution 2. All measurements were done in triplicate for at least three independent luciferase preparations, and averages and the standard deviations were reported in Table 1.
TABLE 1 | Luminescence properties of ZZ-AmyLuc fusion protein, wild-type Amydetes vivianii luciferase and HRP-conjugated secondary antibody from GE Healthcare.
[image: Table 1]Kinetics. The kinetics of luminescence reactions were measured using a TD-III luminometer (Japan). The half-life of luminescence (t1/2) was the time necessary to reach half intensity from the peak of intensity, and was calculated form the average of three assays. In the standard assay, 5 µl of 80 mM MgSO4 and 40 mM ATP solution were mixed to a solution consisting of 5 µl of luciferase and 90 µl of 10 mM D-luciferin in 0.10 M Tris-HCl buffer pH 8.0.
CCD Imaging. Dot blot and Western blotting chemiluminescence detection was done using a LightCapture II CCD camera (ATTO, Japan) at different exposure times.
Smartphone and photographic imaging. For photographical imaging of immunoassays, we used a Canon Ti5, and for smartphone imaging we used a dark-adapted box for smartphones cameras, and a Samsung Galaxy S10 Plus cell phone.
Immuno-dot. For dot blotting using distinct antibodies, 1 µl of the antibodies at concentrations ranging from 1 to 500 ng/μl were spotted over nitrocellulose (NC) membrane. Then the membrane was incubated with blocking solution (5% dry milk in PBS-Tween) for 1 h, followed by 2 fast washes and 1 wash for 10 min in PBS-Tween (0.5 mM Na2HPO4; 0.5 mM NaH2PO4; 10 mM NaCl; 0.1% Tween pH 7.4), incubation with the ZZ-AmyLuc (1/400–1/1,000 dilutions) or rabbit HRP-labelled secondary antibody (1/1,000) during 1 h, and then washed again. Finally, 0.5–1 ml of luciferase assay solution (0.5 mM D-luciferin, 2 mM ATP, 4 mM MgSO4, 5 mM DTT, 0.25 mM CoA in 0.10 M Tris-HCl buffer pH 8.0) or HRP substrate solution mix, were pipetted over the NC membrane, the membrane was left standing during 1 min, and finally exposed to CCD camera LightCapture II (ATTO, Japan) or photographic detection.
Western Blotting. For Western Blotting, SDS-PAGE electrophoresis of different protein samples was performed, and then the proteins were electro-transferred from the SDS-PAGE gel to NC membranes. The NC membranes were then threated as described for Dot Blotting, first by incubation with blocking solution, followed by incubation with the primary antibodies, secondary HRP-labeled antibody or ZZ-AmyLuc fusion protein, and finally the luminescence revealed upon addition of luciferase assay solution for ZZ-AmyLuc chimeric protein, or substrate solution 1 and 2 mix for commercial HRP-labelled secondary antibody.
RESULTS AND DISCUSSION
ZZ-AmyLuc Molecular Properties
We constructed a fusion protein using the cDNA of the ZZ portion of protein A at the N-terminus of a brighter luciferase (Figure 1), originally cloned from Amydetes vivianii firefly from campus of Sorocaba of Federal Univ. of São Carlos, which emits one of the most blue-shifted emissions among firefly luciferases (Viviani et al., 2011). The chimeric protein ZZ-AmyLuc DNA consists of 423 bp of the ZZ portion of protein A and the full-length cDNA of Amydetes vivianii luciferase inside the pCold vector (pC-ZZ-AmyLuc). The coded chimeric protein has therefore 699 amino-acid residues, consisting of a 11 amino-acid residues N-terminal fragment containing a 6 His-tag conferred by the pCold vector, followed by the 141 amino-acid residues of the ZZ portion of protein A, and finally the 547 residues of Amydetes vivianii firefly luciferase. The protein has a calculated MW of 77.879 Da and pI = 6.24.
[image: Figure 1]FIGURE 1 | Chimeric ZZ-Amy protein DNA construction scheme.
Expression and Purification
The ZZ-AmyLuc fusion protein, as well as the wild-type luciferase, were expressed in bacteria and purified by nickel-agarose affinity chromatography according to published procedures (Pelentir et al., 2019). In the SDS-PAGE, the polypeptide displayed a MW of ∼75 kDa, and the final purification yield was ∼10 mg/L of bacterial culture (Figure 2).
[image: Figure 2]FIGURE 2 | SDS-PAGE of the purification process of ZZ-Amy fusion-protein: (MW) molecular weight standard; (1) crude extract of E. coli expressing ZZ-Amy; (2) void volume; (3) elution 1; (4) elution 2; (5) elution 3; (6) elution 4; (7) elution 5.
Bioluminescent Properties of the Fusion Protein
Table 1 summarizes the bioluminescence properties of ZZ-AmyLuc fusion protein, and compares its luminescence properties with those of wild-type luciferase and commercial GE-Helathcare chemiluminescent kit using HRP/Luminol system. The specific luminescent activity of ZZ-AmyLuc (5.1012 cps/mg) was similar to that of the wild-type Amydetes vivianii firefly luciferase (6. 1012 cps/mg). The catalytic constant was slightly higher for the fusion protein in relation to the wild-type luciferase.
The luminescence reaction kinetics in the presence of luciferin, ATP and magnesium at pH 8.0 displays a flash with fast decay, followed by a slight increase and a very slow decay which is sustained for several minutes (Figure 3), with a half-life of ∼20 min. In the presence of CoA and DTT, however, the kinetics became slower, lasting hours, with a half-life of ∼30 min at room temperature. CoA has been shown to be a substrate of firefly luciferase, reacting by thioesterification with the potent inhibitor dehydroluciferyl-adenylate, which is responsible for the fast inhibition of the luminescence reaction and flash-like luminescence kinetics (Fraga et al., 2005). Addition of CoA causes removal of this inhibitor from the active site, resulting in a more sustained luminescence. This sustained luminescence kinetics displayed by the fusion protein allows detecting even weaker signals upon integration for longer times.
[image: Figure 3]FIGURE 3 | Comparison of the luminescence kinetics of the commercial chemiluminescent HRP/luminol assay and with the bioluminescent fusion protein ZZ-AmyLuc assay. The HRP/luminol chemiluminescent assay was performed by mixing 5 µl of HRP-conjugated secondary antibody with 50 µl of Solution 1 and 50 µl of Solution 2. The standard bioluminescent assay with ZZ-AmyLuc was performed by mixing 5 µl of fusion protein with 95 µl of a solution consisting of 0.5 mM D-luciferin, 2 mM ATP and 4 mM MgSO4 in 0.1 M Tris-HCl pH 8,0. The assay with additives was performed in the additional presence of 0.25 mM CoA and 5 mM DTT.
The fusion protein was also quite stable, keeping 38% of activity when incubated at 37°C during 24 h, 60% activity when incubated at 4°C during 37 days, and 84% activity when incubated at 4°C during 65 days in the presence of glycerol 15%.
Finally, the bioluminescence spectrum overlapped with that of the wild-type Amydetes vivianii luciferase, with an emission peak at 550 nm, and also displaying pH-sensitivity (results not shown).
IGG BINDING PROPERTIES
IgG binding activity of ZZ-AmyLuc. The binding activity of ZZ-AmyLuc fusion protein was first analyzed by spotting primary antibodies on nitrocellulose membranes, followed by incubation with ZZ-AmyLuc or with HRP-labelled secondary antibody, and revealed by bio- and chemiluminescence using the respective assay solutions. Distinct IgGs, especially those raised from rabbits, including Anti-SARS-CoV-2 nucleoprotein and anti-hemocyanin were detected by CCD imaging (Figure 4 and Figure 5). The luminescent signal was easily detected by conventional CCD camera system (LightCapture 2 ATTO, Japan) after 1 min exposure, and was also intense enough to be photographically detected (Figure 4). Considering Figure 4, less than 1 ng of rabbit antibodies against SARS-CoV-2 nucleoprotein could be detected using CCD camera, and less than 10 ng by photographic detection.
[image: Figure 4]FIGURE 4 | Bioluminescence immunodot showing different amounts of immobilized Anti-SARS-CoV-2 nucleoprotein using ZZ-AmyLuc fusion protein: (upper image) CCD imaging, and (lower image) photographic detection. Using CCD imaging, it is possible to detect up to 1 ng of primary antibody, whereas using photographic detection it is possible to detect up to 10 ng.
[image: Figure 5]FIGURE 5 | CCD imaging of Dot blots comparing the luminescent signal of primary polyclonal antibodies raised against limpet hemocyanin revealed with ZZ-AmyLuc fusion protein (A and B) and commercial HRP-labeled secondary antibody (C and D): (A) revealed with ZZ-AmyLuc fusion protein and its assay solution after 1 min exposure; (B) same experiment of A after 2 h incubation at room temperature and 1 min exposure; (C) revealed with commercial HRP-labeled secondary antibody and its assay solution from GE HealthCare after 1 min exposure and (D) same experiment of C after 5 min exposure.
Then, we performed immunoblotting by spotting SARS-CoV-2 nucleoprotein over the NC membrane, followed by incubation with its primary antibody, the ZZ-AmyLuc protein and revealed with its assay solution. Using this procedure, we could detect up to 100 pg of antigen by conventional CCD imaging (Figure 6).
[image: Figure 6]FIGURE 6 | Bioluminescence immunoassay of SARS-CoV-2 Nucleoprotein bound to its respective antibody and revealed with ZZ-AmyLuc fusion protein: (A) from 100 ng to 1 ng exposed during 1 min, and (B) from 1 to 0.10 ng exposed 5 min.
Western Blots. In Western Blots, the fusion protein could also be effectively used to reveal commercial and home expressed firefly luciferases (Figure 7) and SARS-CoV-2 Nucleoprotein (Figure 8). The luminescent signals were intense and comparable with Western blots revealed using commercial HRP-labeled secondary antibodies.
[image: Figure 7]FIGURE 7 | CCD imaging of Western blots firefly luciferases using polyclonal antibodies raised against Photinus pyralis firefly luciferase revealed using ZZ-AmyLuc fusion protein as a secondary antibody and its assay solution: (1) ZZ-AmyLuc; (2) purified WT Amydetes vivianii firefly luciferase; (3) 10 ng of purified Amydetes vivianii luciferase; (4) 50 ng of purified Amydetes vivianii luciferase; (5) 100 of purified Amydetes vivianii luciferase; (6) 200 ng of purified Amydetes vivianii luciferase.
[image: Figure 8]FIGURE 8 | CCD imaging of Western blots of commercial SARS-Covid-2 nucleoproteín using rabbit Anti-SARS-covid and reveled using ZZ-AmyLuc fusion protein as a secondary antibody and its assay solution. Exposure time: 1 min.
Comparison of ZZ-AmyLuc bioluminescent assay with commercial HRP/luminol. As shown above, the bioluminescent immunoassays using ZZ-AmyLuc fusion protein and its assay solution with luciferin and MgATP, were brighter than the commercial chemiluminescent assay of GE HealthCare based on the HRP conjugated secondary antibody and luminol.
Whereas the relative in vitro luminescent activity of the HRP-based chemiluminescent assay of GE Healthcare was higher than that of the fusion protein ZZ-AmyLuc, when using the same volumes of enzyme and respective assays solutions (5 µl enzyme and 95 µl of respective assay solution), the specific activity of the ZZ-AmyLuc fusion protein was higher than that of the commercial HRP conjugated secondary antibody (Table 1). Furthermore, considering the higher sensitivity of the luminometer photomultiplier in the blue region, where the HRP/luminol reaction emits (460 nm), in relation to ZZ-AmyLuc/luciferin system which emits in the green region (550 nm), it is expected that ZZ-AmyLuc may display even higher luminescence activity than the HRP-luminol system.
The duration of the luminescent signal of ZZ-Amy fusion protein bioluminescent assay, as measured from the half-life from the peak of luminescence activity, was longer than the signal of the HRP/luminol chemiluminescent assay, with a half-life of ∼20 min in the classic assay with luciferin and ATP, and ∼30 min for the assay solution with additives, whereas the commercial HRP/luminol-based assay had a half-life of only ∼10 min. These properties indicate that the luminescence signal of Western Blots and immunoassays could be detected later than 30 min after the addition of the reagent, whereas HRP assay can be used not much longer than 10 min. In practice, the intensity of the luminescence signal emitted by the immobilized complex of ZZ-AmyLuc-primary antibody-antigen complex in dot blots, was still very high after 2 h from the beginning of the assay. Finally, the reagent Amy-Luc also showed very good stability in buffered solution at 4°C, keeping the full activity for more than 2 months.
We could not directly compare the bioluminescence activity and properties of this ZZ-AmyLuc fusion protein with those of the construct of Photinus pyralis firefly luciferase/protein-A described by Kobatake et al. (1993). However, considering that: 1) the reported bioluminescence activity of P. pyralis firefly luciferase construct is nearly the same of the respective wild-type luciferase; 2) that A. vivianii wild-type luciferase has similar catalytic constant than P. pyralis luciferase (Pelentir eta l., 2020), and 3) that the construct ZZ-AmyLuc described here has slightly higher catalytic constant than the respective wild-type luciferase, we assume that ZZ-Amy-Luc also has higher bioluminescence activity than P. pyralis firefly luciferase-Protein A construct.
Altogether, these properties make the ZZ-AmyLuc fusion protein an attractive brighter and a stable competitive luminescent reagent for immunoassays. One drawback of this system is the differential recognition of immunoglobulins by protein A. It is known that protein A may usually binds effectively to distinct IgGs from distinct biological sources (rabbit, goat, mouse, human), but not to IgM, restricting its applicability to IgGs. However, the construction and properties of the fusion-protein reported here, besides being useful to detect IgGs, demonstrates the potential of Amydetes luciferase for construction of novel bioluminescent fusion protein with high affinity for antibodies. Another issue to be considered for the potential commercial use of this fusion protein in immunoassays, is the elevated cost of the substrate D-luciferin and assay solutions. However, although the luminol and H2O2 solutions are cheaper than D-luciferin, an estimate made by comparing the number of assays performable with GE-Healthcare Western Blotting kit and with the D-luciferin assay solution prepared here, in the absence of the very expensive CoA, showed that the price for assay is cheaper for the luciferin solution than that of luminol solution 1 and 2.
Smartphone detection. The use of smartphones for clinical diagnosis using bioluminescence is an increasing trend for point-of-care medicine and biosensors (Roda et al., 2014; Tomimuro et al., 2020). We have imaged the bioluminescent signal emitted by dot blots with spotted SARS-CoV-2 nucleoprotein and haemocyanin primary antibodies, and revealed with ZZ-AmyLuc fusion protein and its assay solution, using a Galaxy S-10 plus cell phone CCD camera. Using this procedure, we could detect up to 100 ng of antibodies (Figure 9). Considering that the CCD camera of this smartphone displays an average sensitivity to light among the smartphones CCD cameras found in the market, the experiment shown here also attests the feasibility of using smartphone technology for bioluminescent immunoassays using ZZ-AmyLuc fusion protein.
[image: Figure 9]FIGURE 9 | Smartphone imaging of spotted antibodies against SARS-CoV-2 nucleoprotein, revealed with ZZ-AmyLuc and its assay solution. The image was obtained with a Galaxy S10 Plus smartphone.
CONCLUDING REMARKS
We constructed a novel bioluminescent fusion protein based on ZZ portion of protein A and the brighter Amydetes vivianii firefly luciferase for immunoassays and Western Blots. The new fusion protein displayed superior luminescence properties, effectively recognizing rabbit primary antibodies in immunoassays and Western Blots. The fusion protein could be successfully used to detect less than 1 ng of primary antibody against SARS-CoV-2 nucleoprotein by CCD imaging, 10 ng by photography, and up to 100 pg of immobilized SARS-CoV-2 nucleoprotein using its respective antibody. The luminescence signal emitted by the fusion protein in dot blots is very bright and lasts enough time to be detected until to 2 h after the beginning of the assay. The methodology is also sensitive enough to allow detection of up to 100 ng of antibodies using an average smartphone camera. Altogether, these properties make ZZ-AmyLuc a novel promising bioluminescent secondary antibody for immunoassays and Western Blots.
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Sensitive detection of biological events is a goal for the design and characterization of sensors that can be used in vitro and in vivo. One important second messenger is Ca++ which has been a focus of using genetically encoded Ca++ indicators (GECIs) within living cells or intact organisms in vivo. An ideal GECI would exhibit high signal intensity, excellent signal-to-noise ratio (SNR), rapid kinetics, a large dynamic range within relevant physiological conditions, and red-shifted emission. Most available GECIs are based on fluorescence, but bioluminescent GECIs have potential advantages in terms of avoiding tissue autofluorescence, phototoxicity, photobleaching, and spectral overlap, as well as enhancing SNR. Here, we summarize current progress in the development of bioluminescent GECIs and introduce a new and previously unpublished biosensor. Because these biosensors require a substrate, we also describe the pros and cons of various substrates used with these sensors. The novel GECI that is introduced here is called CalBiT, and it is a Ca++ indicator based on the functional complementation of NanoBiT which shows a high dynamic change in response to Ca++ fluxes. Here, we use CalBiT for the detection of Ca++ fluctuations in cultured cells, including its ability for real-time imaging in living cells.
Keywords: GECIs, bioluminescent imaging, nanoluc, luciferin, real-time imaging
INTRODUCTION
Free calcium ions (Ca++) are an important secondary messenger in cells. Key physiological processes such as cellular differentiation (Machaca, 2007), proliferation (Capiod, 2011), signal transmission (Zurgil et al., 1986), and muscle contraction (Kuo and Ehrlich, 2015) require Ca++ signaling. In the past decades, various versions of genetically encoded Ca++ indicators (GECIs) have been developed for the detection of Ca++ fluxes in cells (Greenwald et al., 2018). A GECI is an artificially designed molecule that converts chemical signals in the form of Ca++ concentration into optical signals and allows the detection or visualization of Ca++ fluctuations in a real-time, dynamic, and noninvasive manner in living cells and tissues.
Two types of GECIs involve changes in fluorescence or bioluminescence properties in response to changes in Ca++ levels (Greenwald et al., 2018). Fluorescent GECIs are excited by light, after which time they emit photons. On the other hand, bioluminescent GECIs do not require excitation by light, but instead require a substrate for chemical conversion and subsequent release of photons. The substrates are called “luciferins” and the enzymes that accomplish this bioluminescence reaction are called “luciferases;” most luciferases require the presence of oxygen to allow the bioluminescence reaction (Wilson and Hastings, 2013). Compared with bioluminescent GECIs, fluorescent GECIs can often be made to produce relatively stronger signals because the intensity of the excitation can be increased [with concomitant deleterious consequences of the strong irradiation (Robertson et al., 2013)]. However, because bioluminescent GECIs do not require excitation light, they have advantages, including no tissue autofluorescence, phototoxicity, photobleaching, or spectral overlap between sensor and optogenetic actuators. Regarding the latter point, bioluminescent GECI sensors can couple optimally with optogenetic probes as they do not require light excitation, and therefore light excitation can be used exclusively to active the optogenetic actuator without spectral crosstalk to the sensor (Yang et al., 2016). In contrast, because continuous excitation is required for the stimulation of fluorescent GECIs, combining these fluorescent sensors with optogenetic probes requires very careful separation of spectral overlaps, which can never be completely eliminated. Finally, owing to the low background, bioluminescent GECIs also have a very high signal-to-noise ratio (SNR) and are suitable for less-invasive deep tissue in-vivo imaging in live animals.
Herein we discuss the currently available bioluminescent GECIs, as well as introducing a novel bioluminescent GECI that is based upon functional complementation of a luciferase that is mediated by changes in Ca++ levels.
MATERIALS AND METHODS
Protein Purification and in vitro Experiments
To purify CalBiT fusion proteins, we expressed each CalBiT in a modified bacterial expression vector pRSETb. The cDNA sequences were inserted between the EcoRI and HindIII restriction enzyme sites of pRSETb. The plasmid was transformed into BL21(DE3) Escherichia coli cells for the expression and purification of the fusion protein. The His6-tagged CalBiT proteins were purified using TALON Metal Affinity Co++ Resin. The signal intensity of each purified protein in response to varying [Ca++] was measured using Ca++ buffers (Molecular Probes, Life Technologies) and a fluorescence spectrophotometer (QuantaMaster, Photon Technology International Inc). The free Ca++ buffers of varying concentrations were prepared according to the manufacturer’s protocol. Briefly, buffer 1 (10 mM EGTA, 100 mM KCl, and 30 mM MOPS, pH 7.2) and buffer 2 (10 mM CaEGTA, 100 mM KCl, and 30 mM MOPS, pH 7.2) were mixed in different proportions to prepare varying free Ca++ concentrations. For all in vitro experiments, 10 μM final concentration of the NLuc substrate furimazine was added.
Cellular Expression and Characterization
To construct the CalBiT1.0-3.0 family, we used the 11S (residues 1–156) and 114 (residues 157–169) versions of LgBiT and SmBiT, respectively (Dixon et al., 2016). The CalBiT2.0 sequence was constructed using a plasmid with the CAG promoter (pCAG) (Niwa et al., 1991), and CalBiT2.0 was expressed under the control of pCAG when transfected via Lipofectamine 2000 (ThermoFisher Scientific Inc.) into either HEK293 or HeLa cells grown in Dulbecco’s Modified Eagle Medium (Gibco). Two days later, signal responses were recorded using an inverted Olympus IX-71 epi-fluorescence microscope inside a temperature-controlled, light-tight box with a cooled Electron Multiplying-CCD (EM-CCD) camera. During real-time imaging, changes in cytosolic Ca++ were elicited by the addition of 10 μM histamine to HeLa cells (Figures 4A,B) or thapsigargin to HEK cells (Figure 4C), and the intensity of CalBiT2.0 luminescence was assayed. Expression of CalBiT2.0 was coupled with expression of the optogenetic melanopsion (Opn4) by constructing a bi-cistronic expression plasmid with a T2A coding sequence using CalBiT2.0 plus mouse melanopsin (Opn4) under the control of pCAG. The cells were transfected with the CalBiT2.0–2A-Opn4 construct and stimulated with a blue light pulse (470 ± 30 nm) for 1 s and later with 1 μM thapsigargin (Figure 4D).
Data Analyses
The average light intensity in the regions of interest within cells was analyzed using ImageJ software (NIH). The Hill coefficient and Kd values (Figure 1C) were determined using the OriginLab 6 software (OriginLab).
[image: Figure 1]FIGURE 1 | Schematic diagram of various designs and constructs of bioluminescent GECIs based on NLuc or NanoBiT. Abbreviations: LgBiT-N, N-terminal large NanoBiT; SmBiT-C, C-terminal small NanoBiT; CaM, calmodulin; RS20 and M13, calmodulin-binding peptide; NLuc-N and NLuc-C, N-terminal and C-terminal of NanoLuc, respectively.
REVIEW OF CURRENTLY AVAILABLE BIOLUMINESCENT GECIS
Sensitive Imaging Using Bioluminescent GECIs
A sensitive GECI requires high signal intensity, a large dynamic range, and rapid kinetics. However, bioluminescent sensors as a general observation generate relatively weaker signal intensity and therefore imaging usually requires a sensitive charge-coupled device (CCD) camera with a relatively longer exposure time so as to capture more photons, thereby attaining sufficient resolution. Some physiological reactions are involved in fast kinetic events of Ca++ flux in cells, for example, the action potentials of excitatory neurons with millisecond-level responses (Müller et al., 2007). For imaging such rapid events, brief exposures are necessary. In such cases, bright sensors are required to obtain enough photons within brief exposures for acquiring sufficient spatial and temporal resolution for the resulting images. To improve the signal intensity of bioluminescent molecules, the following two strategies are usually adopted: 1) development and use of brighter bioluminescent systems based on brighter luciferases and/or luciferins. For instance, bioluminescent systems have been developed from the first generation aequorin to the brighter third-generation engineered luciferase called NanoLuc (NLuc) (Hall et al., 2012); 2) to increase the intensity by intramolecular bioluminescence resonance energy transfer (BRET) between a luciferase and a fluorophore (Takai et al., 2015) (see discussion below in part 3). The following two reasons may explain why the signal intensity can sometimes be enhanced by BRET: 1) luciferase enzyme sometimes forms a relatively more stable molecular conformation when fused with a fluorescent protein (Baubet et al., 2000), and/or 2) when a fluorescent protein with high extinction coefficient and quantum yield acts as a BRET acceptor, more efficient emission can be produced via non-radiative energy transfer (Saito et al., 2012).
Apart from signal intensity, affinity and dynamic range are two key factors for sensitive imaging using bioluminescent GECIs (Chiu and Haynes, 1977; Pérez Koldenkova and Nagai, 2013). The dissociation constant (Kd) stands for the binding capacity between the indicating sensor and Ca++, and it can be determined using buffers prepared with ethylene glycol tetraacetic acid (EGTA) and Ca++-EGTA to achieve specific concentrations of free calcium ions (Pérez Koldenkova and Nagai, 2013; Yang et al., 2016). These data are normalized to the maximal (defined as 1.0 under Ca++ saturation conditions) and to the minimal (defined as 0 under Ca++ depletion conditions) signal intensity or BRET ratio value. The dynamic range is defined as the maximal intensity or BRET ratio (in a saturated Ca++-bound state) divided by the minimal intensity or BRET ratio (determined in the presence of zero-added calcium plus EGTA). In living cells, when resting Ca++ concentration lies within the detectable range of the indicator/sensor, high baseline signals can be generated using a high affinity (low Kd value) indicator. Similarly to the measurement of different lengths where a micrometer is optimal for micrometers to a centimeter while a meter-stick is best for lengths between a centimeter and a meter, measuring intracellular Ca++ levels requires the selection of the most appropriate measuring sensor. As different cell organelles contain different Ca++ concentrations, it is necessary to develop GECIs with appropriate Kd values (e.g., higher Kd for high Ca++ regions, etc.). To address this need, Hossain and co-workers developed a family of multicolor bioluminescent GECIs with different Kd values for simultaneous imaging in the endoplasmic reticulum (ER), nucleus, and mitochondria (Hossain et al., 2018).
The detection methods of GECIs include intensiometric and ratiometric imaging (Greenwald et al., 2018). Intensiometric imaging assesses in the change of signal intensity in response to changes in Ca++ levels and is effectively using a single wavelength channel. On the other hand, ratiometric imaging requires the calculation of the ratio between the intensities at two (or more) different wavelengths and the data are therefore collected from two (or more) channels. The intensiometric method is relatively easier to perform, but as its results are obtained by a single channel, they can be disturbed by movement artifacts, out-of-focus, changes in the level of expression of the sensor, and decay of the active substrate concentration during a long imaging interval. Any of those effects can cause serious artifacts and therefore incorrect conclusions. In contrast, ratiometric imaging corrects the influences of those adverse factors, but requires dual-view dichroic equipment to split the image into light of different contributing wavelengths, such as W-VIEW GEMINI 2C Image Splitting Optics (https://www.micromecanique.fr/product/view/fc0ff0d4–87d2–4a2f-b302–17dfb890f2fa). Consequently, while ratiometric imaging has many advantages, its need for an image splitting system increases the experimental cost of the imaging system. Alternatively, some of the adverse factors can be minimized for short-term recording session if an intensiometric indicator with a high enough dynamic range is used because the change from out-of-focus and decay of the substrate artifacts can be neglected when genuine signal changes from the GECI is large and the recording interval is short.
Development of Bioluminescent GECIs
Three generations of bioluminescent GECIs based on different luciferases have been developed as of the present time (Table 1). Aequorin, the first generation bioluminescent GECI, was identified and isolated from jellyfish along with the green fluorescent protein (GFP) by Shimomura and colleagues (Shimomura et al., 1962). In native jellyfish, aequorin interacts closely with GFP to form a BRET molecular complex so that the intrinsically blue luminescence of aequorin is converted to green luminescence by virtue of Förster resonance energy transfer (Morin and Hastings, 1971). Aequorin contains three EF-hand domains of Ca++-binding sites, and exists at low Ca++ concentrations bound to the substrate/luciferin (coelenterazine) in an enzymatically locked intermediate form. The binding of Ca++ induces a conformational change that allows the completion of the enzymatic reaction, converting coelenterazine to coelenteramide and releasing a photon of blue light. Unlike Firefly luciferase (FLuc), the final step of the aequorin reaction is not dependent upon ATP, and therefore its reaction is allowed in ATP-deficient domains, e.g., extracellular spaces (Montero et al., 2000).
TABLE 1 | Summary of properties of bioluminescent GECIs.
[image: Table 1]Aequorin is useful for monitoring Ca++ concentration in cells or tissues, and it responds to increases in Ca++ with flashes that discharge the aequorin; the inactive apo-aequorin can be recharged to active aequorin, but the recharging process can require hours. Moreover, the bioluminescent flashes of aequorin are relatively dim. To enhance the intensity of the aequorin signal, Baubet and co-workers fused GFP onto apo-aequorin to form an intramolecular BRET indicator, known as GFP-Aequorin, which increased the signal intensity by 16-fold to 65-fold (Baubet et al., 2000). It is not clear whether this enhancement is due to an increase in the intensity of each flash, or if the turnover of GFP-Aequorin is slower than that of aequorin, and therefore larger amounts of GFP-Aequorin accumulate in cells as a result of expression of the transgene. GFP-Aequorin has been used to monitor Ca++ concentration in different subcellular locations such as nucleus (Brini et al., 1993), mitochondria (Filippin et al., 2005), ER (Kendall et al., 1992), and the Golgi apparatus (Rodriguez-Garcia et al., 2014). To monitor neuronal activity in freely-behaving zebrafish, Naumann and co-workers used GFP-Aequorin to label ∼20 neurons of the hypocretin-positive hypothalamus in freely behaving zebrafish using a non-imaging approach and found that the neurons were associated with increased locomotor activity and identified two classes of neural activity corresponding to distinct swimming behaviors (Naumann et al., 2010).
GFP-Aequorin allows monitoring of Ca++ fluxes in cultured cells or living animals, but it still underperforms because of low brightness and slow recharge. Saito et al. developed two second-generation Ca++ sensors based on the continuously turning-over luciferase from Renilla (RLuc), e.g., BRAC (Saito et al., 2010) and Nano-Lantern(Ca++) (Saito et al., 2012); the particular version of RLuc was “RLuc8,” a bright mutant RLuc derived from consensus-guided mutagenesis (Loening et al., 2006). The ratiometric sensor BRAC is a fusion of Venus-CaM-M13-RLuc8 and it responds to binding of Ca++ to the calmodulin (CaM) moiety by intramolecular BRET between the RLuc8 and Venus; however, this ratiometric change has only a 0.6-fold dynamic range (Saito et al., 2010). Later, the same research group developed a non-ratiometric Ca++ sensor GECI based on Nano-Lantern (Saito et al., 2012). Nano-Lantern is a direct fusion of RLuc8 to Venus, and it showed a 10× higher luminescence intensity than that of RLuc8 alone. The Ca++ sensor Nano-Lantern(Ca++) was constructed by insertion of the Ca++-sensing domain CaM-M13 into the RLuc8 portion of Nano-lantern. Binding of Ca++ to CaM induces a conformational change that allows the inactive split RLuc8 to recombine and reconstitute its activity. Nano-lantern(Ca++) showed a great improvement in signal intensity compared with that of aequorin and enabled visualization of biological phenomena that could not be visualized with aequorin. Moreover, both BRAC and Nano-lantern(Ca++) rely on continuously turning-over luciferase that does not entail the slow recharging phenomenon that aequorin requires. However, these second-generation sensors still have weaker signal intensity than competing fluorescent sensors. For instance, Nano-Lantern(Ca++) luminescence still requires long (100 ms) exposure times, and is kinetically too slow for imaging fast events such as neuronal spikes (Saito et al., 2012).
The recent development and directed evolution of NLuc initiated a third generation of sensors that made the first two generations of sensors obsolete. The NanoLuc “system” was derived from bio-engineering to optimize both a luciferase and its luciferin to achieve more efficient light emission (Hall et al., 2012). Using a small but active fragment (19 kDa) of the much larger luciferase of the deep-sea shrimp Oplophorus gracilirostris (106 kDa), Hall and co-workers optimized the protein structure of the luciferase as well as testing analogs of the original luciferin (coelenterazine) to discover a novel imidazopyrazinone substrate (furimazine); the end result being a luciferase/luciferin combination with a specific activity 150-fold greater than that of either FLuc or RLuc systems similarly configured for glow-type assays. The final size of Nluc (19 kD) is approximately one-half the size of Rluc8 (36 kD) (Hall et al., 2012); small size is a useful characteristic when fusing a sensor to other proteins. Moreover, NLuc has a fast turnover rate of 6.6 reactions per second per molecule, which is 1.7-fold and 8,700-fold higher than that of RLuc8 and aequorin, respectively (Oh et al., 2019). Similarly to aequorin and Rluc, the NLuc reaction is not ATP-dependent.
Various GECI constructs based on NLuc have been developed. Ratiometric indicators such as CalfluxVTN (Yang et al., 2016) and LUCI-GECO1 (Qian et al., 2019) have been developed to detect Ca++ fluxes, e.g., in neurons and in conjuction with optogenetics. The ratiometric indicator, CalfluxVTN, is a fusion of three separate moieties: Venus, Troponin, and NLuc (Figure 1). CalfluxVTN exhibits strong Förster resonance energy transfer from NLuc to Venus under high Ca++ conditions (due to a conformational change mediated by binding of Ca++ to the Ca++-sensitive Troponin moiety), whereas the energy transfer almost disappears under low Ca++ conditions. The ratio of Venus to NLuc exhibits a large dynamic range (∼11 fold in vitro and 4∼6-fold dynamic change in cells) (Yang et al., 2016). The design of LUCI-GECO1 is different from that of CalfluxVTN, and is constructed by the fusion of NLuc with ncpGCaMP6s, a topological variant of GCaMP6s, to form an intramolecular BRET pair (Figure 1). Both CalfluxVTN and LUCI-GECO1 have fluorescent domains that can be helpful for tracking their localization or abundance independently of luminescence (the Venus moiety for CalfluxVTN, the ncpGCaMP acceptor domain for LUCI-GECO1) (Qian et al., 2019). Both CalfluxVTN and LUCI-GECO1 enable sensitive imaging of Ca++ fluxes under the stimulation of optogenetically induced Ca++ concentration changes in cultured neurons.
Intensiometric GECIs based on NLuc include GeNL (Ca++) (Suzuki et al., 2016), GLICO & ReBLICO (Farhana et al., 2019), and CaMBI (Oh et al., 2019) (Figure 1). Suzuki and co-workers developed GeNL(Ca++) based on GeNL, which is a BRET molecule formed by the fusion of NLuc and mNeonGreen, the brightest green fluorescent protein, resulting in ∼2-fold improvement of the emission signal intensity. The Ca++-sensitive CaM-M13 domain was inserted between Gly66 and Leu67 of the NLuc moiety. The GeNL-based Ca++ indicator exhibited ∼5-fold in-vitro and 1∼2-fold dynamic change in response to Ca++ changes in cultured cells (Suzuki et al., 2016). Nagai and co-workers developed GLICO and ReBLICO (Figure 1) (Farhana et al., 2019), which utilizes a binary complementation reporter NanoBiT system derived from Nluc (Dixon et al., 2016). GLICO is constructed by the fusion of two fragment components of NanoBiT, large BiT (LgBiT, 18 kDa) and small BiT (SmBiT, 1.3 kDa), with GCaMP6f. Similarly, ReBLICO is constructed by the fusion of LgBiT/R-CEPIA1er/SmBiT. Both GLICO and ReBLICO possess the advantages of fluorescent and bioluminescent GECIs with a wide range of applications (Farhana et al., 2019).
For in-vivo imaging deeper into a tissue than just the surface, high penetration of photons is required (Men and Yuan, 2019). Moreover, bioluminescence has a theoretical advantage over fluorescence for imaging tissues because only the emission light needs to penetrate the tissues, whereas for fluorescence it is a “two-way street” and penetration of the excitatory irradiation is also critical. Furthermore, red-shifted light, including near-infrared light, has better penetration power in tissue than blue-shifted light. However, the emission spectra of most GECIs range between blue and yellow, and therefore there is strong absorption of the light by the tissues–hence, poor penetration. Chu et al. developed a BRET reporter designated as Antares by the fusion of CyOFP1-NLuc-CyOFP1, in which CyOFP1 is a fluorescent protein with a large Stokes shift (in this case, an excitation {EX} peak at 470 nm and an emission {EM} peak at 570 nm) that emits orange-red light (Chu et al., 2016). Based on Antares, Oh and co-workers developed an orange GECI known as Orange CAMBI by the insertion of the CaM-M13 sequence into the Leu133 site of Antares NLuc (Figure 1) (Oh et al., 2019). Orange CaMBI was used to monitor Ca++ fluctuations in living mouse liver, wherein the liver lobes showed regionally differing phases of Ca++ oscillations (Oh et al., 2019). The 580–600 nm EM peak of Orange CaMBI is still far from the ideal optical window (750–1,000 nm). In future studies, the development of brighter and more red-shifted GECIs will be helpful for sensitive detection of Ca++ fluctuations within deep tissues in vivo.
Current Commercially Available Substrates
Bioluminescence is an enzyme-catalyzed chemiluminescence reaction with a substrate in which the energy released is used to produce an intermediate in an electronically excited state, P*, which then emits a photon. The emission does not come from or depend on light absorbed, as in fluorescence, but the excited state produced is indistinguishable from that produced in fluorescence after the fluorophore has absorbed a photon. As such, the luciferin substrate is an essential partner with the luciferase in determining the characteristics of the overall luminescent system. The bioluminescence substrates D-luciferin and coelenterazine are naturally synthesized via biosynthetic pathways. D-luciferin is the most commonly used substrate of FLuc. The FLuc/D-luciferin system and its derivative series, including Fluc/CycLuc1 (Evans et al., 2014) and AKaLuc/AkaLumine-HCl (Kuchimaru et al., 2016; Iwano et al., 2018), require ATP and Mg++, which can fluctuate in a circadian manner (Feeney et al., 2016). So far, a few GECIs have been constructed on the basis of FLuc luminescence with D-luciferin or its analogs. However, most bioluminescent GECIs have been constructed using luciferases that catalyze reactions involving coelenterazine or its analogs such as native coelenterazine, coelenterazine-h coelenterazine-400a, bis-coelenterazine, Furimazine (Inouye et al., 2013), and 8pyDTZ (Yeh et al., 2019). Although D-luciferin is a more stable substrate than coelenterazine, most GECIs are based on coelenterazine-catalyzing luciferases because of other advantageous characteristics (e.g., brightness, wavelength of emission, insensitivity of the emission wavelength to pH, size of the luciferases, etc.).
An ideal luminescent substrate would be non-toxic, cell permeable, and stable (long half-life). Native coelenterazine and most of its analogs are hydrophobic and consequently freely permeable through the cell membrane. Also, native coelenterazine is not toxic, but on the other hand in the presence of oxygen, it auto-oxidizes and decays relatively quickly. Promeage Corporation developed two coelenterazine analogs, EnduRen™ and ViviRen™, that are two chemically modified substrates designed for the protection of oxidation sites in coelenterazine by esters or oxymethyl ethers (Otto-Duessel et al., 2006). Their protecting groups increase the half-life of these live-cell substrates in culture medium as compared with the unprotected coelenterazine substrates (including native coelenterazine). Because of the protecting groups, EnduRen™ and ViviRen™ cannot be oxidized by luciferases, but once they pass across plasma membranes and enter into viable cells, intracellular esterases and lipases cleave the protecting groups from the modified substrates, thus generating enzymatically activatable substrates (e.g., coelenterazine-h) that can be catalyzed by intracellular luciferases to emit light. Another benefit of using these protected substrates is that they enable a low background of auto-luminescence/oxidation in the extracellular medium because of the low concentration of active esterases and lipases in the culture medium; thus, the background signal can be decreased by 10- to 100-fold, thereby further improving the SNR (Otto-Duessel et al., 2006).
Furimazine, a highly specific substrate for NLuc, is an artificially synthesized coelenterazine analog which allows the NLuc/furimazine system that is 150× brighter than that of the Fluc/D-luciferin system (Hall et al., 2012). As mentioned earlier, third generation bioluminescent GECIs were developed based on NLuc/furimazine. However, the NLuc/furimazine system typically emits blue photons that are not optimal for in vivo applications that require tissue penetration. Yeh and co-workers optimized teLuc (NanoLuc-D19S/D85N/C164H)/diphenylterazine from NLuc and fused it to CyOFP1 (Yeh et al., 2017). Together with another coelenterazine analog (DTZ), the CyOFP1-teLuc-CyOFP1 combination enabled a new bioluminescence system in which the EM has two prominent peaks, one at 502 nm and the other at 580 nm, which is dramatically red-shifted from the standard NLuc/furimazine system (Yeh et al., 2017). Besides the emission of blue light, another characteristic of the NLuc/furimazine system that can be problematic in some applications is that furimazine is so hydrophobic that it exhibits poor solubility in some media (it is a tradeoff: this characteristic is good for membrane permeability, but can be troublesome for substrate application). To improve the solubility and bioavailability of the NLuc substrate in media, Su and co-workers developed a new substrate, hydrofurimazine (Su et al., 2020), that has enhanced aqueous solubility, thereby facilitating higher dose delivery to mice. In the mouse liver, hydrofurimazine with Antares (the fusion of CyOFP1-NLuc-CyOFP1) exhibited similar brightness as exhibited by the AkaLuc/AkaLumine system, thus allowing two-population imaging with these two luciferase systems.
RESULTS
A New Functional Complementation/Intensity Sensor: CalBit
In addition to the foregoing summary of bioluminescent GECIs, we also introduce here a novel bioluminescent GECI based on the functional complementation of NanoBiT. Two NanoBiT subunits, LgBiT (large fragment) and SmBiT (small fragment), have been previously optimized to interact with low affinity and reversibly to reconstitute luminescence activity (Dixon et al., 2016). We used the NanoBiT concept to construct a novel GECI by sandwiching CaM-M13 between the LgBiT (18 kDa) and SmBiT (1.3 kDa) subunits of NLuc (we used the 11S {residues 1–156} and 114 {residues 157–169} versions of LgBiT and SmBiT, respectively). The conformational changes of CaM-M13 lead to reversible changes in the distance between the LgBit and SmBit subunits in response to Ca++ concentration, thereby leading to Ca++-dependent changes in luminescent intensity. We call these constructs that are based on NanoBiT “CalBiT”, and the schematic diagram of different versions of CalBiT is shown in Figure 2A. The CaM-M13 sequences are from the D3cpv plasmid, in which the CaM-M13 sequence has been altered into a version with low binding ability with native CaM but high affinity to the CaM sequence within the CaM-M13 cassette (Palmer et al., 2006). Therefore, the CaM-M13 of D3cpv will be minimally responsive to the Calmodulin protein that is endogenously present in cells.
[image: Figure 2]FIGURE 2 | Characteristics of CalBiTs in vitro. (A) The CaM-M13 or troponin C domain (TnC) was inserted between LgBit-N and SmBiT-C, two functional complementation fragments of NanoBiT (Dixon et al., 2016). Three versions of CalBiT were developed using different linkers and Ca++-binding domains. In CalBiT1.0, two Gly residues were used as linkers between CaM and M13 and GGGGS was used as a linker between CaM and M13 in CalBiT2.0, whereas TnC was the Ca++-binding domain inserted between LgBit-N and SmBiT-C in CalBiT3.0. (B) Comparison of [Ca++] dependency in vitro for CalBiT1.0 (green line), CalBiT2.0 (red line), and CalBiT3.0 (blue line). The intensities of the three CalBiTs were measured by a QuantaMaster spectrofluorimeter (not using fluorescence excitation). The plotted values were normalized to the maximal signal intensity achieved at 39 mM Ca++. Values for the Hill coefficient and Kd of Calflux VTN are shown in Table 2, mean ± standard deviations. n = 3.
To develop GECIs with appropriate affinity for Ca++, we used different linkers for the fusion of CaM and M13 (the linkers between CaM and M13 can modify the Ca++ binding affinity (Saito et al., 2012). We used combinations of different linkers such as GG (two Gly residues) and GGGGS (four Gly residues and one Ser residue) to construct two CaM-M13 versions of CalBiT, CalBiT1.0 and CalBiT2.0, which exhibit different Ca++ affinities, with 25 and 1.11 μM Kd values, respectively. We also created a version of CalBiT that is based on the Ca++-binding domain (TnC) domain of troponin C from Opsanus tau. This is the same Ca++-binding domain as that used in Twitch-3 and CalfluxVTN (Thestrup et al., 2014; Yang et al., 2016). We designated this TnC-based CalBiT as CalBiT3.0, and it showed a high Ca++ affinity with a Kd value of 0.14 μM.
CalBiT1.0 and CalBiT2.0 exhibited dynamic ranges of 67-fold and 56-fold, respectively (Figure 2B and Table 2). As per our knowledge, there are no reported GECIs that can exceed CalBiT1.0 and CalBiT2.0 in terms of dynamic range. The higher Kd of CalBiT1.0 may be useful for measuring Ca++ levels in subcompartments of cells that have higher resting Ca++ levels, such as the ER or mitochondria. CalBiT2.0 has a Kd value of 1.11 μM, and therefore of these three CalBiTs, it is the most suitable for the detection of Ca++ fluxes in the cytosolic compartment. The intensity of the CalBiT family is not sensitive to the changes in Mg++, K+, and Na+ concentrations or pH that might be expected to occur within the physiological ranges in cells; the properties for CalBiT2.0 are shown in Figure 3.
TABLE 2 | Properties of three versions of CalBiT reported here.
[image: Table 2][image: Figure 3]FIGURE 3 | Insensitivity of CalBiT2.0 to Mg, K+, Na+, and H+ ions in vitro. CalBiT2.0 was purified using a 6-His tag and the intensity was recorded in solutions with increasing concentrations of the ions as shown. The data are plotted as intensity in response to increasing [Mg++] (A); [K+] (B); [Na+] (C); H+ as pH (D) (mean ± standard deviations. n = 3).++.
Histamine can stimulate Ca++ oscillations in HeLa cells (Sauvé et al., 1991). We expressed CalBiT2.0 in HeLa cells under the control of the CAG promoter, and used 10 μM histamine to stimulate the cells (Figure 4A). The CalBiT2.0 intensity signal reported robust histamine-induced Ca++ oscillations in the HeLa cells within a large amplitude (∼10-fold) following the addition of furimazine (substrate for CalBiT) and 10 μM histamine into the culture medium. Also, different cells oscillated independently, as indicated by the out-of-phase rhythms of the CalBiT signal (Figure 4B, also see Supplementary Movie S1).
[image: Figure 4]FIGURE 4 | CalBiT2.0 as a Ca++ sensor in mammalian cells. (A) CalBiT2.0 construct driven by the CAG promoter (pCAG) for mammalian cell expression (upper), and snap-shot photomicrographs of HeLa cells expressing CalBiT2.0 during the addition of furimazine substrate and 10 μM histamine into media (below). (B) Two HeLa cells (red and black traces, respectively) transfected with the pCAG-CalBiT2.0 plasmid. The signal intensity of the two cells showed out-of-phase oscillations in response to 10 μM histamine. The arrow shows when histamine was added. See also Supplementary Movie S1. (C) and (D) Monitoring Ca++ fluxes with CalBiT2.0 in response to an optogenetic actuator (melanopsin encoded by Opn4) and/or an agent that releases store-operated Ca++ (thapsigargin, TG). HEK293 cells transfected with pCAG-driven construct encoding CalBiT2.0 alone (C) or transfected with bicistronic pCAG-driven construct encoding CalBiT2.0 and melanopsin (Opn4, (D). Both groups of cells in (C and D) were exposed to blue light (blue line) for 1 s, followed by the addition of 1 μM thapsigargin (at the time indicated by the arrow and “TG”). The gray lines represent the signal intensity for each cell as a function of time, and the black line represents the average signal intensity of all cells. HEK293 cells that do not express melanopsin (panel C) did not exhibit a Ca++ flux in response to the blue light pulse, but HEK293 cells that additionally express melanopsin (panel D) showed large Ca++ changes in response to optogenetic actuation. Both the groups of the HEK293 cells exhibit large and persisting changes in signal intensity in response to stimulation of store-operated Ca++ release by thapsigargin.
Next, we investigated whether CalBiT2.0 can be coupled with an optogenetic probe. Since melanopsin triggers the release of internal calcium stores in response to blue light (Kumbalasiri, et al., 2007; Qiu et al., 2005), we further constructed a pCAG-CalBiT2.0–2A-Opn4 plasmid having a self-cleaving T2A sequence for the fusion of CalBiT2.0 with melanopsin (gene name is Opn4) and formation of a co-expression sequence. We transfected CalBiT2.0 into HEK293 cells with and without Opn4 co-expression. Ca++ levels in HEK293 cells transfected with the pCAG-CalBiT2.0 plasmid increased in response to thapsigargin (TG) but not in response to blue light (Figure 4C). The cells with co-expression of CalBiT2.0 and melanopsin exhibited an increase in Ca++ levels in response to both thapsigargin and blue light (Figure 4D).
DISCUSSION
We summarize here the bioluminescent GECIs that are available for measuring Ca++ fluxes in cells. Primarily, we focus on the design and application of the third generation of bioluminescent GECIs based on NLuc which, because of their brightness, generally have an advantage for assaying rapid Ca++ response events with high signal-to-noise ratio (SNR) in cells, which is especially important for neurons. Although fluorescent GECIs are currently the most commonly used Ca++ sensors for neuron imaging in brains of living animals, however, the optic fibers that are required for those measurements (for both EX and EM) will inevitably damage the brain tissues and perturb authentic Ca++ responses. We believe that there is great promise toward the realization of non-invasive Ca++ imaging of neuronal activity without the use of the fiber optics as bioluminescent GECI technology continues to develop in the future. In particular, with genetic tools to express and target the sensor, and substrates that can cross the blood-brain barrier–in conjunction with a red-shifted EM, a completely non-invasive measurement of Ca++ fluxes in freely behaving animals can be accomplished. However, there are still some problems to be solved when using bioluminescent GECIs for non-invasive Ca++ imaging in vivo. For instance, the substrates need to be more compatible with tissues, especially we need to develop substrates that are permeable across the blood-brain barrier for neural imaging. A more water-soluble furimazine called hydrofurimazine has been reported to be feasible for liver tissue imaging after injection into the tail vein (Su et al., 2020), but whether it can effectively permeate across the blood brain barrier has not yet been verified. Furthermore, for deep tissue Ca++ imaging, the red-shifted Orange CaMBI has been developed to monitor Ca++ fluctuations in living animals (Oh et al., 2019). However, the 580–600 nm EM peak of Orange CaMBI is still far from the ideal far-red/infrared optical window (750–1,000 nm). We envisage the development of brighter and more red-shifted GECIs that will be optimal for sensitive detection of Ca++ fluxes within deep tissues in vivo.
We also introduce here a family of novel bioluminescent intensitometric GECIs. The calcium response range of CalBiT2.0 looks promising for monitoring physiological Ca++ changes in the cytosol. CalBiT2.0 exhibited large dynamic ranges in vitro (56-fold) and in living cells (∼10-fold) (Figures 2, 4). CalBiT2.0 effectively reported Ca++ fluxes resulting from Ca++ oscillations and optogenetic stimulation of melanopsin (Figure 4). Although the maximum signal intensity of CalBiT2.0 is weaker than that of CalfluxVTN (Yang et al., 2016), further optimization of CalBiT2.0 is warranted to create a next-generation sensor with the large dynamic range of CalBiT2.0 and a brighter signal.
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The protein–protein interaction assay is a key technology in various fields, being applicable in drug screening as well as in diagnosis and inspection, wherein the stability of assays is important. In a previous study, we developed a unique protein–protein interaction assay “FlimPIA” based on the functional complementation of mutant firefly luciferases (Fluc). The catalytic step of Fluc was divided into two half steps: D-luciferin was adenylated in the first step, while adenylated luciferin was oxidized in the second step. We constructed two mutants of Fluc from Photinus pyralis (Ppy); one mutant named Donor is defective in the second half reaction, while the other mutant named Acceptor exhibited low activity in the first half reaction. To date, Ppy has been used in the system; however, its thermostability is low. In this study, to improve the stability of the system, we applied Fluc from thermostabilized Luciola lateralis to FlimPIA. We screened suitable mutants as probes for FlimPIA and obtained Acceptor and Donor candidates. We detected the interaction of FKBP12-FRB with FlimPIA using these candidates. Furthermore, after the incubation of the probes at 37°C for 1 h, the luminescence signal of the new system was 2.4-fold higher than that of the previous system, showing significant improvement in the stability of the assay.
Keywords: protein-protein interaction (PPI), firefly luciferase (Fluc), bioluminescence, adenylation, oxidative reaction, thermostability, assay stability
1 INTRODUCTION
The protein–protein interaction (PPI) assay is a key technology, not only in basic biology but also for practical purposes in drug screening (Gul and Hadian, 2014; Xu et al., 2016; Ashkenazi et al., 2017), diagnosis (Yuan et al., 2017; Atan et al., 2018), and food inspection (Rasooly, 2001; Katam et al., 2016). We previously developed a PPI assay based on the two divided catalytic reactions of firefly luciferase (Fluc); the first catalytic half-reaction involves the adenylation of D-luciferin (LH2), which produces the reaction intermediate, luciferyl adenylate (LH2-AMP), while the second half-reaction involves the oxidation of LH2-AMP, which produces oxyluciferin (OxL). Subsequently, the excited OxL emits light (Figure 1A) (Branchini et al., 2011; Sundlov et al., 2012). Two Fluc mutants named Donor and Acceptor were made of Fluc from Photinus pyralis (Ppy). The Donor maintains the activity in the first half-reaction but is defective in the second half-reaction, while the Acceptor has a low activity in the first half-reaction but mostly retains the activity in the second-half reaction. Therefore, the Donor can produce the reaction intermediate, LH2-AMP, while producing almost no OxL. However, the Acceptor cannot produce LH2-AMP but can retain the catalytic activity for the oxidation of the intermediate. When the Donor and Acceptor are each fused to an interacting protein, the interaction of the proteins induces the approximation of the two mutant enzymes. Based on this principle, previously, we succeeded to detect 1) the interaction between FK506-binding protein 12 (FKBP12) and FKBP-rapamycin-associated protein (FRB), which interact depending on an immunosuppressant rapamycin, and 2) that between p53 and its inhibitor Mdm2, which controls apoptosis, senescence, DNA repair and cell growth. Each PPI results in a higher rate of LH2-AMP catalysis into OxL by the Acceptor, leading to the higher light emission (Figure 1B). This PPI assay was named Firefly luminescent intermediate Protein-protein Interaction Assay or FlimPIA (Ohmuro-Matsuyama et al., 2013b; Ohmuro-Matsuyama et al., 2014; Kurihara et al., 2016; Ohmuro-Matsuyama and Ueda, 2016, 2017; Ohmuro-Matsuyama et al., 2018a; Ohmuro-Matsuyama et al., 2018b).
[image: Figure 1]FIGURE 1 | Working principle of FlimPIA (A) Chemical reaction catalyzed by Fluc. Each of the two half-reactions is catalyzed by the different conformation. Ppy enzyme at the adenylation conformation (pdb 4G36) is shown in yellow, while that for the oxidative light-emitting reactions (pdb 4G37) is shown in blue. Magenta: the mutated residues in the Donor; green: those in the Acceptor; cyan: sites mutated for improved stability in LlL (in parentheses); purple; substrate analogue DLSA. The residue numbers are shown as those in Ppy throughout. (B) The scheme of FlimPIA in this paper. When the Donor is far from the Acceptor, LH2-AMP produced by the Donor does not reach the Acceptor. When the PPI between FKBP and FRB is induced by rapamycin, the Donor and Acceptor are in close proximity and the Acceptor catalyzes LH2-AMP produced by the Donor more efficiently.
FlimPIA has several advantages. The signal/background ratio and sensitivity are higher, and the detectable size of the interacting protein is larger than that of fluorescent protein-based Förster/fluorescence resonance energy transfer assay and Fluc-based protein-fragment complementation assay. Furthermore, the thermostability of the probe is 4-fold higher than that of Fluc PCA probes because of the unstable split forms of PCA probes and the structural integrity of FlimPIA probes employing the full-length Fluc (Ohmuro-Matsuyama et al., 2013a).
However, the thermostability of FlimPIA remains insufficient owing to the low stability of Ppy. Although Fluc is applied to a hygiene monitoring system (Corbitt et al., 2000; Bakke and Suzuki, 2018), incubation of the enzyme for 1 h at 37°C resulted in an 83% decrease in signal intensity. To overcome this problem, many researchers have attempted to enhance the stability of Fluc (White et al., 1996; Koksharov and Ugarova, 2011a; Koksharov and Ugarova, 2011b; Rasouli et al., 2011; Lohrasbi-Nejad et al., 2016; Solgi et al., 2016; Branchini and Southworth, 2017; Jazayeri et al., 2017; Rahban et al., 2017; Pozzo et al., 2018; Branchini et al., 2019). In this study, we applied Luciola lateralis (Heike-botaru) Fluc (LlL) with mutations for thermostability and organic solvent tolerance (Kodama and Nasu, 2011) to FlimPIA for improving the stability at physiological reaction condition. LlL was obtained by random mutagenesis and screening of a high activity mutant L344A, encoding two mutations V287A and V392I.
2 MATERIALS AND METHODS
2.1 Materials
Firefly luciferin (LH2) was obtained from Biosynth AG (Staad, Switzerland). Rapamycin was purchased from LKT Laboratories (St. Paul, MN, United States), and 3-(N-morpholino) propanesulfonic acid (MOPS) was purchased from Dojindo (Kumamoto, Japan). Oligonucleotides were synthesized by Eurofins (Tokyo, Japan). A QuikChange Site-Directed Mutagenesis Kit was obtained from Agilent (Santa Clara, CA, United States). An In-Fusion HD Cloning Kit was purchased from Takara-Bio (Shiga, Japan). Restriction enzymes and E. coli SHuffle T7 express lysY were obtained from New England Biolabs (Ipswich, MA, United States). E. coli JM109 competent cells were from SciTrove (Tokyo, Japan). Overnight Express Autoinduction System and BugBuster Master Mix were obtained from MERCK (Kenilworth, NJ, United States). Other reagents of the highest grade available were purchased from Kanto Chemicals (Tokyo, Japan), Fujifilm-Wako Pure Chemical Industries (Osaka, Japan), or Nacalai-Tesque (Kyoto, Japan), unless otherwise indicated.
2.2 Construction of Plasmids and Their Libraries
The primers used in this study are listed in Supplementary Table S1. To yield pET26-LlL (H245D), QuikChange Site-Directed Mutagenesis Kit was used according to the manufacturer’s protocol using pET26-LlL (Kodama and Nasu, 2011) as a template and the primer set of LlLH245S_BspHI+ and LlLH245D_BspHI+-r. To yield pET26-LlL(K443A), the same procedure was used with the primers of LlLK443A_AseI+ and LlLK443A_AseI+-r. To yield pET-LlL (K529A; the lysine was at 529 in Ppy and 530 in LlL), the primers of LlLK530A_MfeI+ and LlLK530A_MfiI+-r were used, whereas primers of LlL K530Q_AgeI+ and LlLK530Q_AgeI+-r were used to yield pET26-LlL(K529Q).
To yield FK506-binding protein 12 (FKBP12)-fused LlL(K443A), LlL(K443A) was amplified by polymerase chain reaction (PCR) using pET26-LlL(K443A) as a template and the primers LlLNotG4S-for and LlLXho-rev. The amplified fragment was digested with NotI and XhoI and inserted between the NotI and XhoI sites of pET32-FKBP-Donor, which was constructed previously (Ohmuro-Matsuyama et al., 2013b). To yield FKBP12-rapamycin complex-associated protein (FRB)-fused LlL (K529Q), LlL (K529Q) was amplified by PCR using pET26-LlL(K529Q) as a template and the primers LlLNotG4S-for and LlLXho-rev. The amplified fragment was digested with NotI and XhoI and inserted between the same sites of pET32-FRB-Donor.
To acquire the FRB-LlL(S440X/K529Q) library, QuikChange site-directed mutagenesis was performed using pET32-FRB-LlL(K529Q) as a template and LlL447_KpnI and LlLS440X-KpnI-r as primers. Because bulky amino acids such as leucine and phenylalanine at the position of 440 were suitable as the Ppy Acceptor, the primer LlLS440X-KpnI-r was designed to selectively encode these residues at this position. To yield the FRB-LlL(S440M/K529X) library, the full-length pET32-FRB-LlL (S440M/K529Q) was amplified and site-directly mutated via PCR using the primer set of LlL530X-for and LlLS530X-rev. As the primers encoded 15 nt each of homologous sequences at the ends, both ends of the amplified fragment were recombined by In-Fusion cloning. To yield the FKBP-LlL(H245X/K443A) library, the full-length pET32-FKBP-LlL(K443A) was amplified and site-directly mutated via PCR with the primer set of LlLH245X-for and LlLH245X-rev. Both ends of the amplified fragment were recombined using In-Fusion cloning. To obtain the FKBP-LlLH245E/K443A library, pET32-FKBP-LlL(H245E/K443A) was amplified and site-directly mutated via PCR using the primer set of LlLK443X-for and LlLK443X-rev. Both ends of the amplified fragment were recombined using In-Fusion cloning, according to the manufacturer’s protocol. To confirm that each resultant library contained sufficient variation of the mutants, the DNA sequences of several clones were analyzed.
To obtain FRB-LlL(S440F/K529Q) and FRB-LlL(S440W/K529Q), pET32-FRB-LlL (S440M/K529M) was amplified and site-directly mutated by PCR using the primers LlLS440FW-KpnI and LlL447-KpnI-r, and both ends of the amplified fragment were fused by In-Fusion cloning. pET32-FKBP-LlL(H245E/K443A/I530R) and pET32-FKBP-LlL(H245E/K443A/I530K) were obtained similarly using pET32-FKBP-LlL(H245E/K443A) as a template and LlLI530X-for and LlLI530X-rev as primers.
2.3 Expression and Characterization of the Probe Proteins
The probes for FlimPIA were expressed in E. coli SHuffle T7 Express lysY and purified using the TALON metal affinity resin, as described previously (Ohmuro-Matsuyama et al., 2013b). The purification profile of each protein was confirmed by SDS-PAGE (Supplementary Figure S1). The kinetic constants Km and Vmax for LH2-AMP were determined using chemically synthesized LH2-AMP, as described previously (Kurihara et al., 2016). To estimate the adenylation activity, the amount of enzymatically formed LH2-AMP was measured using the N-domain of Ppy Fluc, as described previously (Ayabe et al., 2005).
2.4 Detection of PPI by FlimPIA
An equimolar mixture of the Donor and Acceptor candidates with or without rapamycin in the reaction buffer (50 µl of 100 mM MOPS and 10 mM MgSO4; pH 7.3), wherein the concentration of MgSO4 and pH were previously optimized for FlimPIA (Ohmuro-Matsuyama et al., 2013b), was added to a well of a 96-well half-area white plate (3693, Corning, Tokyo, Japan). The measurement was performed using a microplate-based luminometer AB2350 at 0.1-s intervals (ATTO, Tokyo, Japan) immediately after injecting 50 µl of the reaction buffer containing the substrates (LH2 and ATP). Rapamycin was dissolved in dimethyl sulfoxide (DMSO), and the same amount of DMSO (0.1%) was added as a vehicle to the negative sample. In the optimized buffer conditions, 1 mM of coenzyme A was added to reduce the amount of spontaneously produced dehydroluciferyl-AMP (L-AMP), which acts as a competitor of LH2-AMP and inhibits light emission. The addition of coenzyme A results in the conversion of L-AMP to dehydroluciferyl-coenzyme A, which does not act as a competitor (Fontes et al., 1997; Fraga et al., 2005; Kurihara et al., 2016).
2.5 Screening
E. coli SHuffle T7 Express lys Y was transformed with the mutant plasmids and cultured on LBA agar plates (10 g/L tryptone, 5 g/L yeast extract, 5 g/L sodium chloride, 100 μg/ml ampicillin, and 15 g/L agar). The colonies were selected and cultured using the Overnight Express Autoinduction System in a 96-well culture plate at 30°C overnight. The pellet of each clone was lysed in 50 µl of BugBuster Master Mix, according to the manufacturer’s protocol. The lysates were centrifuged, and the supernatants were collected. To estimate the adenylation activity, each supernatant (10 µl) was added to 90 μl of reaction buffer containing 150 µM of LH2 and 2 mM ATP. To estimate the oxidative luminescent activity, 90 µl of the reaction buffer containing 200 nM LH2-AMP was added to each supernatant (10 µl).
3 RESULTS AND DISCUSSION
3.1 Testing Ppy Mutations in LlL-Based FlimPIA
Previously, two mutant Ppy enzymes were used to perform FlimPIA. Fluc consists of N- and C-terminal domains, and the C-terminal domain rotates ∼140° according to the reaction proceeds from the first to the second half-reaction (Branchini et al., 2011; Sundlov et al., 2012). Based on this knowledge, the H245D/K443A/I530R mutant of Ppy has been used as the Donor that produces luciferyl adenylate (Ohmuro-Matsuyama et al., 2013b). Among the three mutations, two mutations, H245D near the active site (Ayabe et al., 2005) and K443A in the C-terminal domain (Branchini et al., 2005), suppress the oxidative reaction steps, thereby playing a central role as the Donor. In contrast, being K529 as an essential residue for the adenylation reaction (Branchini et al., 2000), Ppy enzymes with the mutations K529A, K529Q, K529Q/S440F, or K529Q/S440W were used as the Acceptors. While the mutations at K529 are most important for the Acceptor that suppress the adenylation reaction, those for S440 located in the hinge region between the N- and C-terminal domains augment the steric hindrance to suppress the adenylation conformation (Ohmuro-Matsuyama et al., 2018b) (Figure 1). Based on these previous observations, we first obtained the LlL mutants of H245D, K443A, K529A, and K529Q and then analyzed their kinetic constants for LH2-AMP (Supplementary Table S2). As a result, suppression of the oxidative reaction steps by H245D and K443A mutations was observed. In contrast, the reaction rate was relatively maintained by the K529A and K529Q mutant LlLs. Next, the relative amounts of LH2-AMP produced by the same mutant LlLs were compared to analyze the adenylation activity. The amount of adenylate produced by K443A was higher than that produced by H245D, K529A, and K529Q (Supplementary Figure S2). These results indicate that K443A might act as a Donor because of its high adenylation activity and low oxidative activity, suggesting the importance of K443 in the oxidative steps in LlL. However, the adenylation activity of H245D was too low to act as a Donor. Next, FlimPIA using heterogeneous pairs of LlL-based and Ppy-based mutants was performed using 1) the pair of FKBP-fused LlL (K443A) as a Donor and FRB-fused Ppy Acceptor and 2) the pair of FKBP-fused Ppy Donor and FRB-fused LlL(K529Q) as a possible Acceptor (Supplementary Figure S3). Since the interaction between FKBP and FRB is rapamycin (Rap) dependent (Brown et al., 1994; Chiu et al., 1994; Chen et al., 1995), the luminescence intensity was expected to increase with the addition of Rap. As a result, when rapamycin was added to the first pair of LlL(K443A) and Ppy Acceptor, a higher luminescent intensity was observed in the presence of Rap. However, the second pair of LlL K529Q and Ppy Donor did not show a Rap-dependent signal.
3.2 Strategy for Screening LlL Mutants
Because the mutations of H245D and K529Q were not functional for LlL-based FlimPIA, we decided to perform screening for more suitable mutants by the following procedure. 1) The saturation mutagenesis libraries, K529X, S440X, H245X, and K443X were screened. E. coli was transformed using the library, and several clones were expressed in the cultured E. coli using an autoinduction system. 2) To analyze the first half reaction, ATP and LH2 were added to the lysates of E. coli. 3) To assess the second half reaction, LH2-AMP was added to the lysates. 4) The ratios of the luminescence intensity of 2) and that of 3) were calculated. When the ratio was high, the clone was suitable as a Donor, whereas when the ratio was low, the clone was suitable as an Acceptor.
3.3 Screening for LlL Acceptor
As the interacting proteins, FKBP and FRB were used, and the rapamycin dependent interaction was detected (Figure 1B). To obtain an LlL-based Acceptor, an FRB/S440X/K529Q library was created, and 96 colonies were selected for screening. Among them, five clones, namely, FRB/S440N/K529Q (two clones), FRB/S440K/K529Q (two clones), and FRB/S440M/K529Q, were selected. The proteins of FRB/S440S/K529Q, FRB/S440N/K529Q, FRB/S440K/K529Q, and FRB/S440M/K529Q were expressed in E. coli and purified. Using each protein as the Acceptor and FKBP/Ppy Donor, FlimPIA was performed (Figure 2A). The luminescence intensities of all Acceptor candidates were increased by the addition of Rap. The maximum signal/background (S/B) ratios were in the order of S440M>S440K>S440N>S440S.
[image: Figure 2]FIGURE 2 | Screening of LlL Acceptors. (A) S440X/K529Q screening. (B) S440M/K529X screening. Error bar: ±1 × SD (n = 3). Ppy Donor (50 nM) and each candidate of LlL Acceptor (50 nM) were reacted with ATP (10 mM) and LH2 (37.5 μM) with/without rapamycin (Rap) (50 nM).
In our previous study (Ohmuro-Matsuyama and Ueda, 2017), Ppy (S440F/K529Q) and Ppy (S440W/K529Q) were found to be suitable as the Acceptors. To validate the results of the screening in this study, FRB/LlL(S440F/K529Q) and FRB/LlL(S440W/K529Q) were also prepared and tested. FlimPIA was performed using each FRB/LlL Acceptor candidate and FKBP/Ppy Donor. When Rap was added, the maximum S/B ratios of S440F/K529Q and S440W/K529Q were lower than those of S440S/K529Q (Supplementary Figure S4). Previously, we showed that the optimization of ATP concentration was important for the suppression of the background luminescence intensity and the enhancement of the S/B ratio. Although different concentrations of ATP (20, 5, and 1.25 mM) were examined, the maximum S/B ratios remained low. Therefore, we concluded that the screening method was suitable for the selection of mutants for FlimPIA.
To obtain a better mutant Acceptor, the FRB/LlL S440M/K529X library was constructed. In addition, 6 out of 192 clones were selected. The truncated Flucs were observed in two clones, and the remaining clones were FRB/S440M/K529R (two clones), FRB/S440M/K529M, and FRB/S440M/K529N. FlimPIA was performed using each FRB/LlL Acceptor candidate and FKBP/Ppy Donor. As a result, all candidates acted as the Acceptors, and the maximum S/B ratio of K529M was remarkably higher than that of the other candidates (Figure 2B).
3.4 Screening for LlL Donor
To obtain an LlL-based Donor, screening was performed using the FKBP/LlL H245X/K443A library. As a result, 9 out of 288 clones were selected. These included FKBP/H245N/K443A (three clones), FKBP/H245E/K443A (three clones), FKBP/H245A/K443A, FKBP/H245S/K443A, and FKBP/H245P/K443A. FlimPIA was performed using each candidate and FRB/LlL(S440M/K529M). Among these candidates, only H245E/K443A showed increased luminescence intensity upon Rap addition (Supplementary Figure S5). However, the S/B ratio and luminescence intensity were significantly lower than those obtained with the FKBP/Ppy Donor and FRB/LlL(S440M/K529M).
To improve the LlL Donor, another screening was performed using the FKBP/LlL (H245E/K443X) library. Among 288 clones, H245E/K443R (three clones), H245E/K443G (two clones), H245E/K443V, H245E/K443P, and H245E/K443A were selected. FlimPIA was performed using each candidate and the FRB/Ppy Acceptor (K529Q/S440F) (Supplementary Figure S6A). However, the results using these candidates were almost the same for several ATP concentrations. In addition, FRB/LlL (H245E/K443A/I530R) and FRB/LlL (H245E/K443A/I530K) were expressed in E. coli and purified. Because I530R is effective for the stabilization of ATP in Ppy (Fujii et al., 2007), we hypothesized that the positively charged amino acids at this position (I530R, I530K) might enhance the adenylation activity. However, in FlimPIA, these mutations decreased the luminescence intensities and could not increase the S/B ratios under several ATP concentrations (Supplementary Figure S6B).
3.5 FlimPIA Using Selected Enzymes
Because of the low intensity and S/B ratio of the FKBP/LlL Donor (H245E/K443A) and FRB/LlL Acceptor (S440M/K529M), the stability of the heterologous pair of the Ppy Donor and LlL Acceptor was compared with that of the LlL Donor and LlL Acceptor pair (Supplementary Figure S7). FlimPIA was performed after two overnight incubations at 25°C. Unexpectedly, the S/B ratio and luminescence intensity of the heterologous pair were as high as those of the homologous pair. Ppy Donor might have produced an excess amount of LH2-AMP for FlimPIA; therefore, the lower production of LH2-AMP after the incubation might not remarkably change the result of FlimPIA.
We then selected the heterologous pair of FKBP/Ppy Donor and FRB/LlL Acceptor and optimized the assay conditions. Under the conditions of 1.25 mM ATP, 33 μM LH2, and 1 mM coenzyme A, the maximum S/B ratio reached more than 6 (Figure 3A). In addition, when a portable luminometer (Lumitester PD-30, Kikkoman, Chiba, Japan) was used, an S/B ratio of more than 2 was attained (Figure 3B). Finally, we compared the thermostabilities of the Ppy pair of FKBP/Ppy Donor and FRB/Ppy Acceptor and the heterologous pair of FKBP/Ppy Donor and FRB/LlL Acceptor at 37°C (Figure 4). After incubation for 20 and 60 min, the signal intensity of the Ppy pair was 58 and 17%, while the intensity of the heterologous pair was still 72 and 41%, respectively.
[image: Figure 3]FIGURE 3 | Optimization of the assay condition. (A) FlimPIA under the optimized condition. (B) Measurement using the Lumitester PD-30. Error bar: ±1 × SD (n = 3). Ppy Donor (50 nM) and LlL Acceptor (50 nM) were reacted with LH2 (33 μM) and ATP (1.25 mM) with/without rapamycin (Rap, 50 nM) in the presence of 1 mM of coenzyme A.
[image: Figure 4]FIGURE 4 | Effect of preincubation in FlimPIA. (A) The pair of FKBP-Ppy Donor and FRB-Ppy Acceptor. (B) The pair of FKBP-Ppy Donor and FRB-LlL Acceptor. After the incubation at 37°C FlimPIA was performed. Error bar: ±1 × SD (n = 3). Donor (50 nM) and Acceptor (50 nM) were reacted with LH2 (33 μM) and ATP (1.25 mM) with/without rapamycin (Rap, 50 nM). The reaction buffer was added with 1 mM of coenzyme A.
In conclusion, we succeeded in improving the thermostability of FlimPIA, enhancing its applicability for clinical diagnoses and inspections in such as food factories. In this study, it was revealed that both Ppy Fluc and LlL Fluc could be applied to FlimPIA. In the future, other similar enzymes such as Eluc (enhanced green-emitting luciferase) (Nakajima et al., 2010), which produces a brighter light in mammalian cells, may further expand the scope of this assay in practical applications.
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Technologies enabling on-site environmental detection or medical diagnostics in resource-limited settings have a strong disruptive potential compared to current analytical approaches that require trained personnel in laboratories with immobile, resource intensive instrumentation. Handheld devices, such as smartphones, are now routinely produced with CPUs, RAM, wireless data transfer capabilities, and high-resolution complementary metal oxide semiconductor (CMOS) cameras capable of supporting the capture and processing of bioluminescent signals. In theory, combining the capabilities of these devices with continuously bioluminescent human cell-based bioreporters would allow them to replicate the functionality of more expensive, more complex, and less flexible platforms while supporting human-relevant conclusions. In this work, we compare the performance of smartphone (CMOS) and night vision (image intensifier) devices with in vivo (CCD camera), and in vitro (photomultiplier tube) laboratory instrumentation for monitoring signal dynamics from continuously bioluminescent human cellular models under toxic, stable, and induced expression scenarios. All systems detected bioluminescence from cells at common plating densities. While the in vivo and in vitro systems were more sensitive and detected signal dynamics representing cellular health changes earlier, the night vision and smartphone systems also detected these changes with relatively similar coefficients of variation and linear detection capabilities. The smartphone system did not detect transcriptional induction. The night vision system did detect transcriptional activation, but was less sensitive than the in vivo or in vitro systems and required a stronger induction before the change could be resolved.
Keywords: bioluminescence, luciferase, optical imaging, remote sensing, smartphone, portable analytical device, toxicity
INTRODUCTION
Most laboratory grade fluorescent or luminescent screening instrumentation utilizes either charge coupled device (CCD) cameras or photomultiplier tubes (PMTs) as sensors. CCD cameras consist of many light-sensitive areas that convert photons into electrons when struck, such that the number of electrons collected will be directly proportional to the photon intensity recorded within each area. This allows them to be very sensitive, but also makes them vulnerable to dark current noise if not integrated with cooling systems to reduce thermal noise (Janesick, 2001). For laboratory use, they are often mounted atop a light-tight box where samples can be placed, but as their technology improves, they are starting to become imbedded within plate reader instrumentation to enable multimodal high-content imaging. PMTs are most commonly incorporated into plate reader-based instrumentation. Like CCD cameras they also report photon detection via the production of an electron. However, as their name suggests, that signal is then amplified using a series of electrodes to generate an output current proportional to the input flux. While this amplification procedure makes them highly sensitive, their incorporation into plate readers with integrated mechanical systems that move them from well to well, or move the plate relative to their position, results in devices that are relatively large and fragile and requires stable, higher voltage power supplies (Wright, 2017). The complexity and sensitivity of these types of sensors requires them to be integrated into instrumentation that can protect them from physical harm, supply them with the necessary power for optimal performance, and protect them from background light exposure. This often prevents their use in mobile operations, where small sizes, low power requirements, and robustness against environmental exposure is prioritized. Because of these reasons, there is an increased interest in the use of smaller, less expensive, and more easily obtainable instrumentation to perform biological assays, especially under low resource constraints.
Two optical detection devices readily available to the public and specifically designed for use under adverse conditions are night vision optics and smartphones. Originally produced for military applications, but now available to sportsman and for general use, night vision optics are often manufactured specifically to survive mobile use under harsh environmental conditions with minimal power requirements. Their sensor elements are image intensifiers that operate similar to PMTs. Within these sensors, photons strike a photocathode, are converted to electrons, and are then accelerated towards a higher voltage microchannel plate where they are amplified and retransmitted in a straight line towards a phosphor screen. Following absorption by the phosphor screen, they are reemitted as photons so they can be viewed or recorded by the observer (Haque and Muntjir, 2017). Although sparsely reported in biological research, night vision optics have previously been used to visualize luminescence, but not to quantify luminescent output.
Due to their ubiquity in modern society, smartphones are designed to meet similar usage requirements. The cameras in these devices are primarily based on complementary metal oxide semiconductor (CMOS) sensors. These sensors are similar to CCD sensors, but due to their method of manufacture can integrate a number of processing and control functions directly onto the sensor. Unlike CCDs, this allows them to operate with lower power consumption, a single master clock, and a single-voltage power supply (El Gamal and Eltoukhy, 2005). Although their performance was originally overshadowed by CCDs, due to competition in the consumer mobile electronics market and their prevalence in these devices, there has been heavy investment towards improving their performance that now makes them direct competitors with CCD sensors. CMOS sensors have broader representation in biological publications, having been used to measure chemiluminescence (Zangheri et al., 2015; Zangheri et al., 2021), and firefly (Kim et al., 2017; Michelini et al., 2019; Hattori et al., 2020) and bacterial luciferase (Ma et al., 2020) activity in animals, cultured human cells, and bacteria.
Bioluminescence has become an attractive assay modality for these applications because most study targets do not naturally produce luminescent signals, it can be easily measured using a variety of different sensor types, and host cells can modulate post-treatment signal intensity to achieve a wide detection range. One of the most common bioluminescent assay types is toxicity screening. It is well suited to this role because it can be genetically encoded into a target, such as a cell or bacterium, and the presence, absence, or change in intensity of the post-exposure bioluminescent signal provides an easily interpreted indication of the level of toxicity to the host. An example of this is the Microtox toxicity test, which is based on the use of a bioluminescent bacterium and has served as an official standard for acute toxicity screening in countries such as Germany (DIN 38412-26:1994-05) and the United States (ASTM method D5660-96). As our understanding of the complexities and dynamics of cytotoxic responses between species and within the different tissue types of a single species has improved (Slater, 2001), there has been a push to identify human-relevant toxicity using new assay procedures that can more quickly and inexpensively screen large numbers of samples, work within a variety of tissue types, and perform under a variety of conditions (Judson et al., 2013). Most of this testing relies on laboratory-based assays that require expensive, complex, and resource intensive analytical instrumentation to report the activation of specific cytotoxic pathways, the production of cytotoxic marker compounds such as released enzymes or reactive oxygen species, or the state of cellular metabolism as a representative proxy for cellular health (Fan and Wood, 2007). However, there is a growing body of work that seeks to perform these assays with lower cost, more readily available instrumentation in the hope of enabling more efficient testing or making testing available in areas without access to scientific facilities.
An additional complication for bioluminescent assays is that they are hindered by the high cost of the requisite chemical substrate addition that must be performed prior to each generation of signal, the hands-on time required to scale cultures due to obligatory sample destruction concurrent with interrogation, and the inability to provide continuously bioluminescent signals at timescales enabling detection by the less sensitive sensor technologies that are found in portable, inexpensive devices. A possible solution for overcoming these limitations is to replace their use with newer continuously bioluminescent reporter technologies that continuously produce bioluminescence and autonomously adjust signal intensity to reflect real-time changes in host viability (Xu et al., 2014; Conway et al., 2020). These reporter systems use the host’s rapidly fluctuating pool of FMNH2 to modulate signal intensity similar to how luciferin-dependent reporters use total ATP availability as a limiting reagent to control signal intensity. However, unlike externally excited reporters, they genetically encode both the luciferin and luciferase production components of the bioluminescent pathway. This allows them to continuously recycle luciferin, which negates the need to externally induce signal activation, potentiates bioluminescent signal production across the full host lifetime, and allows the phenotype to be passaged to further generations (Close et al., 2010).
Their ability to encode both the luciferase and luciferin synthesis components of the bioluminescent pathway enable them to function continuously, while their ability to assemble luciferin using only metabolites endogenous to the eukaryotic cytoplasm and their dependence on reducing power, rather than ATP, as a limiting reagent allows them to self-modulate signal intensity (Close et al., 2009). Comparative testing has shown that continuously bioluminescent technologies yield similar results to their luciferin-dependent counterparts (Class et al., 2015). They are also capable of maintaining a consistent bioluminescent output intensity under steady state conditions and do not show any toxic effect on the host cell despite the reactive potential of their aldehyde-based luciferin (Close et al., 2011). Rather, unlike the short lived and dynamic bioluminescent signals observed following luciferin supplementation using externally excited systems, the consistent signal of continuously bioluminescent reporters should produce a sufficiently stable signal output to enable reliable detection using less sensitive hardware.
To evaluate the performance of the image intensifier and CMOS-based consumer sensor systems relative to traditional laboratory-based equipment, this work compares their ability to detect and quantify these bioluminescent signals from target cells. These comparisons will provide a basis for better determining if such consumer-focused tools can be used by appropriately trained scientific personnel to enable lower cost, point-of-use human cellular assays and are not to suggest that untrained individuals with access to these systems should endeavor to perform potentially hazardous work. This work compares the detection and performance capabilities of commercially available smartphone (CMOS-based, Google Pixel 4a 5G) and night vision (Image intensifier, AGM Global Vision PVS-12 NL2 night vision monocular) devices with laboratory grade in vivo imaging systems (CCD camera-based, IVIS Lumina), and multimode plate readers (PMT-based, BMG CLARIOstar plate reader) for the detection of bioluminescence under common assay objectives.
MATERIALS AND METHODS
Cell Culture and Processing
Continuously bioluminescent LiveLightTM HEK293 cells (490 BioTech) were used for all assays except reporter induction, in which case HEK293 wild type cells (ATCC) were used. All cells were grown in Dulbecco’s Modified Eagle’s Medium (DMEM; Gibco) supplemented with 10% Fetal Bovine Serum (FBS; Gibco), 1× GlutaMAX (Gibco), and 1 × Penicillin/Streptomycin (Gibco). All cultures were maintained at 37°C and 5% CO2 in a humidified incubator for routine growth. For CCD-based assays cells were grown in optically opaque black bottom plates. For PMT, image intensifier (night vision), and CMOS (smartphone)-based assays cells were grown in optically opaque white bottom plates.
Steady State Assays
Minimum signal threshold, linear detection, signal variability, and signal resolution assays were performed using serial dilutions of LiveLightTM HEK293 cells ranging from 2 × 105 to two cells/well in either white or black-walled opaque bottom 96-well plates depending on the imaging method used. Cells were imaged 4 h post plating. This time point was selected because it was sufficient to allow settling and adherence to the plate, but before confluence-based declines in cellular health and growth rate were observed at the highest plating density. Ambient background light levels were measured and maintained as internally consistent for each imaging method and identical between the night vision and CMOS systems.
Dynamic Signal Assays
For toxicity assays, LiveLightTM HEK293 cells were plated at 2 × 104 cells/well in 96-well plates, incubated overnight at 37°C and 5% CO2 in a humidified incubator, and then challenged with either 0, 200, 400, or 800 µg Zeocin (Gibco)/mL. Following challenge, cells were assayed for 24 h and viability was determined relative to the untreated control. For transcriptional induction assays, wild type HEK293 cells were grown in DMEM supplemented with 10% FBS, 1 × GlutaMAX, and 1 × Penicillin/Streptomycin. All cultures were maintained at 37°C and 5% CO2 in a humidified incubator for routine growth and transfected with the LiveReportTM CRE (cyclic AMP response element) kit (490 BioTech) according to the manufacturer’s instructions. Twenty-four hours after transfection, cells were challenged with 1 × 10−5 M forskolin (Cayman Chemical) and assayed for 24 h.
CCD Camera Imaging
As a representative CCD-camera-based instrument, bioluminescence was measured using an IVIS Lumina imaging system (PerkinElmer). Luminescent detection was performed across 1 min acquisition periods using medium binning and an F/Stop of 1. A stage temperature of 37°C was used for all assays and measurements were acquired at 1 h intervals.
PMT Imaging
As a representative PMT-based instrument, bioluminescence was measured using a CLARIOstar multimode plate reader (BMG Labtech). Luminescent detection was performed across 1 s acquisition periods for each well using the automatic gain control settings of the instrument’s firmware. Because this instrument features an atmospherically controlled imaging chamber, cells were maintained at 37°C and 5% CO2 throughout the duration of the assay and measurements were acquired at 1 h intervals.
Image Intensifier Imaging
As a representative image intensifier-based instrument, bioluminescence was detected using a PVS-12 NL2 night vision monocular (AGM Global Vision). Because this instrument does not have innate acquisition capabilities, images were acquired by mounting a camera to the monocular using the supplied adaptor. Assays were performed by maintaining cells at 37°C and 5% CO2 in a humidified incubator between readings, then transferring the plate to a dark room under ambient atmospheric conditions for image acquisition at 8 h intervals before returning the cells to the incubator until the next acquisition.
CMOS Imaging
As a representative CMOS-based sensor, bioluminescence was detected using a Pixel 4a 5G smartphone (Google). The built-in camera on this device has 12.2 MP dual-pixel, 1.4 μm pixel width, and ƒ/1.7 aperture capabilities built upon an IMX363 back-illuminated, stacked CMOS sensor (Sony). Assays were performed by maintaining cells at 37°C and 5% CO2 in a humidified incubator until imaging, then transferring the plate to a dark room under ambient atmospheric conditions for image acquisition. To represent usage by an end user with minimal training, photos were taken using the default “Night Sight” settings recommended by the manufacturer for capturing low light images.
Image Processing Software and Statistical Analysis
Image acquisition and bioluminescence measurements made on the IVIS Lumina instrument were performed using Living Image v4.7.2 Software (PerkinElmer). Bioluminescent measurements made on the CLARIOstar plate reader were processed using MARS Data Analysis Software v3.41 (BMG Labtech). Images obtained using the PVS-12 NL2 night vision monocular and Pixel 4a 5G smartphone were processed using ImageJ v1.52 (National Institutes of Health). All statistical analyses were performed using Microsoft Excel. Average values were calculated as arithmetic means. Errors were calculated as ± the standard error of the mean (S.E.M.) for all measurements. Statistical differences between groups were identified using Student’s t-tests with p-value cut offs of p ≤ 0.05. Pearson’s correlation coefficients were used to determine R2 values showing relationships between different parameters.
RESULTS
Ambient Light Measurement and Standardization for Comparison Between Systems
Ambient light detection was measured for each of the assay systems. The plate reading chamber within the PMT-based plate reader had the lowest level of ambient light at 3.12 × 104 (±6.15 × 103) photons/sec. The imaging chamber of the CCD camera-based system was the second lowest, with a measured value of 3.04 × 105 (±7.45 × 104) photons/sec. The image intensifier and CMOS systems were both tested in the same location under low light conditions. The background for those measurements was slightly higher (2.88 × 106 (±7.13 × 105) and 2.65 × 106 (±6.63 × 105), respectively). However, these values were not statistically different from one another (p = 0.8249). To enable comparison between the systems that report values in arbitrary units (PMT, image intensifier, and CMOS), a standard was measured in each device and a conversion factor was determined to convert values to photons/sec. Each RLU reported by the PMT corresponded to 45.7 photons/sec. Each raw integrated density reported by the image intensifier corresponded to 64.5 photons/sec. Each raw integrated density reported by the CMOS corresponded to 277.8 photons/sec.
Minimum Signal Detection Threshold
CCD camera-based imaging detected bioluminescence down to a minimum threshold of 200 cells/well. Based on the photon counts from the CCD camera, this represents a flux requirement of 4.65 × 105 (±1.27 × 104) photons/sec. PMT-based imaging detected luminescence at a minimum threshold of 20 cells/well. This represents a minimum flux requirement of 1.7 × 105 (±2.26 × 104) photons/sec. The image intensifier and CMOS-based systems were less sensitive. Both displayed a minimum signal detection threshold of 2 × 103 cells/well. Their minimum flux requirements were measured as 6.47 × 106 (±1.98 × 105) photons/sec (image intensifier) and 7.37 × 106 (±7.63 × 105) photons/sec (CMOS) (Figure 1). All systems successfully detected bioluminescence at cell counts representative of common cellular plating densities for assays performed in 96-well plates (ATCC, 2021) and at flux values below what could be detected by the naked eye.
[image: Figure 1]FIGURE 1 | Minimum signal detection threshold for each system. The CMOS (smartphone) system required the highest level of flux to detect bioluminescence at 7.37 × 106 photons/sec. The image intensifier (night vision) system was slightly more sensitive, requiring a minimum of 6.47 × 106 photons/sec. The CCD and PMT systems had lower minimum detection thresholds of 4.65 × 105 and 1.7 × 105 photons/sec, respectively. n = 3; error = S.E.M.
Linear Detection Capabilities
The linear detection capabilities of each imaging method were determined by serially diluting continuously bioluminescent LiveLightTM HEK293 cells (490 BioTech) from 2 × 105 to two cells/well to ensure measurement across the full spectrum of detectable cell numbers for each system as determined above. The minimum detection threshold of each system observed during this experiment remained consistent with the previous values. Both the CCD and PMT-based imaging systems showed strong linear correlations between the plated cell number and measured bioluminescent signal (R2 = 0.9901 and 0.9942, respectively). CMOS-based imaging also had a strong linear correlation (R2 = 0.9692). The image intensifier-based system was highly correlated (R2 = 0.9009), but less capable of identifying a linear correlation compared to other imaging methods (Figure 2). This may be indicative of a lower signal:background ratio resulting from performance of the measurement outside of a light tight imaging chamber, or it may be due to higher detection variability. The latter possibility is further explored below.
[image: Figure 2]FIGURE 2 | Comparison of linear detection capabilities for different imaging systems. (A) Each system showed a high correlation between measured signal:background and cell count. The PMT system had the strongest correlation (R2 = 0.9942), followed by the CCD system (R2 = 0.9901), CMOS system (R2 = 0.9692), and image intensifier system (R2 = 0.9009). (B) Zoomed view of the CCD, CMOS, and image intensifier data points. n = 3; error = S.E.M.
Variability of Steady State Signal Detection
The coefficient of variation (CV) was calculated for each system to determine its variability during steady state signal acquisition (Figure 3). Individual CV values were obtained from replicate measurements made using six different concentrations of cells to determine if signal intensity affected variability. However, no intensity-based effects were observed. The CCD, PMT, and image intensifier devices had statistically similar (p = 0.1477) CV values of 0.0202, 0.0252, and 0.0414, respectively. The CMOS device had a CV of 0.1043, which was statistically different than the other three imaging methods (p = 0.0394).
[image: Figure 3]FIGURE 3 | Variability of steady state signal detection visualized using coefficient of variation. The CMOS system showed the highest variability (CV = 0.1043), followed by the image intensifier system (0.0414), PMT system (0.0252), and CCD system (0.0202). n = 6; error = S.E.M.
Signal Resolution Limitation
To determine each systems ability to discriminate spatially constrained independent signals, LiveLightTM HEK293 cells were plated in the 384-well format. This created a 0.87 mm non-luminescent separation between wells. The CCD, image intensifier, and CMOS systems all successfully resolved individual wells at this distance (Figure 4). The PMT-based image, which was obtained in a plate reader and therefore not capable of observing multiple wells simultaneously, was tested by performing a 30 × 30 matrix well scan to generate a pseudocolor image representative of bioluminescence intensity within the well at a resolution of 1.1 μm2/pixel. Both the CCD and PMT produced pseudocolor images based on luminescent intensity. The image intensifier and CMOS images could be directly observed.
[image: Figure 4]FIGURE 4 | Signal resolution testing of the CCD, PMT, image intensifier, and CMOS detection systems. The (A) CCD, (C) image intensifier, and (D) CMOS systems all successfully resolved individual signals separated by 0.87 mm following plating of continuously bioluminescent cells in the 384-well plate format. The (A) CCD and (B) PMT images are pseudocolor images with warmer colors representing relatively increased signal intensity. The (B) PMT-based plate reader was not able to acquire signal from multiple wells simultaneously, so each pixel in this image represents a 1.1 μm2 area within the well to demonstrate the resolution of signal discrimination within the well.
Detection of Toxicity
Continuously bioluminescent LiveLightTM HEK293 cells were plated at 2 × 104 cells/well in a 96-well plate and challenged with increasing concentrations of the cytotoxic chemical Zeocin to monitor toxicity. Zeocin induces toxicity by intercalating into DNA and inducing double strand breaks that ultimately compromise genomic integrity and result in cell death (Ehrenfeld et al., 1987). CCD imaging identified a significant (p = 0.0468) decrease in cellular health at 8 h post treatment from the 800 μg/ml challenge, with toxicity decreasing in a dose dependent pattern for lower challenges (Figure 5A). PMT-based imaging identified a statistically significant (p = 0.0268) decrease in cellular health within 1 h post treatment at the 800 μg/ml challenge. It also showed toxicity decreasing in a dose dependent manner and detected statistically significant decreases from all challenge levels after the 3 h time point (200 μg/ml, p = 0.0104; 400 μg/ml, p = 0.0095; 800 μg/ml, p = 0.0028) (Figure 5B). The image intensifier and CMOS-based systems identified statistically significant changes in cellular health at the 800 μg/ml (p = 0.0003 and 0.0023), 400 μg/ml (p = 0.0063 and 0.0041), and 200 μg/ml (p = 0.0062 and 0.0075) dosage levels in a dose dependent manner (Figures 5C,D). However, this detection was not observed until 16 h post challenge.
[image: Figure 5]FIGURE 5 | Detection of toxicity following Zeocin challenge. The (A) CDD, (B), PMT, (C) image intensifier, and (D) CMOS systems all successfully reported declines in cellular health following Zeocin challenge. The (B) PMT system was the most sensitive, reporting significant differences at 1 h post challenge. The (A) CCD system did not discriminate a statistically significant change until 8 h post challenge, while the (C) image intensifier and (D) CMOS systems both required 16 h to identify a statistically significant change. Untreated control is defined as 100% viability. n = 3; error = S.E.M.
Detection of Reporter Induction
The LiveReportTM CRE Assay Kit (490 BioTech) was used to compare each systems’ ability to detect bioluminescent reporter induction. The LiveReportTM CRE assay kit was transfected into wild-type HEK293 cells according to the manufacturer’s instructions. Transfected cells were treated with forskolin to activate cyclic AMP response element (CRE) expression and assayed over a 24 h period. CCD imaging detected significant (p = 0.0074) induction beginning at 2 h post treatment, with peak induction ranging from 6 to 12 h post treatment and maximum induction reaching 53-fold over control (Figure 6). PMT imaging detected significant (p = 0.0005) induction starting 2 h post treatment, with peak induction ranging from 5 to 10 h post treatment and a maximum induction of 76-fold over control. For both CCD and PMT imaging, induction was still significant (p = 0.0001 for both) 24 h post treatment. The image intensifier identified peak induction at 8 h post treatment, with a 9-fold increase over control. Induction was still statistically significant (p = 0.0001) at 16 h post treatment, but was no longer significant (p = 0.0893) at 24 h post treatment. CMOS imaging did not detect induction.
[image: Figure 6]FIGURE 6 | Detection of CRE induction following forskolin treatment. The PMT system was the most sensitive system tested. It detected significant induction at 2 h post treatment and recorded a maximum induction of 76-fold. The CCD system was the second most sensitive. It also detected significant induction at 2 h post treatment, but only recorded a 53-fold maximum induction. The image intensifier system required 8 h to report a significant induction and only observed a 9-fold maximum induction. The CMOS system (not shown) did not detect significant induction at any surveyed time point. n = 3; error = S.E.M.
DISCUSSION
This study compares how specialized, laboratory-focused bioluminescent imaging systems (CCD camera-based in vivo imaging system and PMT-based multi-mode plate reader) perform relative to less expensive, more mobile, consumer-focused alternatives (image intensifier-based night vision and CMOS-based smartphone camera). However, it is important to note there is a wide range of CCD, PMT, image intensifier, and CMOS-based systems available, and this study only explores one example of each. Each imaging method is also dependent on the software used for image processing. In this regard, the laboratory focused IVIS Lumina and BMG CLARIOstar both use proprietary software that is provided with the instruments at the time of purchase. These software packages are responsible for both data processing and machine management. It is therefore likely the results obtained in these tests would be different if alternative software was used to control machine functionality and collect raw data from the instrument sensors. Because they are not designed primarily for laboratory usage, the AGM PVS-12 NL2 monocular and Google Pixel 4a 5G do not come with software specifically for this task. Therefore, we obtained image files from these instruments and analyzed them with the open source ImageJ software, which is commonly utilized for such applications and widely available. Just as with the laboratory-focused instruments, it is likely that use of an alternative image processing software could provide varied results. Furthermore, especially in the consumer-focused smartphone market, functionality improvements are occurring at a rapid pace and improved hardware will likely become available at similar price points in the near future. Therefore, the use of alternative equipment may have a significant impact on the results presented here.
Using the continuously bioluminescent signal of LiveLightTM HEK293 cells, both the night vision and smartphone systems could detect bioluminescence from as few as 2,000 cells/well. CCD imaging could detect bioluminescence from 200 cells/well, and PMT imaging could detect down to 20 cells/well (Figure 1). As expected, these data show that the CCD and PMT systems, which are designed for laboratory use, are more sensitive and have improved signal:background ratios compared to the consumer-grade alternatives. However, both night vision and smartphone-based imaging could detect bioluminescence from well below the range of common densities used for assays run in the 96-well plate format (ATCC, 2021). The CCD and PMT-based systems both showed very strong linear correlations between bioluminescence and cell number, with each achieving R2 values ≥0.99. However, the night vision and smartphone systems were only slightly less correlated, with both achieving R2 values ≥0.9 (Figure 2).
All surveyed systems showed CV values ≤0.1 (Figure 3), with the night vision system performing relatively similar to the CCD and PMT systems despite necessitating use outside of a light tight environment. The practical effect of the measured CV values was reflected when measuring viability. The CCD (Figure 5A) and PMT-based (Figure 5B) systems, which had the lowest CV values (Figure 3), show clear downward trends in viability after compound challenge. In contrast, the CMOS-based system (Figure 5D) appears to indicate an unexpected increase in viability between chemical challenge and the 8 h time point, followed by a significant decrease towards the 16 h time point. It is likely this reported increase, which was not statistically significant (p = 0.52), is an artifact of the higher CV associated with this modality and the minor difference between the time zero and 8 h points (86 and 126%, respectively) are due to chance. A similar effect was observed in the night vision system (Figure 5C), which appears to show slight increases in viability between time zero and the 8 h time point for the 400 and 800 μg Zeocin/mL treatments. Just as this modality displayed a CV between the lower variability CCD and PMT-based systems and the more variable CMOS-based system (Figure 3), it also showed a less pronounced difference between the suspect data points and relatively lower p values (0.0468 and 0.0007) for the two treatments than was observed for the CMOS-based system at that same time point. For all systems, variation remained consistent across a large range of bioluminescent intensities.
The sensitivity of these systems was highlighted by their performance in the toxicity and reporter induction assays. PMT-based imaging detected cellular health dynamics as early as 1 h post treatment, while CCD-based imaging required 8 h. The night vision and smartphone-based systems both required 16 h to observe a significant change (Figure 5). This can be attributed at least partially to the logistical constraints of these systems. While the CCD and PMT systems could be programmed to continuously collect data every hour, the night vision and smartphone systems were limited by their requirements for manual operation and inability to maintain the cells under sterile, atmospherically favorable conditions during imaging. As such, they were only assayed at 8 h intervals with the cells housed in an incubator between readings, instead of every 1 h like the CCD and PMT systems. Therefore, although the first detectable difference was recorded at 16 h post treatment, it is likely they could achieve detection earlier if an alternative imaging schedule was used. Overall, the PMT-based system displayed the highest sensitivity and signal:background ratio, with the CCD-based system only slightly less sensitive. Interestingly, the night vision and smartphone-based systems performed roughly similarly, despite their very different photon detection methodologies. All systems could detect Zeocin-based toxicity within the manufacturer’s suggested range of 50–1,000 μg/ml. However, only the more sensitive CCD and PMT systems showed the two treatments within the average selective range of 200–400 μg/ml as being similar to one another while remaining distinct from the higher 800 μg/ml dosage that is more concentrated and therefore more likely to show toxic effects earlier during the selection process (ThermoFisher, 2021).
The reporter induction assay (Figure 6) was a more difficult challenge because it yielded lower overall signal intensities than the toxicity assay. Both the CCD and PMT systems detected significant induction (p < 0.01) at the 2 h time point and reported maximal induction values of 53-fold and 76-fold, respectively. The night vision system also successfully identified induction and reported a maximal induction of 9-fold. However, it was again limited by a requirement for manual operation and inability to maintain the cells under sterile, atmospherically favorable conditions during imaging. While it detected significant (p = 0.0001) induction at the first possible time point (8 h), and while both the CCD and PMT systems still showed induction at this time, it suffered from a significant reduction in data resolution compared to these other assays. Although the CCD, PMT, and night vision systems all showed roughly the same timing for the start (2 h) and peak (8 h) of induction, they produced disparate maximal induction values. These values correlated with the measured background levels, sensitivities (Figure 1) and linear detection capabilities (Figure 2) of each system. It is therefore likely the discrepancies in reported maximal induction are due to the ability of each system to discriminate signal from background. Those with improved signal:background discrimination abilities, resulting from both their improved signal detection capabilities and improved ambient light exclusion properties (PMT and CDD), report higher maximal induction values. The image intensifier system, which displayed a relatively decreased discrimination ability and greater ambient light exposure, reported a lower maximal induction because it could not as easily distinguish induction from background.
Smartphone-based imaging did not detect reporter induction. However, the results of the minimum signal threshold testing (Figure 1) suggest the LiveReport™ CRE induction signal was only slightly below the luminescent threshold required. The Pixel 4a 5G CMOS sensor used in these experiments has a 1.4 μm pixel size. This was sufficient for resolving the spatial location of disparate signals down to the 384-well format. However, using a sensor with a larger pixel size could potentially increase photon detection capabilities by allowing more light to be captured by each pixel and increasing minimum signal detection capabilities. Since most assays are run in 96-well formats that have greater spacing between wells, this approach would tolerate the decreased resolution of larger pixels while increasing sensitivity, which was determined to be the most limiting factor for this sensor type. Although smartphone photography often emphasizes increased resolution, and therefore future versions of these devices are likely to incorporate CMOS sensors with decreased rather than increased pixel size, technical improvements in the CMOS space have focused on improving dark count rates and photon detection probabilities (Charbon et al., 2018). Given the performance of modern back-illuminated, stacked CMOS sensors, and the focus smartphone manufactures have placed on photographic quality improvement across a range of metrics, it is therefore likely an alternative camera system, or a near-future smartphone camera would be successful in this assay.
CCD and PMT-based instruments are the primary tools for bioluminescent assays in laboratories around the world because of their high sensitivity and the decision to use one over the other is typically application dependent (de la Zerda et al., 2010; Kim et al., 2020). However, while their relatively large footprint, high price, immobility, and resource requirements limit their use outside of the laboratory environment, ongoing miniaturization of PMTs is improving their ability for portable usage. The rapid improvement in night vision and especially CMOS-based smartphone imaging, along with complementary improvements in bioluminescent technologies that allow for continuous signal generation and autonomous signal control without external activation, has opened new possibilities for performing assays without these specialized instruments. When paired with autonomously bioluminescent cells, night vision and smartphone imaging can now provide an inexpensive, compact, and highly mobile alternative for bioluminescent imaging if working with applications capable of producing signal above their higher minimum detection thresholds. As these devices improve they could be used to enable a wide range of novel applications that span from performing point-of-care toxicity assays in remote locations to providing educational experiments in classrooms at all ages.
However, it is unlikely that night vision or smartphones will replace CCD and PMT-based systems in scientific laboratories anytime soon. Aside from their improved performance as showcased in this work, these systems are typically integrated with temperature control, atmospheric control, wavelength filtering, continuous integration, and a host of other accessories that allow them to perform myriad functions currently inaccessible to consumer-focused products. As retailed, night vision and smartphone systems lack these abilities. However, it is encouraging that with only minor modifications (i.e., addition of an external filter to reduce background and improve signal:background ratio) they can be employed to perform similar assays in situations inaccessible to laboratory-based systems.
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A superconducting transition edge sensor (TES) is an energy-dispersive single-photon detector that distinguishes the wavelength of each incident photon from visible to near-infrared (NIR) without using spectral dispersive elements. Here, we introduce an application of the TES technique for confocal laser scanning microscopy (CLSM) as proof of our concept of ultra-sensitive and wide-band wavelength range color imaging for biological samples. As a reference sample for wide-band observation, a fixed fluorescence-labeled cell sample stained with three different color dyes was observed using our TES-based CLSM method. The three different dyes were simultaneously excited by irradiating 405 and 488 nm lasers, which were coupled using an optical fiber combiner. Even when irradiated at low powers of 80 and 120 nW with the 405 and 488 nm lasers respectively, emission signals were spectrally detected by the TES and categorized into four wavelength bands: up to 500 nm (blue), from 500 to 600 nm (green), from 600 to 800 nm (red), and from 800 to 1,200 nm (NIR). Using a single scan, an RGB color image and an NIR image of the fluorescent cell sample were successfully captured with tens of photon signals in a 40 ms exposure time for each pixel. This result demonstrates that TES is a useful wide-band spectral photon detector in the field of life sciences.
Keywords: fluorescence cell imaging, superconducting transition edge sensor, confocal microscope, spectral imaging, photon counting
INTRODUCTION
Spectral imaging provides information about the distribution of multiple molecules and other entities via spectral analysis. In the field of life sciences, spectral confocal laser scanning microscopy (CLSM) provides substantial information on the cellular dynamics associated with various biomolecules.
In CLSM cell-imaging applications, samples are labeled with fluorescent dyes and irradiated by excitation light to obtain fluorescence signals. However, in living cells, excitation light irradiation deteriorates cells from their native state and causes photobleaching of fluorescent dyes (Icha et al., 2017). Therefore, it is ideal to minimize excitation light irradiation. However, a decrease in the excitation light results in a decrease in the fluorescence signal. In the case of auto-fluorescence, which is emitted from endogenous fluorescent molecules in living organisms, signals are weak even when the molecules are irradiated with high-power excitation light. Moreover, there is an increasing demand for a highly sensitive photodetector, which has a smaller background noise and higher detection efficiency, to observe fluorescence signals from cellular samples at the few-photon signal level.
Consequently, numerous efforts have been made to develop more sensitive photodetectors. A transition-edge sensor (TES) is a superconducting film that acts as a thermometer and can measure weak energy at the level of a single photon (Irwin and Hilton, 2005). As the energy of a single photon is related to its wavelength by the following equation, the TES directly distinguishes the energy of an absorbed photon without using any spectral element, after which the wavelength of the photon is distinguished.
[image: image]
Thus, a TES can be used as an ultrasensitive spectral photodetector. The spectral efficiency of a TES is determined by its absorption/reflection properties. We designed and constructed a TES to absorb a wide range of wavelengths of photons from the visible to near infrared (NIR) range using an optical cavity structure (Fukuda et al., 2011).
Previously, we reported a concept proof of the TES technique for ultra-sensitive and wide-band spectral imaging (Niwa et al., 2017). Using a three-color ink printing test pattern (a photograph), RGB color images and NIR images were successfully captured under epi- and side-illuminated conditions. Using a TES in a 50 ms exposure time for each pixel, tens or fewer photon signals were detected to provide a color image in a single scan. Although a few photon signals for each pixel were sufficient to provide RGB color images, more signals were required to generate the wavelength spectral data. Therefore, spectral data at a single pixel were obtained by increasing the exposure time to 200 s. These results suggest the high potential of TES for use as a spectral photon-counting detector in CLSM for biological microscopy applications.
For cell imaging applications, we constructed CLSM optics using TES as a photodetector (Fukuda et al., 2017). Using microscopy optics, preliminary observation of fluorescent-labeled cell samples was performed using a single excitation laser (488 nm) to excite two fluorescent dyes (Alexa 488 and MitoTracker). Although two dyes were detected, the cells were labeled with three dyes, and full-color imaging was needed to obtain signals from all three fluorescent dyes. Because a TES is sensitive to a wide wavelength range of photons, more fluorescent dyes are detected simultaneously, which provides RGB full-color images. In this report, we introduce an improvement in CLSM optics to excite a wider range of fluorescent dyes and present the results of an extended investigation of cell samples. The excitation laser irradiation and photon counting signals were investigated to consider full-color image caption sensitivity at the photon-counting level by the TES.
MATERIALS AND METHODS
Microscope Optics
The design and construction of a scanning microscope system using a TES as a photodetector with an optical fiber has been reported (Niwa et al., 2017), and confocal optics with a single excitation laser at 488 nm have been employed for CLSM (Fukuda et al., 2018). Additionally, for full-color cell imaging, previously developed microscope optics were modified here (Figure 1). To irradiate with two distinct lasers for simultaneous excitation of three fluorescent dyes, 405 and 488 nm pig-tailed optical fiber diode lasers (LP405-SF15 and LP488-SF20, Thorlabs, USA) were combined using a wavelength combiner/splitter (GB29F1, Thorlabs, USA). For fluorescent signal detection, a dichroic mirror of 425 nm (DMPL425, Thorlabs, United States), a long pass filter (FELH450, Thorlabs, USA), and a notch filter (NF488-15, Thorlabs, USA) were employed. The magnitude and numerical aperture (NA) of the objective (UPLXAPO × 40, Olympus, Japan) were 40 and 0.95, respectively. A prepared microscope slide (FluoCells Prepared Slide #1, Tremo Fisher Scientific, USA) was used as a test sample for cell imaging. The test sample was mechanically scanned using a motorized XY stage (BIOS-105S, Optosigma, Japan) under a microscope. Stage control, data accumulation, and image processing were performed using LabVIEW software (National Instruments, USA).
[image: Figure 1]FIGURE 1 | Confocal laser microscope optics with a fiber-coupled TES. Two excitation lasers at 405 and 488 nm were combined using a fiber combiner and focused on the sample plane under the objective (×40 NA0.95). Collimated fluorescence photons were focused on the core (10 μm diameter) at the end of the optical fiber, then introduced into the TES. The sample on the focal plane was scanned to accumulate an imaging data.
To adjust and focus the optics, a He–Ne laser (Melles Griot, United States), epi-illumination optics (omitted in Figure 1, Olympus, Japan), and a CMOS camera (Infinity 1–2C, Lumenera Corp, Canada) were used. To compare the detection efficiency of the proposed TES with that of the conventional method, a photomultiplier tube (PMT; H18010 Hamamatsu Photonics, Japan) was used instead of a TES, where a 532 nm laser diode (DJ532-10, Thorlabs, USA) were added to the optics (Supplementary Figure S1). The irradiated excitation laser power (W) at the focal plane was measured using a microscope slide-type power meter (S170C, Thorlabs, USA), which was calibrated for each wavelength.
TES Single-Photon Spectral Detector
The TES used as the photodetector in confocal microscopy is a fiber-coupled TiAu-based optical TES (Fukuda et al., 2011). The energy of a single photon absorbed by the TES was converted into the increase in electric resistance, followed by measurement of the voltage change using a superconducting quantum interference device (SQUID) amplifier associated with the TES. The TES and SQUID amplifiers were placed on a cold stage in an adiabatic demagnetization refrigerator, where the temperature was stabilized at 100 mK. To obtain the wavelength value from the measured energy of the incident photons, the pulse signal height of the SQUID voltage was calibrated using a 1524-nm pulse laser (PLP-10-155, Hamamatsu, Japan) to irradiate with multiplexed photons with energies of 762 nm (n = 2), 506 nm (n = 3), and 381 nm (n = 4).
To depict a color image, the photon signals detected by using the TES were distinguished by their wavelength as follows: photons shorter than 500 nm were blue, while those of from 500 to 600 nm were green, from 600 to 800 nm were red, and from 800 to 1,200 nm were in the NIR range. Additional details concerning optical photon detection via TES have been described elsewhere (Hattori et al., 2018).
RESULTS
Fluorescent Cell Imaging Using a TES
Because TES is an energy-dispersive photodetector, a wide wavelength range of photons from visible to NIR was simultaneously detected with the wavelength information. Each photon signal was distinguished into blue, green, red, and NIR in accordance with the wavelength. As a test target, a prepared microscope slide containing bovine pulmonary artery endothelial cells (BPAECs) was observed using a TES. The BPAECs in the slides were stained with MitoTracker Red (MitoTracker) for mitochondria, Alexa Fluor 488 (Alexa 488) for F-actin, and 4′,6-diamidino-2-phenylindole (DAPI) for nuclei. The excitation laser power at the focal plane measured using a power meter were 80 and 120 nW for the 405 and 488 nm lasers, respectively. Color images of the BPAEC were successfully constructed from the datasets of red for mitochondria, green for F-acting, and blue for nuclei (Figure 2A). Simultaneously, photon signals categorized as NIR provided an NIR image (Figure 2B). It took 66 min to scan 200 × 200 pixels with 40 ms exposure time for each pixel. The scanning step of each pixel was 0.4 μm. Photon counting signal intensities in the presence and absence of a cell in the images were analyzed (Supplementary Figure S2).
[image: Figure 2]FIGURE 2 | Color image obtained by a confocal scanning microscope using a TES. A fixed cell sample stained with MitoTracker (red fluorescence for mitochondria), Alexa 488 (green fluorescence for F-actin), and DAPI (blue fluorescence for nuclei). Scanning data of 200 × 200 pixels (0.4 μm for each pixel step) is depicted as (A) RGB color and as (B) NIR images, which were obtained simultaneously. Irradiation power of excitation lasers is indicated. Exposure time of one pixel was 40 ms, and the total duration was 66 min.
Fluorescent Cell Imaging Using a PMT
For comparison, CLSM was constructed using a PMT. Cell images of the test slide of the BPAEC were captured by irradiating the cells with excitation lasers one by one (Figures 3A–C). To excite DAPI for nuclei imaging, the cells were irradiated with 500 nW of a 405 nm laser (Figure 3A), Alexa 488 for F-actin was irradiated with 400 nW of a 488 nm laser (Figure 3B), and MitoTracker for mitochondria was irradiated with 150 nW of the 532 nm laser (Figure 3C). A pseudo-color image was obtained by merging the three independent images (Figure 3D). Using the TES, RGB color images were captured by a single scan at the same irradiation power, as shown in Figure 3A (Figure 3E) and Figure 3B (Figure 3F). Although a 532 nm laser was not irradiated to excite MitoTracker, a red-colored signal was observed. Hence, by combining 405 and 488 nm lasers, RGB color images were obtained at once. In all cases using both PMT and TES, it took 48 min to obtain a single image by scanning 200 × 200 pixels with 20 ms exposure time for each pixel. The scanning step of each pixel was 0.25 μm. Photon counting signal intensities from the presence and absence of a cell in the images were analyzed from the cell images obtained using TES and PMT under the same irradiation and scanning conditions (Figure 4).
[image: Figure 3]FIGURE 3 | Images obtained by confocal scanning microscopy using PMT and TES. When using PMT, scanning data were collected to provide a grayscale image individually for each fluorescent dye. Grayscale images captured using PMT for (A) DAPI excited by 500 nW of 405 nm laser, (B) Alexa488 by 400 nW of 488 nm laser, (C) MitoTracker by 150 nW of 532 nm laser. (D) Pseudo-color image developed by digitally merging the three grayscale images. (E) RGB color image captured using a TES under the same irradiation and scanning condition as (A), where mitochondria were detected in red color and distinguished from nuclei. (F) RGB color image captured using a TES in the same condition as (B), where mitochondria were also detected and distinguished from F-actin. (G) RGB color image captured using a TES by irradiating the cell with excitation lasers of 405 and 488 nm at the same power as using PMT. A single scan was sufficient to create an RGB image of all dyes by 405 nm laser and 488 nm laser. Here, a 532 nm laser could be omitted. Scanning conditions were 200 × 200 pixels, 0.25 μm scanning step, and 20 ms exposure time for all images. The total duration was 48 min.
[image: Figure 4]FIGURE 4 | Histograms of photon counting signals detected using the TES and PMT at the transection lines (including five pixels width) on the images and signal (S) and background noise (N) intensity as medians of the area indicated by arrows. (A) RGB image obtained using the TES, which is identical to the data in Figure 3G. (B) NIR image obtained using the TES, which was simultaneously captured beside (A,C) Grayscale image obtained using the PMT. These data were captured under the same excitation laser irradiation (500 and 400 nW for 405 and 488 nm lasers, respectively) and scanning (200 × 200 pixels, 0.25 μm step, and 20 ms exposure time) conditions.
DISCUSSION
Cell Imaging Via CLSM Using TES
The step size for each pixel in Figure 2 was 0.4 μm. Under these conditions, internal cellular structures of actin filaments (green) and mitochondria (red) were successfully imaged, indicating that the optical system of the confocal microscope was constructed correctly (Figure 2A). Because the background signals from the empty area in the images were as small as 0–2 counts (Supplementary Figure S2A), a clear image was obtained. Using scanning data recorded as NIR photon signals, a grayscale image was constructed (Figure 2B). However, only a faint cell image could be obtained because the fluorescence spectra of dyes used to stain the cell sample were shorter than 800 nm. The photon number detected as NIR was as small as four photons (as median) for each pixel (Supplementary Figure S2B), although a TES is sensitive to the detection of NIR photons (Niwa et al., 2017). It has been reported that there are NIR fluorescence signals from cellular samples without labeling with any fluorescent dye, which is recognized as NIR auto-fluorescence (Paras et al., 2011). To confirm the potential of TES as a detector for NIR microscopy, further efforts should be made to observe much clearer NIR images associated with auto-fluorescence. By applying NIR fluorescent dyes, it is also possible to increase the labeling of dyes for cell imaging. Further progress of CLSM with TES is desired for NIR cell imaging.
In this report, photon energy information was transferred into four color-channel-distinguished signals to provide RGB and NIR images. Because the energy resolution ΔE of the TES used in this study was 0.1 eV, the wavelength resolution was approximately from 50 to 150 nm in the visible range. Thus, the detected fluorescence emission of the dyes partially overlapped each other, which could cause incorrect photon discrimination to the neighboring color channels. As shown in Figure 2A, however, three fluorescent dyes could be distinguished from each other in different colors, and the spatial distribution of each dye could be observed. If the spectra of fluorescent dyes are much closer and overlapped each other more, the overlap might deteriorate the RGB color quality. Even in this case, spectral overlapping can be statistically determined and compensated by increasing the number of color channels for TES detection (Nakajima et al., 2005). Here, the spectral information of each fluorescent dye is necessary, which can be obtained, for example, using the samples stained with each single fluorescent dye.
In Figure 2, the total duration time was 66 min, where the detection by TES took 26 min because the exposure time was 40 ms for each 200 × 200 pixel, and the resulting 40 min was associated with 0.4 μm scanning steps. This scanning condition differs slightly from that in Figure 3, in which the exposure time is 20 ms and the scanning step of 0.25 μm. In this condition for Figure 3, the total duration was 48 min, where detection via both TES or PMT took 13 min, and the remaining time was 35 min. Although the scanning steps were reduced from 0.4 to 0.25 μm, the scanning duration only reduced from 40 to 35 min, because the scanning duration mainly comprises data processing time behind stage movement. Therefore, the scanning duration can be significantly reduced by optimizing computer programs for data processing, resulting in a reduction in the total duration for capturing an image. Reducing the exposure time and scanning step numbers can also contribute to reducing the total duration of image capture. To reduce the exposure time, the photodetector must be more efficient for detection, which can be achieved by improving the optical absorption of the TES coatings. To reduce the number of scanning steps, the use of multiple photodetector elements contributes to reduction of scanning area. Thus, constructing an array-type TES device with a high detection efficiency will increase the demand.
Simultaneous Detection of Blue, Green, and Red Fluorescent Dyes
As this report aims to prove the concept of wide-band spectral photon counting imaging using a TES to provide a full-color image in a single scan, the sample should emit fluorescence signals as wide as from blue to red. Test slides of cells were stained with three fluorescent dyes (DAPI, Alexa 488, MitoTracker). Most photodetectors cannot distinguish the incident photon energy; they only provide grayscale images. For example, CLSM using a PMT requires three individual scans for each fluorescent dye (Figures 3A–C). A pseudo-color image was developed by merging the three images digitally (Figure 3D). Controversially, using TES, RGB color images could be obtained even with single-laser irradiation (Figures 3E,F). It is notable that, without irradiating the 532 nm laser to excite MitoTracker, a remarkable fluorescent signal from MitoTracker was emitted by irradiating with the 405 nm laser (Figures 3A,E) and 488 nm laser (Figures 3B,F), because these wavelengths could be partially absorbed by and excite MitoTracker. Using TES, fluorescence emission from MitoTracker was detected as a red color and distinguished from DAPI (Figure 3E) and Alexa 488 (Figure 3F). When using PMT, however, MitoTracker was identically detected with, and could not be distinguished from, DAPI (Figure 3A) or Alexa 488 (Figure 3B). Therefore, by combining two color lasers of 405 and 488 nm and irradiating the cells simultaneously, all three fluorescent dyes could be excited to obtain an RGB color image in only a single scan (Figure 3G).
Because conventional optics based on dichroic mirrors are designed to separate shorter wavelengths of excitation light and longer wavelengths of fluorescence emission light, the excitation wavelength must be shorter than the fluorescence emission wavelengths. Therefore, a 405 nm laser was used to excite DAPI, whereas it could not excite Alexa 488 and MitoTracker efficiently. Therefore, an additional 488 nm laser was employed to excite longer-wavelength fluorescent dyes. Generally, a long-pass dichroic mirror at 425 nm is not appropriate for the 488 nm excitation laser to be removed. To solve this problem, we applied an imperfection of the dichroic mirror that retained 2.36% reflectance at 488 nm. Consequently, the 488 nm excitation laser was slightly reflected toward the objective and irradiated to the sample plane. Before detection of fluorescence emission, excitation lasers of 405 and 488 nm were removed using a long-pass filter (cut off 450 nm) and notch filter (at 488 nm), respectively. Thus, fluorescence signals from all three fluorescent dyes (DAPI, Alexa 488, MitoTracker) were successfully detected to provide a full-color image using two excitation lasers at 405 and 488 nm.
Few-Photon Wide-band Imaging
To compare the detection efficiency between a TES and PMT, photon-counting signals were investigated from images in which the same sample was captured under the same irradiation and scanning conditions (Figure 4). The photon counting signals as medians by the TES for blue (SB), green (SG), red (SR), and NIR (SNIR) were 5, 53, 59, and 12, respectively, obtained from the area of cell presence in the images (Figures 4A,B). The photon-counting signal by the PMT was 32 (SPMT) (Figure 4C). These signal values for the TES and PMT were comparable, but it is notable that SPMT is the sum of all fluorescence color signals. Nevertheless, SPMT = 32 is remarkably less than the individual SG = 53 and SR = 59. Background signals from the empty area in the images were as small as 0–2 counts by both, the TES and PMT. These results indicate that TES can act as a spectral photon-counting detector for fluorescence cell imaging.
The photon counting numbers detected were in the order of 10−17 J. Because the exposure time for each pixel was 20 m, the energy levels were in the order of 10−16 W. Although the TES was less efficient in detecting shorter wavelength range photons (Niwa et al., 2017), the efficiency can be improved by optimizing the optical absorption in TES coatings. Furthermore, as the microscope optics reported were our original setup and quite primitive, there remain places for optimization. Commercially available high-end CLSM is also appropriate for employing a TES as a photodetector.
Although the detection efficiency of the PMT is high in the shorter wavelength region, the TES we used was not (Niwa et al., 2017). Nevertheless, sufficiently strong signals could be detected by the TES to depict cellular images. By optimizing the detection efficiency of the TES for a shorter wavelength region, the potential of CLSM using a TES could be improved.
Overall, the excitation irradiation power could be reduced to 100 nW to capture cell imaging, even using our primitive confocal optics with the TES. The excitation laser can be further reduced by improving the optics as well as the TES fabrication, suggesting the potential of the TES for use in cell-imaging applications as ultra-sensitive and wide-band wavelength spectral photodetectors.
CONCLUSION
CLSM optics were constructed and tested for proof of concept using TES as a photodetector for few-photon spectral confocal microscopy imaging of cell samples. Using this microscope, observations of fluorescent-labeled cell samples were used to obtain a full-color image, as well as an IR image, by a single scan. Despite the preliminary observation, excitation laser irradiation at 100 nW was effective in providing cell image data. Thus, it was proved that TES is a potent photodetector for few-photon spectral confocal cell imaging.
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Cypridina noctiluca luciferase (CLuc) is a secreted luminescent protein that reacts with its substrate (Cypridina luciferin) to emit light. CLuc is known to be a thermostable protein and has been used for various research applications, including in vivo imaging and high-throughput reporter assays. Previously, we produced a large amount of recombinant CLuc for crystallographic analysis. However, this recombinant protein did not crystallize, probably due to heterogeneous N-glycan modifications. In this study, we produced recombinant CLuc without glycan modifications by introducing mutations at the N-glycan modification residues using mammalian Expi293F cells, silkworms, and tobacco Bright Yellow-2 cells. Interestingly, recombinant CLuc production depended heavily on the expression hosts. Among these selected hosts, we found that Expi293F cells efficiently produced the recombinant mutant CLuc without significant effects on its luciferase activity. We confirmed the lack of N-glycan modifications for this mutant protein by mass spectrometry analysis but found slight O-glycan modifications that we estimated were about 2% of the ion chromatogram peak area for the detected peptide fragments. Moreover, by using CLuc deletion mutants during the investigation of O-glycan modifications, we identified amino acid residues important to the luciferase activity of CLuc. Our results provide invaluable information related to CLuc function and pave the way for its crystallographic analysis.
Keywords: luciferase, Cypridina noctiluca, glycosylation, recombinant protein expression, mass spectrometry
INTRODUCTION
Luciferase is an enzyme that oxidizes the substrate luciferin; some are cellular proteins, while others are secreted. Secreted luciferases have been reported in a wide range of phyla including Arthropoda, Mollusca, and Annelida (Shimomura 2012). Among them, luciferase genes have been cloned from Copepoda Gaussia princeps (Bryan and Szent-Gyorgyi 2001) and Metridia longa (Markova et al., 2004); from Ostracoda Vargula hilgendorfii (Thompson et al., 1989), Cypridina noctiluca (Nakajima et al., 2004), and Caribbean species (Hensley et al., 2021); from the deep-sea shrimp Oplophorus gracilirostris (Inouye et al., 2000); and from syllid worms like Odontosyllis undecimdonta (Mitani et al., 2018; Schultz et al., 2018) and related species (Mitani et al., 2019). Secreted luciferases are useful for high-throughput analysis because the assay is made less difficult by using culture supernatants. Thus far, luciferases from the genera Oplophorus and Gaussia have been widely used in application research (Hall et al., 2012; Suzuki and Inouye 2014; Markova et al., 2019). Oplophorus luciferase (OLuc) has some advantages, such as its catalytic domain with low molecular weight, excellent heat stability, and relatively easy expression in both prokaryotic and eukaryotic cells when some amino acid mutations are incorporated (Hall et al., 2012; Inouye et al., 2013). In the case of Gaussia luciferase (GLuc), a production method for low-temperature expression in the presence of chaperones has been established in an Escherichia coli expression system (Inouye and Sahara 2008). The three-dimensional (3D) structures of these luciferases have been elucidated by crystallization and X-ray diffraction of the partial domain exhibiting the catalytic function in OLuc (Tomabechi et al., 2016) and by heteronuclear NMR for GLuc (Wu et al., 2020).
C. noctiluca luciferase (CLuc) has been developed for applied research by modifying its surface with fluorescent molecules to emit infrared light (Wu et al., 2009) and by optimizing it for a high-throughput reporter assay (Tochigi et al., 2010). CLuc is also a stable protein with high thermal stability and has high potential for further applications. However, CLuc has a higher molecular weight (62–68 kDa) than OLuc and GLuc, and may have up to 17 potential disulfide bonds between the 34 cysteine residues in its 553 amino acids, while GLuc has only 5 disulfide bonds (Wu et al., 2020), thus making protein production and applied research with CLuc difficult (Inouye and Sahara 2008). There are no reports on the prokaryotic expression of full-length CLuc. Although CLuc does not show homology to other luciferases, its first- and second-half regions display weak homology to the von Willebrand factor type D (VWD) domain (Oakley 2005). These two VWD-like domains show approximately 20% homology to each other. The first half, containing 302 amino acids, has been expressed using an E. coli system, resulting in 45% activity of the intact protein (Hunt et al., 2017). However, there are no biochemical reports on the residues directly involved in CLuc activity, and there is no information on its 3D structure. The establishment of a system that can stably and massively produce CLuc is expected to lead to further progress in crystallographic analysis and future applications. Structural information will also help to modify CLuc using a simple approach to bioconjugation (Hu et al., 2018).
Secreted proteins in addition to luciferases need to undergo appropriate folding, including disulfide bond formation during the secretory process, and most secreted proteins undergo post-translational modification such as glycosylation (Helenius and Aebi 2001). Although glycosylation is generally considered to contribute to protein stability by increasing folding efficiency (Helenius and Aebi 2001; Wang et al., 2018), its effects on protein function itself are inconsistent. For example, it was reported that some hormones maintain their ability to bind to receptors when glycosylation is removed by hydrogen fluoride (HF) treatment, but the downstream signals are not transduced (Lapthorn et al., 1994). In another case, human follicle-stimulating hormone (hFSH) remains fully active even after glycan chains are removed via point mutation (Fox et al., 2001); the folding of these glycosylation-deficit mutants is unaffected (Wilbers et al., 2016). Since glycosylation can prevent crystallization due to its heterogeneity (Lapthorn et al., 1994; Columbus 2015), glycans can be removed by deglycosylation enzyme treatment or mutagenesis to the modification site (Woods 2018). CLuc is the only secreted luciferase whose glycan structure has been analyzed and reported to remain fully active even after enzymatic removal of the glycan from wild-type (Wt) recombinant protein produced in suspension-cultured tobacco Bright Yellow-2 (BY-2) cells (Mitani et al., 2017). In the case of mutant CLuc lacking glycan modification sites expressed in COS1 cells, its specific activity has been reported to be reduced to approximately 20% when compared to the Wt recombinant protein produced in COS1 cells. However, due to the low productivity, quantitative analysis using purified CLuc proteins remains to be conducted (Yasuno et al., 2018).
In this study, we tried to produce mutant recombinant CLuc lacking N-glycan modification in available hosts in our laboratory, including Expi293F cells, silkworms, and BY-2 cells. CLuc has two conserved N-glycan modification motifs, NIT and NTS, in its amino acid sequence, starting at residues N182 and N404, respectively. These two motifs were mutated to produce a double mutant recombinant protein (Dmt CLuc) containing T184A + N404D substitutions. In comparing the specific activities of the obtained recombinant CLuc by measuring the protein amount using highly purified CLuc or anti-CLuc antibody, we found that the mutant CLuc produced by Expi293F cells showed almost the same specific activity as the Wt. We also found important amino acid residues involved in the luciferase activity by expressing amino-terminal serial deletion mutants of Dmt CLuc.
MATERIALS AND METHODS
Recombinant Proteins Used in This Study
In this study, we produced Wt and Dmt CLuc using Expi293F cells, silkworms, and BY-2 cells, designating the recombinant proteins CLucEX, CLucSW, and CLucBY, respectively. For clarity, we designated Dmt CLuc previously expressed using COS1 cells (Yasuno et al., 2018) as Dmt CLucCO in this study.
Cypridina noctiluca Luciferase Expression Using Expi293 Expression System
Expression vectors for recombinant Wt CLucEX and Dmt CLucEX, pcDNA-CL (Nakajima et al., 2004), and pcDNA-CL (T184A + N404D) (Yasuno et al., 2018) were prepared as previously described. The pcDNA-CL (T184A + N404D) was modified by the insertion of the sequence for His-tag and TEV protease (HHHHHHENLYFQG) following the predicted signal sequence (1–18 a.a.). Expression vectors for deletion mutants were designed with deleted amino-terminal or carboxyl-terminal residues of the mature region by modification of the His-TEV-pcDNA-CL (T184A + N404D) plasmid. These insertion and deletion modifications were outsourced to Genscript Japan. Each expression vector was transfected into Expi293F mammalian cells (Thermo Fisher Scientific, MA, United States) according to the manufacturer’s instructions. On day 5 post-transfection, the culture medium was centrifuged at 350 × g for 10 min, and the resulting supernatant was used for the following analysis, hereafter called the medium fraction. Precipitated cells were lysed with 10 mM Tris-HCl (pH 7.4) by sonication, the cell lysate was centrifuged at 20,000 × g for 5 min, and the resulting supernatant was used as the cell extract fraction. Immunoblot analysis for CLuc proteins was conducted as described previously (Yasuno et al., 2018), except that 10 μL of each medium fraction sample was prepared under reducing conditions with dithiothreitol before electrophoresis and that the anti-CLuc antibody was raised using purified recombinant CLuc in rabbit. The activities of the recombinant CLuc proteins were measured as described previously (Yasuno et al., 2018), and the intensities were obtained as relative light units (RLUs).
LC-MS/MS Analyses of Cypridina noctiluca Luciferase Mutated at N-Glycosylation Sites
Dmt CLucEX was S-reduced and alkylated as described previously (Mitani et al., 2017). The protein was digested with a mixture of trypsin and Lys-C endopeptidase and/or chymotrypsin (TL/C/CTL). An aliquot of each digest was heated at 80°C for 2 h in 0.1% TFA to remove sialic acid and to increase the detection sensitivity of glycopeptides. Each digest was analyzed by an LC-MS system using a nanoflow LC (Ultimate 3000, Thermo Fisher Scientific) and Orbitrap Fusion Tribrid mass spectrometer (Thermo Fisher Scientific). MS and MS/MS spectra were obtained by the Orbitrap analyzer with a resolution of 120,000 at 200 m/z. Data dependently selected precursor ions were fragmented by high-energy collision-induced dissociation (HCD) and HCD-fragment-triggered EThcD. Glycan peptide cluster analysis was performed by glycan-heterogeneity-based relational identification of glycopeptide signals on elution profile (Glyco-RIDGE; Togayachi et al., 2018). MS/MS spectra were searched using Mascot (ver. 2.5.1, Matrix Science, MA, United States) with the UniProt protein sequence database for Homo sapiens including sequences of CLuc (gi|41152712) with mutations (T184A + N404D). Search parameters were set as described previously (Mitani et al., 2017) with slight modifications; Hex(1) HexNAc(1)_Nli(ST) or Hex(1) HexNAc(1) NeuAc(2)_Nli(ST); Nli: neutral loss and ignore mass were set, enzyme; semi for each enzyme, and maximum missed cleavage for chymotrypsin; 6.
Cypridina noctiluca Luciferase Expression in Silkworm and Initial Purification
Recombinant CLucSW proteins were produced using the silkworm expression system as described previously (Maeda et al., 1985). CLuc ORF was amplified by PCR and inserted into the pHS02 vector under the control of a polyhedron promoter. The recombinant CLucSW was designed to be produced with FLAG-tag at its carboxyl terminus. Silkworm body fluid was collected from 20 individuals and subjected to ion exchange chromatography using the HiTrap Q HP column (GE Healthcare, IL, United States). The activities of elusion fractions using up to 500 mM NaCl were monitored by light emission activity using synthetic cypridinid luciferin as described previously (Yasuno et al., 2018). The active fractions were pooled and concentrated using a centrifuge filter unit (Amicon Ultra-15, Millipore, MA, United States), followed by desalting using a PD-10 column (GE Healthcare) according to the manufacturer’s protocol. The desalted sample was then further purified using anti-FLAG affinity gel (Merck, Germany).
Purification of Double Mutant Recombinant ProteinSW
Dmt CLucSW was purified by anion exchange chromatography using a MonoQ column (Cytiva, MA, United States). The purification was performed under the conditions of 20 mM HEPES-NaOH pH 7.5, 100–600 mM NaCl in a linear gradient. Finally, gel filtration chromatography using a Superdex 200 Increase column (Cytiva) was carried out under the conditions of 150 mM NaCl and 20 mM HEPES-NaOH pH 7.5 to make the final purified sample. The sample at this stage showed a single band in SDS-PAGE.
Plasmid Construction for BY-2 Cells and Protein Expression
The Dmt CLucBY coding sequence was amplified by PCR from chemically synthesized cDNA with a Sma1_cLUC_ F (5′-ggg​ccc​ggg​ATG​AAG​ACT​TTA​ATA​CTC​GCT-3′) and Sal1_cLUC_R (5′-CCC​GTC​GAC​TCA​CTT​GCA​CTC​ATC​TGG​CA-3′) primer pair and cloned into a p35SHSPG vector (Oshima et al., 2011). Then, CaMV35Spro::Dmt CLUC::HSPter was transferred to a pBCKK T-DNA vector (Mitsuda et al., 2006) and transformed into Rhizobium radiobacter GV3101.
RESULTS AND DISCUSSION
Recombinant Cypridina noctiluca Luciferase Expression Using Expi293 Expression System
In a previous work, we reported the expression of recombinant CLuc deficient in N-glycosylation binding sites (Dmt CLucCO) in a mammalian adherent cell, COS1. In the present study, we first focused on Expi293F cells, which have been adapted to grow in high density and to give higher recombinant protein yields, and tried a suspension culture of the Expi293 expression system, with the expectation of high expression of CLuc. Each expression vector for Wt or Dmt CLucEX was transfected into Expi293F cells. After 5 days of incubation, the accumulation of CLucEX in the medium was confirmed by immunoblot analysis using an anti-CLuc antibody (Figure 1A). Mobility shift differences between Wt and Dmt CLucEX were presumably due to deficiencies in N-glycans. Over 90% of the luciferase activities were observed in the medium in both Wt and Dmt CLucEX, indicating that the majority of CLuc produced in Expi293F cells was secreted into the medium efficiently. The activity of CLucEX was determined by measuring the luminescence intensity using synthetic cypridinid luciferin. The specific activities of Wt and Dmt CLucEX in the medium were calculated by dividing the luminescence intensities by the estimated intensities of their immunoblot CLucEX bands (Figure 1B). The visibility of the immunoblot band differed among multiple experiments, and the estimation range was broad. Thus, we performed 3 independent experiments and calculated the average of the specific activity ratio for Dmt CLucEX relative to that for Wt CLucEX. A typical result is shown in Figure 1B, where the ratio was approximately 120%, but the average ratio was 90.7 ± 21.8%. These data showed that the specific activities of Wt and Dmt CLucEX were almost the same, unlike the previous result of approximately 20% for Dmt CLucCO expressed in COS1 cells.
[image: Figure 1]FIGURE 1 | Expression of recombinant wild-type (Wt) and double mutant (Dmt) CLucEX. (A) Immunoblot analysis of recombinant proteins using anti-CLuc antibody. (B) Relative specific CLucEX activities in the medium. CLucEX-specific activities were determined by dividing the luminescence intensities by the amount of each protein estimated from immunoblot band intensities. The activity of Wt CLucEX corresponds to 100%. Note that the immunoblot band looks broad due to glycosylation modification.
Confirmation of N-glycosylation site mutations and search for O-glycosylation site(s) of Dmt CLucEX expressed in Expi293F cells by LC-MS.
Dmt CLucEX protein samples digested with chymotrypsin and/or a mixture of trypsin and Lys-C endopeptidase were analyzed by LC-MS/MS, and the obtained MS/MS spectra (HCD) were searched using Mascot to identify Dmt CLucEX-derived peptides (Supplementary Tables S1–S6). For the trypsin + Lys-C (TL) digest, 81% of peptides were identified, and a peptide containing mutation T184A was included. In addition, for the chymotrypsin digest, 87% of peptides were identified, including a peptide with an N404D mutation (Supplementary Tables S1, S3). These results indicate that both N-glycosylation sites were mutated and lost.
To search for other glycosylated site(s), EThcD MS/MS spectra were obtained by triggering with HCD fragments of m/z = 138, 204, or 366, that is, diagnostic fragment ions of glycan corresponding to [HexNAc-CH6O3]+, [HexNAc]+, or [HexHexNAc]+, respectively. Several O-glycosylated peptides, which were modified with glycan at a serine or threonine residue, were found by the Mascot search, peptide sequences were identified from HCD spectra, and glycosylated sites were assigned by EThcD spectra (Supplementary Tables S2, S6, Supplementary Figures S1–S5). In a TL digest, the HCD MS/MS spectrum of peptide sequence PPNTVPTSCEAK (residues 27–38) having a Hex(1) HexNAc(1) NeuAc(2) modification was found, presenting a series of diagnostic ions of glycan including a NeuAc-H2O fragment (m/z = 274) and a ladder-like signal of glycopeptides suggesting a NeuAc-Hex-HexNAc-peptide (Supplementary Figure S1). A partial sequence of the core peptide was assigned. In an acid-treated digest with chymotrypsin + trypsin + Lys-C (CTL), glycopeptides having the same core sequence, PPNTVPTSCEAK, carrying 1 and 2 Hex(1) HexNAc(1) modification(s), were identified. A partial peptide sequence could be assigned from their HCD spectra, but the modification sites were not identified because there are 3 potential Ser/Thr in the peptide (Supplementary Figure S2). Glyco-RIDGE analysis of the acid-treated TL digest revealed a cluster of the core peptide having different glycan compositions, that is, members carrying glycans of Hex:HexNAc:dHex = 0:0:0 (no glycosylation), 0:1:0, 1:1:0, 1:2:0, 2:2:0, and 3:3:0 (data not shown). Extracted ion chromatograms are shown in Supplementary Figure S3 for the signals of 0:0:0, 0:1:0, 1:1:0, and 2:2:0. Signals of 1:2:0 and 3:3:0 were too weak to be seen in the figure. The signal of non-glycosylated peptide was highest even when the scale was reduced to 1/100, suggesting that the glycan occupancy of the peptide was quite low, about 2% of the area. The glycopeptide carrying Hex(1) HexNAc(1) showed twin broad peaks. The EThcD spectra of glycopeptide ions at 3 different retention times were compared (Supplementary Figure S4), revealing multiple O-glycosylated sites in the peptide sequence: Thr-30 and Thr-33 or Ser-34. MS/MS acquired at time (2) in Supplementary Figure S3 suggested that both Thr-30 and Thr-33 were glycosylated (Figure 2). The EThcD spectrum of the peptide having 2 Hex(1) HexNAc(1) was found, and Thr-30 had the Hex(2) HexNAc(2) modification (Supplementary Figure S5). In addition, another sequence EGECIDSSCGTCTR (residues 39–52) was found to have Hex(1) HexNAc(1); however, the site could not be assigned. The rate of O-glycosylation of the peptide was found to be quite low (<1/104) from the area of the extracted ion chromatogram (data not shown).
[image: Figure 2]FIGURE 2 | EThcD MS/MS spectrum of a peptide (PPNTVPTSCEAK) having Hex(1) HexNAc(1). MS/MS acquired at the time of (3) in Supplementary Figure S3. Masses of predicted fragment ions are listed in the inset tables. Fragment ion characteristics of glycosylation at Thr-30 are indicated in red, those at Thr-33 are in blue, and common ones are in gray. HexNAcHex and carbamidomethyl modifications are indicated by single and double asterisks, respectively.
Deletion Mutants of O-Glycosylation Residues
Deletion mutants were constructed to remove the region around O-glycosylation residues at Thr-30 and Thr-33 (Figure 3A). Protein expression using the Expi293 expression system was confirmed by immunoblot analysis (Figure 3B), and specific activities were determined based on the immunoblot band intensity (Figure 3C). Specific activities were halved in mutants with deletions at residues 19–24 and 19–30 when compared to the full length of Dmt CLucEX. However, no activities were exhibited by the mutants with further deletions at residues 19–36, 19–42, or 19–48, even when the protein amounts were almost equal to those of the full-length protein. These results suggested that the amino acid residues at 31–36 (VPTSCE) were important for CLuc function. This region was highly conserved with the luciferase of the related cypridinid species, including cysteine residues (Supplementary Figure S6).
[image: Figure 3]FIGURE 3 | Luminescence activities of Dmt CLucEX deletion mutants. (A) Schematic representation of full-length Dmt CLucEX and its deletion mutants. Each construct was designed to have a natural signal peptide (SP 1–18) and His tag (His × 6)–TEV sequence at the amino terminus. The O-glycosylation sites are at 30 and 33. VWD-like domains are indicated by black bars at the top of the panel. (B) Immunoblot analysis of Dmt CLucEX deletion mutants. Expi293F cells were transfected with the indicated constructs, and the produced protein secreted into the medium was analyzed by Western blotting using anti-CLuc antibody. (C) Relative specific activity of each Dmt CLucEX deletion mutant. Specific CLucEX activities were determined as shown in Figure 1. Note that the band in lane 3 is very faint, probably due to the low expression level of this construct.
Moreover, the removal effects of carboxyl-terminal regions of Dmt CLucEX were investigated. A deletion mutant (19–314) designed to remove the second VWD-like domain exhibited no luciferase activity even though protein production was confirmed at the predicted size of 36 kDa (Figure 3B), suggesting that the residues at 315–553 were indispensable regions for CLuc function. Deletion of the residues at 453–553, which was designed to remove the carboxyl region behind the second VWD-like domain, resulted in a significant reduction of protein production, observed as a slight band around 50 kDa (Figure 3B). Deletion of the region at 453–553 might lead to the instability of the protein or to a reduction of secretion efficiency in this expression system.
Recombinant Cypridina noctiluca Luciferase Expression Using Silkworm
The recombinant proteins of Dmt and Wt CLucSW were produced using the silkworm expression system. First, each recombinant protein was simply purified using anti-FLAG affinity gel, and a single band was observed for each case in the SDS-PAGE analysis (Figure 4). Depending on the protein, treatment with a reducing agent differently affected the mobility in the gel, as shown previously (Mitani et al., 2017). The Wt CLucSW band looked larger than the Dmt CLucSW band, and this difference was more obvious under the non-reducing conditions (Figure 4). This size difference would be due to the glycan modification, suggesting that an N-glycan chain would be added to CLuc when produced in silkworm, similar to the case with COS1 and BY-2 cell expressions, as previously reported (Mitani et al., 2017; Yasuno et al., 2018). The luciferase activities of Dmt and Wt CLucSW were 4.24 × 107 and 1.67 × 108 RLU ng−1, respectively. These data indicated that almost 25% activity was retained in the Dmt CLucSW even without glycan modification. These data were similar to those obtained using a mammalian expression system, which resulted in approximately 20% activity for Wt CLucCO (Yasuno et al., 2018). We also produced another mutant, N182D + N404D, and expected an improvement in its specific activity. This mutant recombinant protein was successfully produced (Figure 4), but its activity was almost the same as that of Dmt CLucSW (4.18 × 108 RLU ng−1). Thus, we decided to use Dmt CLucSW for further analysis.
[image: Figure 4]FIGURE 4 | CLuc expression in silkworm. CLucSW recombinant proteins (200 ng for each lane) were analyzed by SDS-PAGE. The gel mobility was different under reducing or non-reducing conditions. The apparent molecular weight was higher under reducing conditions than under non-reducing ones, showing relative compact folding of the recombinant proteins under non-reducing condition probably due to disulfide bonding. In both cases, the recombinant Wt CLucSW band looks larger than the Dmt CLucSW band. (a) Dmt CLucSW. (b) N182D + N404D mutant CLucSW. (c) Wt CLucSW.
Next, to improve the recombinant protein purity, each sample was successively purified by FLAG-tag affinity chromatography and anion exchange chromatography. The results showed that Dmt CLucSW was separated into two major peaks (Supplementary Figure S7A). Considering the peak area ratio of the chromatograph, the existence ratio of these fractions was estimated to be about 1:3. The two separated peaks of Dmt CLucSW were collected, and each sample was subjected to gel filtration chromatography. The higher molecular weight fraction was eluted in the void volume, and the lower one was eluted in the volume corresponding to the molecular weight of the CLucSW monomer. Next, electrophoresis under native conditions was performed on each of these fractions. As shown in Supplementary Figure S7B, the Wt CLucSW and the Dmt CLucSW, which were derived from the lower molecular weight fraction in the gel filtration chromatography, showed a single band near the calculated molecular weight in each case, while the Dmt CLucSW, which was obtained as the void fraction in the gel filtration, showed a much higher molecular weight than the monomer. This aggregation is probably due to misfolding, since glycosylation is known to be involved in the correct folding of secreted proteins during translation (Wang et al., 2018). These aggregated Dmt CLucSW did not show any luciferase activity. These data seemed reasonable because only 25% of Dmt CLucSW was produced as a monomer, probably with normal activity, while the remaining 75% was aggregated during protein production, resulting in no luciferase activity. Thus, our first estimates of the specific activity of the Dmt CLucSW when purified only with anti-FLAG affinity were artificially low due to the presence of a high percentage of aggregated, non-functional luciferase. In the case of Dmt CLucCO expressed using COS1 cells, the specific activity was 20% of that of the Wt CLucCO (Yasuno et al., 2018). Although we did not perform further purification for this protein due to the limited amount of protein produced, 80% of the recombinant protein may have aggregated during protein production, as in the case of the silkworm expression system.
Recombinant Cypridina noctiluca Luciferase Expression Using Suspension-Cultured Tobacco BY-2 Cells
Wt CLucBY was efficiently expressed using cultured tobacco BY-2 cells (Mitani et al., 2017), and thus, we tried to produce Dmt CLucBY. However, none of the clones produced recombinant Dmt CLucBY even though we tested 4 independent BY-2 callus clones. This result suggested that the N-glycosylation of CLucBY was essential for its recombinant protein production in BY-2 cells.
CONCLUSION
In this study, we produced recombinant mutant CLuc lacking N-glycosylation motifs using Expi293F cells, silkworms, and tobacco BY-2 cells. The relative activity of the produced Dmt CLucEX was almost the same as that of the Wt CLucEX, whereas Dmt CLucCO was approximately 20% of that of Wt CLucCO in the previous study (Yasuno et al., 2018). In the case of the silkworm system, the relative activity of mutant CLuc purified using only anti-FLAG affinity gel was 25% of that of Wt CLucSW. However, further purification revealed that approximately 75% of the FLAG-purified recombinant protein was aggregated and its enzyme activity was lost. In the BY-2 cells, our attempt to express Dmt CLucBY resulted in no recombinant protein production despite the use of 4 independent transgenic callus clones. Taken together, our results suggested that the productivity of CLuc mutated in the N-glycosylation sites differed depending on the expression host. Therefore, we should choose the recombinant protein expression system carefully in order to minimize the effect of glycosylation, especially for cases such as protein crystallization, which requires the removal of glycan. In our case, the Expi293 expression system was the best choice for Dmt CLuc production. To understand the reason for these differences in protein production efficiency, we need to study the protein production pathway in detail and to investigate which point is critical for the efficient production of recombinant protein. Finally, we identified important residues involved in CLuc activity. Crystallographic analysis will be necessary to clarify the functions of these residues in the oxidation process of cypridinid luciferin.
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Enhancing DNT Detection by a Bacterial Bioreporter: Directed Evolution of the Transcriptional Activator YhaJ
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Detection of buried landmines is a dangerous and complicated task that consumes large financial resources and poses significant risks to the personnel involved. A potential alternative to conventional detection methodologies is the use of microbial bioreporters, capable of emitting an optical signal upon exposure to explosives, thus revealing to a remote detector the location of buried explosive devices. We have previously reported the design, construction, and optimization of an Escherichia coli-based bioreporter for the detection of 2,4,6-trinitrotoluene (TNT) and its accompanying impurity 2,4-dinitrotoluene (DNT). Here we describe the further enhancement of this bioreporter by the directed evolution of YhaJ, the transcriptional activator of the yqjF gene promoter, the sensing element of the bioreporter’s molecular circuit. This process resulted in a 37-fold reduction of the detection threshold, as well as significant enhancements to signal intensity and response time, rendering this sensor strain more suitable for detecting the minute concentrations of DNT in the soil above buried landmines. The capability of this enhanced bioreporter to detect DNT buried in sand is demonstrated.
Keywords: bioreporter, biosensor, directed evolution, explosives, landmines, LysR family, 2,4-dinitrotoluene
INTRODUCTION
The high risks involved in most prevalent methodologies for buried landmine detection, which require the on-site presence of personnel, have created an acute need for a standoff detection technology. To date, no commercially available technology meets this need.
The primary explosive found in most landmines is 2,4,6-trinitrotoluene (TNT), which is often accompanied by a 2,4-dinitrotoluene (DNT) manufacturing impurity. Vapors of both TNT and DNT have been reported to exist in soils above buried landmines (Sylvia et al., 2000; Jenkins et al., 2001). These vapors migrate to the surface through plastic components or from cracks in the casing, and their identification has served as a basis for diverse approaches for landmine bio-detection (Habib, 2007; Smith et al., 2008). The relatively volatile and stable DNT is considered an excellent signature chemical for the presence of TNT-based explosive devices (Jenkins et al., 2001).
Microbial bioreporters are genetically engineered microbial strains, “tailored” to report the presence of chemical targets (Van der Meer and Belkin, 2010; Elad and Belkin, 2016). The recombinant constructs harbor a fusion of a gene promoter, involved in the cellular response to the target, and a reporter gene(s), the expression of which yields a quantifiable output. The most commonly used reporter elements are the lacZ, gfp, or lux genes, yielding chromatic, fluorescent, or bioluminescent signals.
The use of microbial bioreporters for sensing TNT or DNT vapors in soil, indicating the location of buried explosive devices, has been proposed already in 1999. A number of bacterial bioreporters for the detection of traces of explosives have since been described (Burlage et al., 1999; Altamirano et al., 2004; Radhika et al., 2007; Garmendia et al., 2008; Kim et al., 2008; de las Heras and de Lorenzo, 2011; Davidson et al., 2012; Lönneborg et al., 2012; Yagur-Kroll et al., 2014; Yagur-Kroll et al., 2015; Tan et al., 2015; Belkin et al., 2017; see Shemer et al. (2015, 2017) for reviews). Prominent among these reports is a description of E. coli-based DNT/TNT bioreporters harboring a genetic fusion between E. coli’s endogenous yqjF gene promoter to either the green fluorescent protein gene GFPmut2 or to Photorhabdus luminescens bioluminescence luxCDABE genes (Yagur-Kroll et al., 2014, 2015). While the fluorescent variant has been instrumental in demonstrating the standoff detection of real antipersonnel landmines (Belkin et al., 2017), recent efforts have concentrated on molecularly enhancing the performance of the bioluminescent variants (Shemer et al., 2020; 2021; Shpigel et al., 2021), in parallel to unravelling the DNT degradation pathway (Shemer et al., 2018) and the yqjF regulatory mechanism in E. coli (Palevsky et al., 2016). The latter study has pointed at YhaJ, a member of the LysR type family of transcriptional regulators, as a positive regulator of yqjF activation, linked to aromatic compounds degradation.
A close look at the published characteristics of previously described bacterial explosives’ sensor strains reveals that their performance may need to be significantly enhanced before their use can be considered for landmine detection under actual field conditions (Shemer et al., 2015, 2017). For example, equilibrium headspace concentrations of DNT and TNT vapors above TNT based landmines can be as low as 0.28 pg/ml and 0.077 pg/ml, respectively (Jenkins et al., 2001). Not all reported detection thresholds are sufficiently low to detect such low concentrations.
The aim of the present study was to improve the performance of the yqjF-based bacterial bioreporter by manipulating its regulatory protein YhaJ. This was achieved by a directed evolution of both the yhaJ gene and its promoter, carried out by three sequential random mutagenesis cycles. The selected final construct displayed superior DNT detection capabilities both in aqueous media and over a sand target.
MATERIALS AND METHODS
Chemicals
Analytical grade DNT was purchased from Sigma-Aldrich. An ethanol stock solution (27 g/L) was kept at 4°C and diluted according to need. Sodium alginate (CAS 9005-38-3) and polyacrylic acid (PAA, CAS 9003-01-4, Mw ∼250,000, 35 wt% in H2O) were purchased from Sigma-Aldrich (Israel).
Plasmids
To monitor the effects of sequence manipulations of the yhaJ gene and promoter, two separate plasmids were initially employed in the same E. coli host (referred to hereafter as the two-plasmid system). Plasmid pACYC-yhaJ (Figure 1A), a derivative of plasmid pACYC184 (Chang and Cohen, 1978), harbored the complete yhaJ gene, driven by its own original promoter. The promoter region and coding sequence of yhaJ were obtained by PCR amplification from the E. coli genome, introducing SphI and SalI restriction sites with primers yhaJ-SphI and yhaJ-SalI (Supplementary Table S1). The PCR products were gel-purified, digested with SphI and SalI, and ligated into the same restriction sites in pACYC184. The second plasmid, pBR-C55-luxPl (Figure 1B), contained a fusion between the Photorhabdus luminescens luxCDABE genes and C55, a mutated version of the yqjF promoter (Shemer et al., 2020).
[image: Figure 1]FIGURE 1 | Schematic designs of the plasmids used in this study. The yhaJ gene, fused to its native promoter, is mounted on a pACYC platform (A); in the two-plasmid system, this plasmid is co-transformed with plasmid pBR-C55-luxPl (B), which carries a fusion between the C55 promoter and the luxCDABE genes of P. luminescens. Alternatively, in the one-plasmid system, all components are mounted on a single pBR2TTS backbone, carrying a P. leiognathi luxCDABEG reporter gene cassette [plasmid G2a, (C)].
A single-plasmid system (plasmid G2a, Figure 1C) was obtained by cloning a mutated version (G2) of the yhaJ gene into plasmid pBR-C55-luxPleio (Shemer et al., 2021), in which the C55 promoter is fused to the luxCDABEG genes of Photobacterium leiognathi. The G2 variant was PCR-amplified using primers 115_F and 116_R (Supplementary Table S1); NEBuilder HiFi DNA Assembly kit (New England Biolabs, United States) was used to assemble the two fragments.
The E. coli host strains and the plasmids employed or constructed in the course of the present study are listed Table 1. Full DNA sequences of the plasmids used in the course of this study are available as supplementary FASTA files (pBR-C55-luxPl.fasta, pBR-C55-luxPleio.fasta, pACYC-yhaJ.fasta, G2a.fasta).
TABLE 1 | Strains and plasmids used in the course of this study.
[image: Table 1]Random Mutagenesis
The first two rounds of yhaJ mutagenesis were performed using the two-plasmid system. Error-prone PCR was conducted according to Kagiya and colleagues (Kagiya et al., 2005) with slight modifications. The reaction contained 1 mM dCTPs, 1 mM dTTPs, 0.2 mM dATPs, 0.2 mM dGTPs, 2.5 mM MgCl2, 1 mM MnCl2, 5 U/ml Taq DNA polymerase (Fermentas, #EP0402), and 50 pmol/ml of primers yhaJ-sphI and yhaJ-SalI (Supplementary Table S1). The error-prone PCR mixture (50 μL) was divided into five individual 10 μL aliquots to enhance the diversity of the resulting mutations. Following the error-prone PCR procedure, the reaction mixtures were pooled, purified, digested with SphI and SalI restriction enzymes, and ligated into the same restriction sites in pACYC. The products of the ligation reaction were used to transform E. coli strain BW25113 ΔyhaJ (Baba et al., 2006), already transformed with pBR-C55-luxPl, to generate a yhaJ variant library. Following each round of error-prone PCR, the library was screened for improved variants as described below. A third round of the yhaJ promoter and gene mutagenesis was conducted with the G2a plasmid as template, using primers 117_yhaJ_RM and 118_yhaJ_RM (Table S1). For this purpose, the G2a plasmid was digested with sbfI and stuI restriction enzymes, and the amplified mutated segment was inserted via Gibson assembly technique (NEBuilder HiFi DNA Assembly kit, New England Biolabs, United States).
Site-directed mutagenesis of selected point mutations was performed by Gibson assembly using primers modified with the desired substitution, and verified by sequencing.
DNA sequences of the various yhaJ (promoter and gene) generations constructed in the course of this study are available as a FASTA supplementary file (yhaJ-G1-G2-G3a-G3b.fasta).
Clone Library Screening and Storage
After each round of random mutagenesis, approximately 500 colonies were screened for improved variants as follows: the colonies were picked into 96-well microtiter plates, each well containing 150 μl of lysogeny broth (LB) supplemented with kanamycin (50 mg/L), ampicillin (100 mg/L), and chloramphenicol (30 mg/L). Also picked into the same set of 96-well microtiter plates were two colonies of the best performing variant of the previous generation. The 96-well microtiter plates were incubated overnight at 37°C with shaking (200 rpm), and 10-μl aliquots were then transferred into white 96-well microtiter plates with a transparent bottom, each well of which contained 90 μl of LB with or without DNT (2 mg/L) and 2% ethanol. The plates were incubated at 37°C and luminescence intensity (in the plate reader’s arbitrary relative light units, RLU) and optical density at 600 nm (OD600) were measured with a microplate reader (Infinite® 200 PRO, Tecan) at 45 min intervals for several hours. Variants that displayed a higher response ratio (light intensity in the presence of DNT divided by that in its absence) and a higher (or similar) signal intensity compared to the best performing variant of the previous generation were selected for further analysis. The remaining 130 μl of each overnight culture were augmented with 130 μl of 50% glycerol solution and stored at −80°C.
Exposure of Cells to DNT, Liquid Medium
Stored bacteria were plated on LB-agar Petri dishes supplemented with ampicillin (100 μg/ml), chloramphenicol (30 mg/L), and kanamycin (50 mg/L). Fresh colonies were grown overnight in LB with the same antibiotic composition at 37°C with shaking (200 rpm). Bacteria were diluted 100-fold in fresh LB and regrown under the same conditions to the mid-exponential growth phase (OD600 ≈ 0.3). Aliquots (50 μl) were pipetted into a white 96-well microplate with a transparent bottom (Greiner Bio-One) containing a twofold dilution series of DNT (double-distilled water, 4% ethanol) in the same volume. Light intensity (RLU) and absorbance (OD600) were measured with a microplate reader (Infinite® 200 PRO, Tecan) at 12.5 min intervals at ambient temperature. All experiments were repeated at least three times.
Performance Evaluation
Bacterial bioreporter performance was evaluated using four main parameters: signal intensity, response ratio, detection threshold, and response time. These parameters were defined as follows: Signal intensity, the amount of light emitted by the culture in relative light units (RLU), divided by the culture’s optical density (OD600); Response ratio, signal intensity of the induced sample divided by that of the non-induced reference; Detection threshold, the DNT concentration that would promote a response ratio of 2 as estimated by interpolation (EC200; Belkin et al., 1997); Response time, the time point at which a response ratio of two was first exceeded.
Immobilization of Microbial Biosensors in Ca-Alginate Beads
Ca-alginate, supplemented by polyacrylic acid (PAA), was used to immobilize the bacteria for the detection of DNT buried in soil as previously described (Shemer et al., 2021). A 2.5% (w/v) Na-alginate solution was prepared by dissolving 30 g of Na-alginate in 950 ml of deionized H2O. Next, 50 ml of a 10% (w/v) PAA solution, previously neutralized to pH 7.0 with 10 M NaOH, were added and the solution was kept at room temperature overnight to ensure a clear and homogenous solution. The bacterial strains were incubated overnight (37°C, 200 rpm) in 50 ml LB supplemented with the appropriate antibiotics, and then diluted x1/50 in 50 ml LB supplemented with the same antibiotics. The culture was regrown under the same conditions to an OD600 of 0.8–1.0. The bacteria were then centrifuged (20 min, 6,000 rcf, 4°C, Sorval RC5C) and the pellet was weighed and resuspended in 5 ml 0.9% NaCl. An aliquot of resuspended bacteria was added to 500 ml of Na-alginate-PAA to reach a concentration of 0.1% (w/v). The bacterial suspension was dripped into 0.1 M CaCl2 using a Buchi B390 Encapsulator (Buchi Labortechnik AG, Switzerland) equipped with a 1,000 µm nozzle, at a pressure of 550 mbar. The formed beads were kept in CaCl2 for at least 30 min, then strained and washed with 0.9% NaCl. The washed beads [average diameter 3.97 (± 0.22 mm standard deviation), n = 17] were stored at 4°C until used. Cell concentration in the beads was enumerated by submerging 10 beads in 10 ml of a 2% (w/v) sodium citrate solution, until the beads were fully dissolved. Then, serial dilutions in 0.9% NaCl were plated on LB-agar plates containing the appropriate antibiotics and incubated overnight at 37°C. The average cell concentration was 1.82 × 105 [± 1.9 × 104 standard deviation] cells/bead.
Exposure of Alginate-Immobilized Cells to DNT, Soil Surface
The bioluminescent response of the G2 and G2a bacterial bioreporters was measured on a soil surface using an imaging system comprised of a sensitive camera and an optical system for imaging the emittance of the bacteria onto the camera’s sensor array. The camera employed was a cooled scientific CMOS camera (PCO.edge5.5; PCO, Germany), characterized by a very low noise, a wide dynamic range, a rapid frame rate, and a high resolution. The optical system, designed for optimal imaging of the bacterial bioluminescent signal, was based on a high precision aspherical lens (Kowa, model LM12XC), which reduces distortion and produces high-definition images. The imaging system was isolated from both optical and electronic background noise in a special chamber, in which ambient light, temperature and humidity were strictly controlled. A detailed description of this controlled chamber can be found elsewhere (Agranat et al., 2021).
A monolayer of beads was homogenously spread on triplicate 35 mm diameter targets, containing soil with different amounts of buried DNT, as well as DNT-free control targets. The target array was imaged continuously with the temperature kept at 25°C and the humidity set to 55%. The targets were imaged with varying exposure times.
To extract quantitative data out of the imaged bioluminescent response, image processing tools were applied. We first defined a region of interest in the samples' locations by applying thresholds (Otsu, 1979), detecting edges (Gao et al., 2010), and detecting shapes (Ballard, 1981). The average luminescence value was then calculated for each sample across at least seven similar images in each batch and three similar targets. The bioluminescent response was measured in nW/cm2, according to a previously established calibration procedure (unpublished). Light emitted by a LED light source, with an emission spectrum and an intensity range similar to bacterial bioluminescence, was simultaneously measured by the CMOS camera-based imaging system and by a calibrated power meter (model StarBright, MKS Ltd.). The response of the direct imaging system was found to be linearly correlated to the optical intensity measured by the power meter in physical units (nW/cm2).
Further demonstration of the detection capabilities was also performed by spreading immobilized bacterial bioreporters (strain G3b) on a sand target containing DNT “hot spots”. These were prepared by placing DNT crystals (100, 300 and 1,000 mg) on separate Petri dishes, covering the explosives with sand (Sigma-Aldrich, 50-70 mesh, 40 g, 12 mm depth), and integrating the plates in a large container (20 × 28 x 5 cm) filled with Mediterranean beach sand. A thin layer (ca. 1-2 mm) of beach sand covered the targets, obtaining a uniform surface. The target was left at room temperature for 5 months prior to the experiment, to allow permeation of DNT vapors to the surface. The target was lightly sprinkled with LB medium prior to applying the beads. After placing the beads, the target was incubated in a dark chamber at room temperature and photographed every 15 min using a Sony s7a ii camera (4 s exposure, ISO 400), placed 1 m above the target, for a total of 9 h. To quantify the emitted luminescence, the integrated grey value across 10 randomly selected individual beads located above each “DNT hotspot” was quantified with ImageJ analysis software (Schindelin et al., 2012).
RESULTS
We set out to improve the performance of yqjF-based bacterial bioreporters for landmine detection by the directed evolution of YhaJ, a transcriptional regulator of yqjF activation (Palevsky et al., 2016). Using error-prone PCR, two yhaJ-targeted sequential mutagenesis rounds were performed, in which the yhaJ variants were incorporated into a plasmid (Figure 1A) that was subsequently introduced into a ΔyhaJ strain. The recipient cells were already transformed with a plasmid-borne fusion of a yqjF promoter [variant C55, previously modified for enhanced performance (Yagur-Kroll et al., 2014, 2015; Shemer et al., 2020)] to the P. luminescens bioluminescence luxCDABE gene cassette (Figure 1B). The clone libraries were screened, and clones that displayed a higher response ratio and a similar or higher signal intensity compared to the previous generation were further analyzed. The strain harboring the unmodified plasmids displayed in Figure 1A and Figure 1B is referred to as G0, and the best performers of mutagenesis rounds 1 and 2 as G1 and G2, respectively. Transferring the G2 variant to a one-plasmid design has yielded clone G2a (Figure 1C), with which a third round of error-prone PCR was conducted. The two mutant clones selected from among the variants generated in the third mutagenesis cycle are referred to as G3a and G3b.
Effect of the Directed Evolution Process on Signal Intensity, Response Ratio, Detection Sensitivity and Response Time
The response to DNT of selected clones from the different mutagenesis cycles is displayed in Figure 2. The signal intensity and response ratio dynamics of all variants were characterized by a lag phase followed by a dose-dependent increase, which peaked after 4–5 h. A clear increase in luminescence intensity as a function of the progress of the evolution process was observed (Figure 2A), a trend that was not fully replicated in the response ratios (Figure 2B), a parameter which is strongly affected not only by the increase in yqjF induction but also by changes in the control (uninduced) luminescence. The increases in the response ratio observed in clones G1 and G2 (Figures 2B,D) was mostly attributed to a significant decrease in the basal luminescence level with each generation. G2’s basal luminescence at time zero was similar to those of G0 and G1; however, it remained steady throughout the measurement and did not increase, as opposed to those of the two previous generations. Clones G3a and G3b, while superior to G2a in terms of signal intensity, suffered from a high background luminescence, which lowered their response ratios. The significant increase in light intensity from G2 to G2a, which harbors an identical yhaJ variant, is driven by the change of the lux reporter cassette from that of P. luminescens to P. leiognathi (Shemer et al., 2021).
[image: Figure 2]FIGURE 2 | Dynamics of the luminescent response of the various yhaJ generations to a single DNT concentration (1.1 mg/L), displayed as signal intensity (A) and response ratio (B). Panels (C) and (D) depict the maximal luminescence and maximal response ratios, respectively, over a 600 min exposure, as a function of DNT concentration for all yhaJ variants. Error bars represent the standard deviation across three repeats.
Two additional performance parameters that were improved along the evolutionary progression were the detection threshold and the response time. In Figure 3, the light intensity at the detection threshold is plotted against the threshold DNT concentration. A clear progressive increase in sensitivity from G0 to G3 is observed; clone G3b appears to embody an optimal combination of a low detection threshold with high signal intensity. The detection threshold, calculated here as the DNT concentration promoting a response ratio of 2 (Belkin et al., 1997), decreased by 37-fold from 1.5 ± 0.6 mg/L DNT in the wild type to 0.04 ± 0.01 mg/L in the G3a and G3b variants (Figure 3 and Table 2). The response time, determined as the time point at which a response ratio of two was first exceeded, was reduced from 74 to 37 min and from 127 to 66 min for 10 and 3.3 mg/L DNT, respectively. At a DNT concentration of 0.12 mg/L, detection was not observed for generations G0-G2, but was apparent after 120-160 min in the G2a, G3a and G3b variants (Table 2).
[image: Figure 3]FIGURE 3 | Luminescence intensity at the detection threshold for all yhaJ variants, as a function of the detection threshold (EC200: DNT concentration eliciting a response ratio of 2; Belkin et al., 1997). Error bars represent the standard deviation across three repeats.
TABLE 2 | Response times, signal intensity and DNT detection sensitivity for the different yhaJ variants.
[image: Table 2]Mutations Introduced in the Course of the Directed Evolution Process
Variant G2 carries three point mutations in yhaJ’s coding sequence (CDS), as revealed by sequencing: a cytosine-to-adenine conversion in position 91 of the CDS (g.91C > A), translating into a leucine-to-methionine substitution in position 31 of the amino acid (AA) sequence (p.L31M); a thymine-to-cytosine conversion in position 461 of the CDS (g.461T > C), translating into a methionine-to-threonine substitution in position 154 of the AA sequence (p.M154T); and a C-to-T conversion in position 812 of the CDS (g.821C > T), translating into an alanine to valine substitution in position 274 of the AA sequence (p.A274V; Figure 4). The first two point-mutations, p.L31M and p.M154T, were the result of the first round of random mutagenesis and are the ones carried by G1, while the third mutation, p.A274V, was introduced into yhaJ’s CDS in the second round.
[image: Figure 4]FIGURE 4 | Multiple sequence alignment of YhaJ generations G0, G1, G2, and G3a, showing the amino acid replacements, as generated using the Clustal Omega tool (Sievers et al., 2011). The residue conservation scores of YhaJ, obtained with Consurf (Ashkenazy et al., 2016) based on 150 homologues from the UniRef database, are shown above the alignment.
To reduce potential instability due to plasmid imbalance, as well as to negate the need to transfect clones resulting from random mutagenesis with an additional plasmid before screening for activity, the third-generation variant (G2) of the yhaJ gene and promoter was mounted on the pBR-C55-luxPleio plasmid, yielding plasmid G2a. An additional round of mutagenesis of the yhaJ gene and promoter was conducted on this plasmid, and selected variants were transformed into a yhaJ deficient mutant. As noted above, the two mutant clones selected following this process were denoted G3a and G3b. The G3a variant has two mutations in its promoter sequence (C50 > A and A136 > G) as well as several mutations in its CDS. Three point-mutations (g.A260 > T, g.A484 > T, g.A698 > G) are reflected by AA substitutions (p.D87V, p. I162F, p. Q233 > R), while additional three codon substitutions (g.C54 > T, g.T600 > A, g.G762 > A) do not alter the AA sequence. In contrast, the G3b variant has only three point-mutations, all of which are positioned in the promoter region (G11 > T, A51 > G, T133 > A). The amino acid sequences of variants G0, G1, G2, and G3a are shown in Figure 4.
An estimation of the evolutionary conservation of the amino acid positions in YhaJ, based on the phylogenetic relations between homologous sequences, revealed, as expected, an agreement between the conservation level and the type of amino acid replacement. Amino acids in conserved positions were replaced with amino acids with similar properties, while other substitutions could be more radical (Figure 4). Querying the YhaJ AA sequence against the Protein Data Bank (PDB) (wwPDB consortium, 2019), we found a high degree of homology between YhaJ and CrgA, a LysR type transcription regulator (LTTR) from Neisseria meningitidis. This homology indicates that the mutations introduced here to YhaJ’s amino acid sequence span all of the protein’s domains, including the DNA binding domain (p.L31M), the linker helix (p.D87V), and the regulatory domains, in which substrate binding takes place (p.M154T, p. I162F, p. Q233R, and p. A274V) (Maddocks and Oyston 2008; Sainsbury et al., 2009).
In previous studies, a common motif was found in YhaJ-regulated genes (Palevsky et al., 2016; Henshke et al., 2021). Interestingly, the MEME suite algorithm (Bailey et al., 2006), has revealed a significantly enriched (E-value of 1.1 × 10−5) sequence motif (Figure 5A). This motif is positioned on the (−) strand of the yhaJ promoter and contains a highly conserved binding site (Connolly et al., 2019; Connolly et al., 2020).
[image: Figure 5]FIGURE 5 | Panel (A)—a common motif found in the promoter regions of yhaJ and genes the activation of which is YhaJ-dependent (Palevsky et al., 2016; Henshke et al., 2021). Analysis was performed with the MEME suite algorithm (Bailey et al., 2006). The E-value represents the statistical significance of the motif as calculated by the MEME algorithm. Panel (B)—location of the sequence motif (marked red), as well as the first methionine of YhaJ (marked green), a known YhaJ binding site (Connolly et al., 2019, 2020), and the location of two point-mutations, T133 > A and A136 > G, found to significantly enhance the response of the bioreporter to DNT.
Variants G3a and G3b both host mutations located in this motif; A136 > G and T133 > A for G3a and G3b, respectively. Furthermore, in both cases the mutation is located at a highly conserved position of the YhaJ binding site (Figure 5B). This could hint at the importance of these two mutations in enhancing the activity of the bioreporter, as well as at the possible autoregulation of YhaJ. Autoregulation of LTTR’s has been shown to be a widespread genetic phenomenon (Maddocks and Oyston, 2008), but to the best of our knowledge has not been specifically shown in YhaJ.
To characterize the contribution of each mutation originating from the last round of mutagenesis to the effect demonstrated in the G3b strain, a set of G2a plasmids was constructed, supplemented with all the possible combinations of the identified single-point mutations. As depicted in Figure 6, no single mutation originating from the last round of mutagenesis is accountable for the increased response in G3b. However, when modifying G2a with both A51 > G and T133 > A mutations, the response of the resulting strain is practically similar to that of G3b.
[image: Figure 6]FIGURE 6 | Luminescent response to DNT of strain G2a, to which the three mutations characterizing strain G3b have been introduced singly or in pairs. Panel (A)—maximal signal intensity observed for each strain in the presence of different DNT concentrations; panel (B)—response dynamics of all strains when spiked with 0.12 mg/L DNT.
Rapid Imaging of the G2 Variant’s Luminescence: Comparing the Double-Plasmid (G2) and the Single-Plasmid (G2a) Clones
The benefit of the increased light intensity displayed by the G2a variant is further underlined when performing rapid measurements, which may be essential in actual field applications. To demonstrate this, a sensitive cooled scientific CMOS camera, installed in a temperature- and humidity-controlled chamber, was employed to capture the signal emitted by immobilized bacteria placed on top of DNT-containing sand targets. The imaging was performed with two separate exposure times, 2000 and 200 ms. A two-plasmid design, harboring plasmids G2 and pBR-C55-luxPleio and containing the same relevant genetic parts, served for comparison. As demonstrated in Figure 7, the increased light emission of the G2a one-plasmid design enabled the detection of all tested DNT concentrations, even at the short exposure time (200 ms). In contrast, in the case of the two-plasmid system, it was not possible with this short exposure to differentiate the signal emitted in the presence of the low DNT concentration (0.125 mg/kg) from that of the background.
[image: Figure 7]FIGURE 7 | Luminescent response of the two-plasmid design [yhaJ (G2) + pBR-C55-Pleio; (A,B)] and the single-plasmid design [G2a; (C,D)] to DNT buried in sand. The targets were incubated at 25°C, 55% relative humidity, and imaged with a PCO. edge5.5 CMOS camera at constant intervals. A calibration process was employed to convert the measured luminescent signal to physical units (nW/cm2). Exposure times were 2000 ms (A,C) and 200 ms (B,D).
Detection of Buried DNT by Variant G3b
To demonstrate the detection capabilities of the most advanced yhaJ generation, G3b, the bacteria were immobilized in small (ca. 4 mm diameter) alginate beads and spread over a sand-filled container with three DNT “hotspots” (Figure 8A). After several hours, a clear luminescent response was visible, even with the camera’s modest imaging sensitivity parameters (Figure 8B). The images across 9 h of the experiment (Supplementary Video S1) were joined and analyzed by integrating the grey values across equal areas above the different hotspots. Interestingly, the luminescent signal across the entire target rose during the first 2 h of the experiment, then the background decreased, and the signal above the buried DNT could be clearly discerned (Figure 8C). The response time increased with decreasing DNT concentrations; a response ratio of two was observed after 105 min above 1 g of DNT, while 225 and 375 min were required to obtain the same response ratio for 0.3 and 0.1 g DNT, respectively (Figure 8D).
[image: Figure 8]FIGURE 8 | Detection of DNT buried in sand by the G3b variant. Immobilized bioreporters were spread across a target containing three DNT “hotspots” (marked in red), buried in a sand-filled container (A), incubated at room temperature, and imaged every 15 min. (B)—an image taken after 9 h of incubation. (C)—Average signal intensity across 10 beads located above each hotspot, calculated by grey value integration. (D)—Response ratio measured above each hotspot. Imaging was performed with a Sony a7s ii camera (4 s exposure time, ISO 400) in a dark chamber, from a distance of ca. 1 m. Error bars represent the standard deviation based on luminescence measurement of nine random beads located above each target.
DISCUSSION
The microbial sensor strain at the core of the present study harbors a fusion of the E. coli yqjF gene promoter to bioluminescence reporter genes. In previous studies we have significantly enhanced the performance of this bioreporter by manipulating the sequence of the promoter region (Yagur-Kroll et al., 2015) and by introducing mutations into the host strain (Shemer et al., 2020), as well as by varying the origin of the reporter genes (Shemer et al., 2021). In the present study we have adopted a different approach: modifying YhaJ, the LysR-type transcriptional regulator of yqjF (Palevsky et al., 2016), by inserting into it potentially beneficial mutations by error-prone PCR. After three rounds of mutagenesis we have isolated a yhaJ variant (G3b) hosting point-mutations in both its promoter and its coding sequence, the activity of which was highly superior to that of the parent strain. Its maximal luminescent signal intensity was 69-fold higher (in the presence of 0.12 mg/L DNT), its DNT detection threshold 37-fold lower, and its response time (in the presence of 3.3 mg/L DNT) was reduced by ca. 50% (Table 2). Furthermore, we have demonstrated the capability of this enhanced luminescent bioreporter to detect DNT buried in soil with a relatively simple imaging device.
Putting the CDS mutations in a wider context reveals additional details about their unique locations in YhaJ’s secondary and tertiary structures. The activity of a single point mutation clone carrying L31M was comparable to that of the wild type (data not shown), as was a substitution of serine for L26 in the LTTR MetR (Maxon et al., 1990). The M154T mutation by itself could also not account for the G0 to G1 improvement; only when combined, have these two mutations brought about the phenotype exhibited by G1 (data not shown). M154 and A274 are situated next to conserved or semi-conserved positions (I)150 and (I)271, respectively (Figure 4). In the LTTR DntR, which has been isolated from a Burkholderia species that is able to degrade 2,4-DNT, the amino acids in these positions (L151 and I273; Figure 9) were predicted to form direct hydrogen bonds with the carboxyl and hydroxyl groups of salicylate as an inducer (L151) and to stabilize its aromatic ring by hydrophobic interactions (I273; Smirnova et al., 2004). Therefore, M154 and A274 may directly interact with Yhaj’s ligand, providing the protein with its specificity. Similar to M154 and A274, Q233 is located in a small flanking region of a conserved domain, which contains a part of the inducer-binding crevice predicted for the LTTR NodD (Figure 4 and Figure 9; Schell 1993; Györgypal and Kondorosi 1991). Mutations in this region alter the responses of LTTRs to their inducers, highlighting its importance to the multiple functions of this protein family. For example, substitution mutations at positions 231 and 252 in NahR (Huang and Schell 1991) or position 234 of OxyR (Christman et al., 1989) caused an inducer-independent phenotype, resembling the increase in light intensity in the transition between strains G2a and G3a, where Q233R was added (Figure 2C and Figure 9). In contrast, substitutions at NahR’s positions 227 or 253 resulted in activation-deficient mutants (Schell et al., 1990). These two different phenotypes emphasize the benefit of the random mutagenesis approach, given the high number of possible substitutions and the complexity in the a priori prediction of their effects.
[image: Figure 9]FIGURE 9 | Multiple sequence alignment of YhaJ and selected LTTRs, as generated using the Clustal Omega tool (Sievers et al., 2011). YhaJ (WT): Escherichia coli, NCBI Reference Sequence: NP_417576.1; MetR: E. coli, UniProtKB Entry Identifier: P0A9F9; DntR: Burkholderia sp, UniProtKB Entry Identifier: Q7WT50; NodD: Rhizobium meliloti, UniProtKB Entry Identifier: P03031; NahR: Pseudomonas putida, UniProtKB Entry Identifier: P10183; OxyR: E. coli, UniProtKB Entry Identifier: P0ACQ4. Positions that were altered in this study are marked in red. Other positions mentioned in the main text are marked in blue.
From examination of the data in Figure 2 and Figure 3, it appears that the main improvement in detection sensitivity occurred during the first two rounds of random mutagenesis, from G0 to G2, while the main enhancement of signal intensity was contributed by mutations in the promoter region, as well as by changes in the reporter element and plasmid design. It could be postulated that changes to the coding sequence resulted in increased binding of the YhaJ transcription factor to its ligand, therefore increasing its sensitivity. Alternatively, changes to the promoter region resulted in increased production of YhaJ, leading to an overall increase in response but not necessarily to an increased detection sensitivity.
In an approach different from the one presented here, successful performance enhancement of bacterial reporters, involving a ligand-binding transcriptional regulator, has previously been reported by molecular redesign of the sensor’s response circuit, rather than by directed evolution. Small molecule-inducible gene expression was amplified by tuning intracellular receptor densities and the use of transcriptional amplifiers (Wang et al., 2014; Wang et al., 2015; Wan et al., 2019). Reducing the background signal while maintaining maximum output levels was achieved using protease-based post-translational degradation, which was put under the regulation of the cloned receptor, along with the reporter gene (Wan et al., 2019). Clearly, future optimal improvement of whole-cell sensor design should combine both approaches: a targeted redesign of specific circuit components interfaced with random modifications yielding beneficial effects that are difficult to predict.
Over 20 years ago, Burlage et al. (1999) were the first to propose the identification of the location of buried explosives by bacterial bioreporters engineered to respond by an optical signal to explosives’ vapors. For such a scheme to materialize, advances need to be made in two closely intertwined research directions–the development of the bacterial sensors on the one hand, and the engineering/optics involved in their imaging on the other hand. The present communication comprises another step towards the realization of the former objective. When contemplating such a field application for landmine detection employing luminescent bacterial sensor strains, a key factor would be the ability to perform rapid imaging, thus enabling the real-time scanning of large areas for the presence of buried explosives. A consequence of this need is for the bioreporters to produce high light intensities. In the final round of random mutagenesis, we have therefore focused on variants with a stronger luminescence, represented here by G3b, rather than on those exhibiting improved response ratios; the latter were characterized by low light emission under both induced and the non-induced conditions. Another significant factor that necessitates the field use of highly luminescent bioreporters is potential interference by ambient light. In a previous study (Shemer et al., 2021), imaging of the luminescent response of immobilized bioreporters spread on top of a buried antipersonnel landmine was possible only under complete darkness. One possible pathway towards a further reduction of the detection threshold involves the lowering of background luminescence; it is important that such an activity will also be accompanied with actions to increase signal intensity. An optimal balance between detection sensitivity and luminescence intensity will also depend upon the imaging apparatus employed, and its ability to separate the luminescent signal from ambient light.
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Melanoma is an aggressive type of skin cancer with a poor prognosis after it gets metastasized. The early detection of malignant melanoma is critical for effective therapy. Because melanoma often resembles moles, routine skin check-up may help for timely identification of suspicious areas. Recently, it has been shown that the interplay of melanoma cells with the immune system can help develop efficient therapeutic strategies. Here, we leveraged engineered macrophages (BMC2) as cell-based sensors for metastatic melanoma. To perform dual-color bioluminescence imaging (BLI) in vivo, macrophages were engineered to express a green click beetle luciferase (CBG2) and a near-infrared fluorescent dye (DiR), and B16F10 melanoma cells were instead engineered to express a near-infrared click beetle luciferase (CBR2). Using real-time in vivo dual-color BLI and near-infrared fluorescence (FL) imaging, we could demonstrate that macrophages were able to sense and substantially accumulate in subcutaneous and metastatic melanoma tissues at 72 h after systemic injections. Together, we showed the potentiality to use optical imaging technologies to track circulating macrophages for the non-invasive detection of metastatic melanoma.
Keywords: near-infrared bioluminescence, macrophage, cancer diagnostic, optical imaging, biosensor
INTRODUCTION
Detecting early-stage cancer is a promising avenue to enhance the effect of medical interventions and reduce cancer mortality (Etzion et al., 2003). Specifically, melanoma is an aggressive cutaneous type of cancer with an incidence that has been rapidly increasing in the past decade (Matthews et al., 2017). Nowadays, the identification of molecular markers together with histopathological assessment is more often used to guide prompt therapeutic decisions (Bianchini et al., 2007; Yang et al., 2020). These markers are melanoma mutations, gene polymorphisms, signaling receptors, and melanin pigment (Yang et al., 2020). In addition, melanoma is also one of the most immunologic malignancies associated with rapid infiltration of immune cells such as tumor-infiltrating T-lymphocytes and tumor-associated macrophages. The use of immunotherapies in the treatment of patients with metastatic melanoma has produced promising therapeutic advantages, increasing the overall survival of patients (Uhara 2019; Ralli et al., 2020). Thus, having early detection of metastatic tumor progression may significantly change the medical intervention in this type of tumor.
Here, we exploited monocytes as part of the innate immune system that are actively recruited into tumor tissues where they differentiate into tumor-associated macrophages (TAMs) and also accumulate in hypoxic areas (Burke et al., 2003; Yang et al., 2018). The accumulation of TAMs has also been demonstrated in primary lesions of melanoma and pulmonary metastases (Gajewski et al., 2013; Elpek et al., 2014; Pieniazek et al., 2018). The relative abundance of TAMs in melanoma ranges from 0 to 30%, and their density increases proportionally to tumor thickness (Hussein 2006). As a consequence of these natural properties, we decided to leverage light-emitting macrophages as a cellular sensor for the detection of subcutaneous and metastatic melanomas using a murine melanoma model as a proof-of-principle experiment. Engineered macrophages have previously been exploited as cell-based delivery platforms for breast cancer chemotherapeutics and also to shuttle oncolytic viruses specific to treat prostate cancer and related metastases (Muthana et al., 2013; Huang et al., 2021). Another seminal work proposed a cell-based “immunodiagnostic” system by using macrophages as pan-cancer cell sensors due to their ability to accumulate in breast tumors. In this study, macrophage sensors expressing a secreted form of Gluc (Gaussia luciferase) driven by an M2-like promoter were able to detect small tumors as small as 25–50 mm3 by real-time blood luciferase measurements (Aalipour et al., 2019).
However, the potential of macrophages as pan-cancer sensors has not been proved in other tumor models yet. Additionally, the description of macrophage dynamics and relative recruitment in the tumor site is still incomplete partly due to the scarcity of sensitive in vivo imaging detections (McCarthy et al., 2020; Su et al., 2020). In our previous work, we demonstrated that near-infrared dual-color bioluminescence imaging (BLI) is a sensitive method for the detection of two cell populations in deep tissues. However, the detection accuracy depends on the relative level of the expression of the two luciferases (Zambito et al., 2020; Zambito and Mezzanotte, 2021). Here, we exploited our previously developed method for the visualization of macrophage infiltration and for their accumulation in melanoma tissues in vivo. Therefore, we engineered BMC2 macrophages to express a near-infrared click beetle green luciferase mutant named CBG2 (λ = 680 nm) and B16F10 melanoma cells to express a near-infrared red click beetle luciferase mutant named CBR2 (λ = 740 nm) (Hall et al., 2018; Zambito et al., 2021). In addition to BL imaging, we also used a DiR (1,1′-dioctadecyl-3,3,3′,3′-tetramethylindotricarbocyanine iodide) near-infrared dye allowing non-invasive tracking of labeled macrophages after their systemic injection in vivo (Shan 2004; Eisenblatter et al., 2009; Liu and Wu 2016). Overall, this work provides a conceptual scenario for the use of engineered macrophages as a diagnostic sensor for cancer, and it provides proof-of-concept evidence for its successful application in clinically relevant murine melanoma models.
RESULTS
Macrophages and Melanoma Cells Engineered to Express Luciferase Reporter Genes In Vitro
CBG2 and CBR2 luciferase mutants were engineered to have superior stability and red and near-infrared color-shift capability when combined with the NH2-NpLH2 luciferin substrate (Zambito et al., 2020). The macrophage cell line BMC2 was engineered to express the CBG2 luciferase mutant (BMC2-CBG2), and B16F10 melanoma cells were engineered to express CBR2 luciferase (B16-CBR2). To perform dual-color BLI and spectral unmixing in vivo, both BMC2-CBG2 and B16-CBR2 were seeded in a black 96-well plate, and living cells were spectrally imaged after the addition of NH2-NpLH2 luciferin on an IVIS spectrum imager. First, specific bioluminescent spectra of BMC2-CBG2 and B16-CBR2 cells were measured and saved in distinct spectral libraries. These libraries are useful to discriminate each luciferase contribution when BMC2-CBG2 and B16-CBR2 cells result colocalized in the same area of interest (Zambito and Mezzanotte 2021). As expected, the emission spectra registered a consistent red peak for CBG2 (λ = 680 nm) and a near-infrared peak for CBR2 (λ = 740 nm) when using NH2-NpLH2 luciferin (Figure 1A). Then, the spectral unmixing algorithm was applied for BMC2-CBG2 and pure B16-CBR2 cell mixture using selected pure libraries and setting bandpass filters ranging from 580 to 800 nm (Figure 1B). First, both cell types were cocultured at various ratios ranging from 100 to 0%, respectively, followed by spectral imaging in the presence of NH2-NpLH2 luciferin and subsequent unmixing (Figure 1B). As expected, the accurate spectral unmixing algorithm correctly classified the B16-CBR2-containing wells (unmix B16-CBR2) placed in the left panel of Figure 1B. With decreasing amounts of B16-CBR2 cells (magenta color in the composite figure), the CBR2-specific signal also gradually decreased toward the bottom of the plate. At the same time, BMC2-CBG2 cells (unmix BMC2-CBG2) were accurately classified in the right panel of Figure 1B. Here, the signal for BMC2-CBG2 cells (green color in the composite image) gradually decreased toward the upper end of the plate, which was in line with the increasing proportions of B16-CBR2 cells. The specific libraries were also used to quantify the photon flux of mixed BMC2-CBG2 and B16-CBR2 cell populations at various percentages between 100 and 0%. Quantification of the unmixed photon flux signals was normalized to 100% cell ratio and plotted in a bar graph revealing the linear correlation between the percentage of cells plated and the photons recorded (Figure 1C). To monitor higher accuracy BMC2-CBG2 cells in vivo, we labeled macrophages with a near-infrared fluorescent dye (XenoLight DiR, Perkin Elmer) to perform dual-optical imaging by bioluminescence (BL) and fluorescence (FL) imaging. To check the in vitro labeling efficiency, BMC2-CBG2 cells were prelabeled with DiR near-infrared dye and plated in various cell ratios ranging from 100 to 0% of the total volume in a black 96-well plate. Fluorescence imaging was performed by selecting DiR filters at 710 nm for excitation and 760 nm for emission. The radiant efficiency was calculated by subtracting the FL signal registered from unlabeled macrophages used as control. The fluorescence detected was found linearly proportional to the number of plated cells (Figure 1D). Additionally, to confirm that BMC2-CBG2 macrophages were successfully labeled with the DiR fluorescence dye, images of macrophages were taken at 24, 48, and 72 h after DiR treatment (Supplementary Figure S3A). Together, the in vitro results collected from BL and FL outputs validated that BMC2-CBG2 and B16-CBR2 cells could be further used for in vivo dual-color bioluminescence and fluorescence imaging.
[image: Figure 1]FIGURE 1 | In vitro characterization and spectral unmixing of BMC2-CBG2 and B16-CBR2 luciferase-expressing cells. (A) Normalized bioluminescence emission spectra for BMC2-CBG2 and B16-CBR2 cells treated with NH2-NpLH2 luciferin as the luciferase substrate. Spectra were normalized to the peak emission for each click beetle mutants with the NH2-NpLH2 substrate. Spectra were acquired using an IVIS spectrum imager with the following settings: FOV C, f/stop = 1, medium binning, 30 s exposure time, and a range of bandpass filters ranging from 580 to 800 nm.(B) Spectral unmixing of B16-CBR2 and BMC2-CBG2 cells (n = 4 samples). Cells were mixed in various proportions ranging from 100 to 0% cell number of the total population. Quantification of the BL unmixed outputs for B16-CBR2 (magenta color) and BMC2-CBG2 (green color) registered after NH2-NpLH2 substrate administration. A black 96-well plate was spectrally imaged using a selected bandpass filter ranging from 580 to 800 nm by using an IVIS spectrum imager. (C) Quantification of the percentage of unmixed signals of B16-CBR2 and BMC2-CBG2 cells (n = 4 samples). Unmixed signals were normalized to 100% cell ratios with p < 0.0001 calculated by multiple comparisons and one-way ANOVA. Error bars represent ±SD. (D) Radiant efficiency was recorded for BMC2-CBG2 macrophages pre-labeled with the DiR near-infrared fluorescent dye. Cells were plated in a black 96-well plate in various proportions ranging from 0 to 100% of the total population. The bar graph shows the mean fluorescence intensity. Error bars represent ±SD (n = 4 samples). The plate was spectrally imaged using an IVIS imager system, and DiR filters were set at 710 nm for excitation and 760 nm for emission.
DiR-Labeled BMC2 Macrophages Detected in Subcutaneous Melanoma Tumors
To investigate the potential of BMC2 macrophage sensors as a tool for melanoma detection, C57BL/6 mice were subcutaneously engrafted with B16F10 melanoma cells expressing CBR2 luciferase (B16-CBR2). Tumor growth was spectrally imaged using the NH2-NpLH2 luciferin substrate and monitored over time by BL imaging. To set up the optimal cell concentration and optimal time-point for the detection of DiR-labeled BMC2-CBG2 macrophages, we first injected DiR-labeled BMC2-CBG2 macrophages systemically at three cell amounts: 1 × 106, 5 × 106, and 10 × 106 and 2 weeks after subcutaneous melanoma implantation. Fluorescence values for DiR-labeled BMC2-CBG2 macrophages were collected after BLI detection of B16-CBR2 melanoma tumors, and fluorescence values are plotted in Figure 2A. The proportional correlation between the number of DiR-labeled BMC2-CBG2 cells injected and the radiant efficiency registered show that both five and 10 million DiR-labeled BMC2-CBG2 cells can be efficiently measured in subcutaneous tumors (Figure 2A). Interestingly, the accumulation of DiR-labeled BMC2-CBG2 macrophages adjacent to the non-tumor areas is probably due to the on-target recruitment of macrophages with poor tumor-infiltration capability (Figure 2A, right panel). To validate the feasibility to visualize the DiR-labeled BMC2-CBG2 macrophages in subcutaneous tumor models, we first measured the BL photon yields in mice bearing wildtype B16-CBR2 melanoma tumors, and later, we injected the DiR-labeled BMC2-CBG2 cells with three different cell numbers: 1 × 106, 5 × 106, and 10 × 106. BL outputs from the DiR-labeled BMC2-CBG2 macrophages were registered after NH2-NpLH2 substrate administration and selecting appropriate bandpass filters ranging from 580 to 800 nm. Dim photon fluxes (∼4 × 104 photon/s) were registered for the wildtype B16-CBR2 melanoma-bearing mice after receiving 10 million BMC2-CBG2 cells (Supplementary Figure S1A). Additionally, BL outputs for BMC2-CBG2 cells resulted insufficient to register an accurate spectral library and to perform a spectral unmixing algorithm. On the contrary, near-infrared FL outputs of BMC2-CBG2 cells were accurately measured at the subcutaneous tumor area allowing more sensitive detection of the DiR-labeled BMC2-CBG2 macrophages compared to BL imaging. However, FL imaging of the DiR-labeled BMC2-CBG2 macrophages confirmed colocalization with the dim BL outputs found in the tumor region (Supplementary Figure S1A). Interestingly ex vivo data demonstrated that the highest value for DiR fluorescence from labeled BMC2-CBG2 macrophages was substantially detected in the lungs (1,6E+10 [ph/s/cm2/sr]/[μW/cm2]). The DiR fluorescence of subcutaneous melanoma registered instead radiant efficiency value that was ∼7,3 fold lower compared to the DiR values registered in the lungs (Supplementary Figure S1B right panel). Once we assumed that 10 million BMC2-CBG2 cells gave the most accurate FL and BL signals in vivo, we further investigated the optimal time-point for imaging the DiR-labeled BMC2 cells in subcutaneous melanoma models. B16-CBR2 tumor-bearing mice were routinely imaged to monitor melanoma cancer growth by BLI (Figure 2B). Two weeks after tumor implantation, 10 million DiR-labeled BMC2-CBG2 cells were injected systemically, and FL measurements were performed at 24, 48, and 72 h post BMC2-CBG2 administration on the IVIS spectrum imager (Figure 2B). Control mice received B16-CBR2 melanoma cells only (data not shown). Radiance values at 72 h after DiR-labeled BMC-CBG2 injection were ∼3 fold higher than the radiance values registered at 24 and 48 h at the melanoma tumor site. (Figure 2B). Ex vivo near-infrared FL imaging confirmed the localization of DiR-BMC2 macrophages at the subcutaneous tumor area at 72 h after DiR-labeled BMC2-CBG2 injection (Supplementary Figure S2A, right panel). Control mice were inoculated with B16-CBR2 melanoma tumors only. Together, the data suggest that the optimal time-point to localize 10 million DiR-labeled BMC2-CBG2 macrophages at the subcutaneous melanoma tumor site is 72 h after DiR-labeled BMC2-CBG2 macrophage administration.
[image: Figure 2]FIGURE 2 | BMC2-CBG2 macrophages for subcutaneous melanoma detection. (A) Mice were transplanted with a subcutaneous B16F10 melanoma tumor model engineered to express near-infrared CBR2 click beetle luciferase (B16-CBR2). Bioluminescence photon fluxes represent the light emission for B16-CBR2 melanoma before BMC2-CBG2 administration. BL images were acquired 15 min after NH2-NpLH2 substrate injection. Before systemic injection, BMC2-CBG2 macrophages were pre-labeled with the DiR near-infrared dye (excitation 710 nm and emission 760 nm) at the amount of 1, 5, and 10 million per mouse (n = 3 mice). Respective radiant efficiencies were quantified and plotted. The bar graph shows the mean fluorescence intensity, and significance was registered for mean values of the 1-million group and mean values of the 10-million group. (*) p values (p < 0.05) were calculated by one-way ANOVA followed by Tukey’s test for multiple comparisons. Error bars represent ±SD. (B) Fluorescence values of BMC2-CBG2 macrophages pre-labeled with the DiR near-infrared dye (filters selected for excitation at 710 nm and emission at 760 nm) injected systemically at a dose of 10 million cells per mouse. Fluorescence image acquisition was performed at 24, 48, and 72 h after BMC2-CBG2 macrophage administration. The respective radiant efficiencies were quantified and plotted. Bioluminescence photon fluxes represent the light emission for B16-CBR2 melanoma before BMC2-CBG2 macrophage administrations. BL images were acquired 15 min after NH2-NpLH2 substrate injection. The bar graph shows the mean fluorescence intensity (n = 3 mice). Significance was registered for mean values of 24- and 48-h groups versus mean values of the 72-h group. (*) p < 0.05. Error bars represent ±SD.
Engineered BMC2 Macrophages Enable In Vivo Visualization of Melanoma Lung Metastasis by Bioluminescence and Fluorescence Imaging
We further explored whether BMC2-CBG2 macrophages may be used as a diagnostic cell sensor in metastatic cancer models. Thus, orthotopic metastatic C57BL/6 mouse models were established with systemic injections of B16-CBR2 cells. Tumor growth was monitored over time by BL imaging of CBR2 luciferase after administration of the NH2-NpLH2 luciferin substrate. Once the tumor growth could be visualized by BLI and showed spreading in the chest (usually on day 10), DiR-labeled BMC2-CBG2 macrophages were injected systemically (1 × 107 cells per mouse). Fluorescence outputs for DiR-labeled BMC2-CBG2 macrophages were calculated by drawing the region of interest (ROI) at the metastatic tumor region (yellow circle). DiR radiance values were collected at 24, 48, and 72 h after BMC2-CBG2 macrophage injection (Figure 3A), considering that BMC2-CBG2 macrophages could retain the DiR in vitro at least 72 h (Supplementary Figure S3A). A substantial localization of DiR-labeled BMC2-CBG2 macrophages was registered in the metastatic lungs at 72 h post macrophage injection (Figure 3A). Interestingly, FL imaging measured a strong localization of DiR-labeled BMC2-CBG2 cells also in the cervical lymph node at 24 and 48 h post injection of macrophages. Radiant efficiencies of the DiR dye measured in the metastases at the three different time points are depicted in Figure 3A (right panel). In addition, we successfully applied the spectral unmixing algorithm to separate the colocalized bioluminescent signals of BMC2-CBG2 and B16-CBR2 in the lungs (Figure 3B). To perform that, specific bioluminescent spectral libraries for pure BMC2-CBG2 and B16-CBR2 outputs were built. Of note, BL outputs emitted by either BMC2-CBG2 (green color) or B16-CBR2 (magenta color) were accurately extracted from the melanoma area 48 h post BMC2-CBG2 administration (Figure 3B). The spectral properties of BMC2-CBG2 and B16-CBR2 were measured and depicted in Figure 3B (right panel). The spectral unmixing algorithm was also conducted for ex vivo harvested lungs 72 h post BMC2-CBG2 administration. The representative images of BL spectral unmixing are shown in Figure 3C. Radiant efficiency values for DiR pre-labeled BMC2-CBG2 macrophages were measured in the lungs, livers, and spleens. FL outputs were plotted highlighting that the values for the DiR registered in the lungs were 2-3 fold greater than the values in the liver.
[image: Figure 3]FIGURE 3 | Engineered macrophages enable in vivo visualization of the metastatic tumor model by BLI. (A) Fluorescence imaging of mice bearing B16-CBR2 metastatic cancer cells (n = 3 mice). After metastatic tumor establishment, C57BL/6 mice were injected with 10 million BMC2-CBG2 macrophages pre-labeled with the DiR near-infrared dye. Fluorescence imaging was performed at 24, 48, and 72 h post BMC2-CBG2 administration (left panel). Fluorescent outputs registered from the lungs were recorded and plotted in the right panel, demonstrating that BMC2-CBG2 macrophages accumulate at the tumor site mainly at 72 h after BMC2-CBG2 macrophage administration. The ROI region for the tumor site is marked in the yellow circle. The bar graph shows mean fluorescence intensity (n = 3 mice). Significance was registered for mean values of 24- and 48-h groups versus mean values of the 72-h group. (*) p < 0.05 was calculated by one-way ANOVA followed by Tukey’s test. Error bars represent ±SD. (B) Representative BL spectral unmixing of a mouse engrafted with metastatic B16-CBR2 melanoma (n = 3) (left panel). Mice (n = 3) were imaged 48 h after the injection of 10 million BMC2-CBG2 macrophages pre-labeled with the DiR near-infrared dye. Images were acquired 15 min after NH2-NpLH2 substrate injection. The filter selected for the green spectral unmixing (BMC2-CBG2) was set at 700 nm, and for the magenta spectral unmixing (B16-CBR2), the filter was set at 740 nm. Spectral properties of BMC2-CBG2 macrophages and B16-CBR2 melanoma with the NH2-NpLH2 substrate are depicted in the right panel. The ROI region for the tumor site is marked in the yellow circle. (C) Representative images of ex vivo spectral unmixing of the lungs. The green color was used for unmixed BMC2-CBG2 macrophages and magenta color for unmixed B16-CBR2 melanoma tumors. Colocalized bioluminescent signals for BMC2-CBG2 and B16-CBR2 cells in the lungs resulted in overlapped colors (light pink), as shown in the composite image (left panel). Radiant efficiency values for DiR-labeled BMC2-CBG2 macrophages were measured in the lungs, livers, and spleens and are depicted in the right panel. FL emissions for the DiR fluorescent dye were recorded from the lungs, liver, and spleen, selecting the DiR filters for excitation at 710 nm and emission at 760 nm. The bar graph shows the mean fluorescence intensity. Error bars represent ±SD.
To confirm the localization of the activated BMC2-CBG2 macrophages to the tumor site, 15-micron thick tumor sections from mice inoculated with DiR-labeled BMC2-CBG2 cells were stained for CD68 to detect macrophages, as shown in red color in Supplementary Figure S3B.
Furthermore, confirmation of injected macrophages labeled with the DiR dye was conducted by imaging scan of cryosections of the lungs infused with DiR-labeled BMC2-CBG2 macrophages using the Odyssey CLx device. Filters at 700 and 800 nm were selected for the imaging. A channel at 700 nm was used to distinguish CD68+ macrophages, and a channel at 800 nm was used to distinguish macrophages labeled with the DiR dye. A substantial difference was detected between B16 tumors treated with DiR-labeled BMC2-CBG2 macrophages localized at the tumor site (green color, top panels) compared to the B16 tumor controls not treated with DiR-labeled BMC2-CBG2 macrophages (bottom panels) (Supplementary Figure S3C).
Together, these data suggest the feasibility to visualize and localize DiR-labeled BMC2-CBG2 macrophages in the lungs affected by metastatic melanoma tumors.
DISCUSSION
The timely detection of cancer growth, cancer recurrence, and monitoring therapies will increase the chances of prompt response to medical intervention. The success of blood-based biomarkers for early tumor lesions is often limited by short circulation times, blood dilutions, and demonstrating suboptimal sensitivity for cancer diagnostics (Mamdani et al., 2017). Encouraging the use of engineered immune cells as an emerging class of cellular sensors for inflammation and disease will foster new technologies for cellular immunotherapies. A clear advantage of using immune cells such as macrophages as diagnostic vehicles is based on their homing and infiltrating capabilities at the cancer sites (Muthana et al., 2013). Recently, Aalipour A. and coworkers in a seminal work, exploited macrophages engineered to express the Gluc luciferase gene activated when switching their phenotype in tumor-associated macrophages (TAMs) in the tumor area. The BL measurement of the Gluc activity was conducted by a simple blood test for sensitive detection of modest breast cancer tumor volume (25–30 mm3) (Aalipour et al., 2019).
Melanoma tumor is intrinsically linked to an inflammation reaction and therefore stimulates the recruitment of “tumor-homing” cells such as macrophages. Thus, we leveraged the natural property of macrophages to infiltrate subcutaneous and metastatic melanoma tumors and image them by dual-color BLI and by near-infrared FL in vivo. In our case, in vivo and ex vivo data showed that we could visualize macrophages homing small metastatic melanoma tumors in the lungs (size ranging between 30 and 100 mm3) 15 days after tumor inoculation. To perform sensitive real-time dual-color bioluminescence imaging in deep tissues, we engineered BMC2 macrophages to express the CBG2 luciferase mutant (λ = 680 nm) and B16F10 melanoma cells to express the CBR2 click beetle luciferase mutant (λ = 740 nm) (Hall et al., 2018; Zambito et al., 2020). We applied this technology using NH2-NpLH2 luciferin as a single substrate to monitor immune cell dynamics and tumor growth qualitatively. The administration of a unique substrate makes the BLI sessions highly specific compared to other systems where multiple injections of substrates are required (Hall et al., 2018; Ji et al., 2020; Zambito et al., 2020). However, we expect the performance of dual-color BLI using orthogonal luciferase/substrate couples such as AkaBLI (Iwano et al., 2018) and NanoLuc/hydrofurimazine systems (Su et al., 2020) would be similar. Moreover, our approach can also be exploited to genetically engineer various tumors and immune cells such as T cells, natural killer cells, and dendritic cells.
In the murine orthotopic melanoma model presented here, BMC2-CBG2 macrophages exhibited a visible accumulation in the primary tumors at 72 h after systemic administration. However, substantial off-target cell sequestration was also observed in the liver and the spleen. These findings were supported by the work of Combes F. and others, where viable DiR-labeled macrophages were first partly sequestered in the lungs and then redistributed to other off-target sites such as the liver and the spleen and also to on-target tumor sites up to 96 h after systemic administration (Combes et al., 2018).
The cell kinetics observed in this study are also supported by seminal imaging studies on the migratory properties of radio-labeled macrophages homing tumors by PET imaging modality. The biodistribution of engineering macrophages pre-labeled with an 18F-FDG probe (half-life = 109.7 min) proved that macrophage-activated killer (MAK) cells are first sequestered in the liver and lungs and to a minor degree in the spleen after i.v. injection of patients. Then, cell redistribution occurs from the pulmonary vasculature to other tissues including peritoneal metastases in human patients at 4 h after 18F-FDG-labeled macrophage-activated killer (MAK) cell administration. However, the short-life of 18F-FDG and “leakage” of the probe out of the cells should be considered when performing cell biodistribution studies (Ritchie et al., 2007). In another study, also SPECT tracking of i.v. injected indium-oxine (half-life = 2.8 days)–labeled murine macrophages reveals the initial margination of macrophages in the lungs and then eventual migration to the liver, spleen, and kidneys before accumulating within sites of the tumor (Chokri et al., 1992). An improved alternative to future clinical application would be employing the 89Zr-oxine probe that has a longer half-life (3.3 days), and it has been largely used to track infused T cells homing breast cancer and imaged for several days by PET imaging modalities in small animals (Man et al., 2019; Kurebayashi et al., 2021). However, to the best of our knowledge, 89Zr-oxine has not been used to track macrophages in vivo yet. Additionally, the accumulation of macrophages in off-target organs should not be discounted when considering the use of macrophages as a cell-based platform for tumor diagnostic or the delivery of drugs into tumors and will be part of a follow-up study.
In our study, an adequate accumulation of macrophages was measured and visualized in subcutaneous and metastatic tumor models together with the longitudinal tracking of immune cells by bioluminescence. The fact that we could image macrophages by in vivo bioluminescence also suggests the accumulation of living cells at the tumor site and, therefore, excludes labeling artifacts attributed to the fluorescence observed.
Overall, we envisioned that engineered macrophages should be considered for their innate ability to sense and reach small tumors and metastasis in the body. Moreover, the advancement of optical imaging technologies and the design of novel near-infrared I and II probes will encourage to shed light on the mechanisms underlying macrophage recruitment and behavior in animal models, especially in genetically-engineered mouse models with spontaneous tumor formation.
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Coleopteran bioluminescence is unique in that beetle luciferases emit colors ranging between green (ca.550 nm) and red (ca.600 nm), including intermediate colors such as yellow and orange, allowing up to 3 simultaneous parameters to be resolved in vitro with natural luciferin (D-LH2). Here, we report a more than doubling of the maximum bioluminescence wavelength range using a single synthetic substrate, infraluciferin (iLH2). We report that different luciferases can emit colors ranging from visible green to near-infrared (nIR) with iLH2, including in human cells. iLH2 was designed for dual color far-red to nIR bioluminescence imaging (BLI) in small animals and has been utilized in different mouse models of cancer (including a metastatic hepatic model showing detailed hepatic morphology) and for robust dual parameter imaging in vivo (including in systemic hematological models). Here, we report the properties of different enzymes with iLH2: Lampyrid wild-type (WT) Photinus pyralis (Ppy) firefly luciferase, Ppy-based derivatives previously engineered to be thermostable with D-LH2, and also color-shifted Elaterid-based enzymes: blue-shifted Pyrearinus termitilluminans derivative Eluc (reported D-LH2 λmax = 538 nm) and red-shifted Pyrophorus plagiopthalamus derivative click beetle red (CBR) luciferase (D-LH2 λmax = 618 nm). As purified enzyme, in bacteria or in human cells, Eluc emitted green light (λmax = 536 nm) with DL-iLH2 whereas Ppy Fluc (λmax = 689 nm), x2 Fluc (λmax = 704 nm), x5 Fluc (λmax = 694 nm), x11 Fluc (λmax = 694 nm) and CBR (λmax = 721 nm) produced far-red to nIR peak wavelengths. Therefore, with iLH2, enzyme λmaxes can be separated by ca.185nm, giving almost non-overlapping spectra. This is the first report of single-substrate bioluminescence color emission ranging from visible green to nIR in cells and may help shed light on the color tuning mechanism of beetle luciferases. We also report on the reason for the improvement in activity of x11 Fluc with iLH2 and engineer an improved infraluciferase (iluc) based on this mutant.
Keywords: bioluminescence, green, near-infrared, multicolor, infraluciferin, luciferase, spectral range
1 INTRODUCTION
Beetle luciferases catalyze a reaction of beetle D-luciferin (D-LH2), adenosine triphosphate (ATP), and oxygen to produce bright genetically encodable light of colors ranging from green to red (Viviani and Ohmiya, 2000; Nakajima et al., 2005). This widely studied reaction has numerous applications, including being used for molecular diagnostics (Kiddle et al., 2012) and BLI in biomedicine (Badr and Tannous, 2011), helping unravel mammalian molecular and cellular mechanisms or responses to therapies. However, applications in mammalian tissues are limited by the presence of oxy- and deoxy-hemoglobin (HbO2 and Hb), which absorb light at <600 nm wavelengths (Liang et al., 2012), (Li et al., 2009), complicating signal rendering and quantification of BLI and dual parameter BLI in vivo (Rice et al., 2001; Zhao et al., 2005; Rice and Contag, 2009). As mammalian tissues are relatively transparent to wavelengths of 650–1350 nm (the bio-optical window), to overcome these challenges, we previously described infraluciferin (iLH2), a red-shifted analog of D-LH2 (Figure 1) that can produce different far-red to nIR colors with different luciferases in the bio-optical window of mammalian tissues (Jathoul et al., 2014; Anderson et al., 2017; Stowe et al., 2019). In other words, wavelength shifts that were normally only observed with D-LH2 were observed at longer wavelengths with iLH2, demonstrating color tuning with a red-shifted analog. BLI in mice using D-iLH2 methyl (Me) ester (or even DL-iLH2 Me ester) with wild-type (WT) Photinus pyralis (Ppy) firefly luciferase (Fluc) and its thermostable/color derivatives previously allowed nIR BLI of detailed disease morphologies in small animal models of cancer (Jathoul et al., 2014) and allowed robust dual color imaging of T-cell effectors and cancer targets in a Chimeric Antigen Receptor (CAR) T-cell cancer therapy model in vivo (Stowe et al., 2019), showing its advantages for BLI compared to D-LH2. However, pure WT Ppy Fluc enzyme produced much lower specific activity with DL-iLH2 than with D-LH2, by over 3-orders of magnitude at pH 7.8 (Anderson et al., 2019). x11 Fluc (Jathoul et al., 2012a) was found to be our most active mutant, approximately 7-fold brighter, and contained subsets of mutations previously engineered in Murray Lab (Figure 1). As there is a significant reduction of in vivo attenuation by Hb/HbO2 using iLH2, x11 Fluc and x11 Fluc color derivatives (Jathoul et al., 2012b) have proven efficient, and the single-substrate dual-parameter in vivo BLI approach made possible by iLH2 is attractive owing to homogeneous in vivo pharmacokinetics and dynamics of the single substrate in simultaneous or consecutive acquisitions.
[image: Figure 1]FIGURE 1 | Bioluminescence reactions of beetle luciferases. Bioluminescence with D-LH2 (A) and D-iLH2 (B) (4S)-2-[(E)-2-(6-hydroxy-1,3-benzothiazol-2-yl)ethenyl]-4,5-dihydro-1,3-thiazole-4-carboxylic acid; ATP: adenosine triphosphate. (C) Inset table of different subsets of mutations in thermostable mutants of Ppy Fluc: x2 Fluc (Willey et al., 2001), x5 Fluc (Law et al., 2006), and x11 Fluc (Jathoul et al., 2012a).
Here, we report some basic properties of beetle luciferases with DL-iLH2, such as specific activities, kinetics, and pH dependence of activities and colors. We established some foundational aspects of Ppy-based Fluc activities and developed brighter infraluciferases (ilucs) based on the x11 Fluc scaffold. To better understand color shifting potential with DL-iLH2, we also examined two of the most extremely color-shifted luciferases: Eluc, derived from Pyrearinus termitiluminans luciferase, is one of the most blue-shifted enzymes reported with D-LH2 (λmax = 538 nm) (Neto et al., 2009), (Nakajima et al., 2010) and click beetle red (CBR) luciferase, from Pyrophorus plagiopthalamus luciferase, one of the most red-shifted (D-LH2 λmax = 618) (Miloud et al., 2007), close to the most red-shifted enzyme with D-LH2 from Phrixotrix hirtus (PxRE, D-LH2 λmax = 623) (Bevilaqua et al., 2019).
2 RESULTS AND DISCUSSION
2.1 Bioluminescence of beetle luciferase enzymes with luciferin and infraluciferin
2.1.1 Basic bioluminescence properties of beetle luciferases with infraluciferin
To test conditions in human cells appropriately, WT Fluc, x2 Fluc, x5 Fluc, x11 Fluc, Eluc, and CBR enzymes were purified to measure their basic properties with substrates. We utilized DL-iLH2 free acid for enzyme work and its carboxy-methyl ester for cell work. The use of the racemic mix was for ease of synthesis, as reported for the development of other red-shifted luciferin analogs (Miura et al., 2013). Similar to that case, we expected that light yields could be in the order of 2–3-times lower than with an enantiopure D-iLH2. Flash kinetics of enzymes were similar with both D-LH2 and DL-iLH2 (Supplementary Figure S1A–C), suggesting that adenylation of DL-iLH2 proceeds effectively, but oxidation is less efficient. We could not measure Km for DL-iLH2 due to the presence of the inhibitory L-form. Kms for ATP in the presence of DL-iLH2 (ATP(iLH2)) are significant to imaging in cells (Branchini et al., 2015) and were found to be in the range of 200–300 μM for all enzymes (Supplementary Table S1). pH dependence of activity measurements with DL-iLH2 showed that Eluc, WT Ppy, x2, and x5 Flucs had optimal activity in the region of pH 6.6, while x11 Fluc was at pH 7.8, and CBR had a lower pH optimum of pH 5.6 (Supplementary Figure S2).
2.1.2 Activity of beetle luciferases and thermostable mutants with luciferin and infraluciferin
2.1.2.1 Enzyme-specific activities at physiological pH, effect of substrate concentration, coenzyme A and hemoglobin attenuation on specific activity
Since DL-iLH2 is for use in cells and animals, we compared the specific activities of pure enzymes at close to physiological pH (7.3) (Figure 2). With 200 μM DL-iLH2 at pH 7.3, Eluc, WT Fluc, x5 Fluc, and CBR produced 0.02, 0.15, 0.26, and 0.28% of the specific activity of WT Fluc with D-LH2. In comparison, x2 and x11 Flucs produced 6–7-fold enhanced activity of 0.88 and 1.04%, indicating mutations E354R and/or D357Y are responsible for enhancement. Overall, x11 Fluc was the most active enzyme with DL-iLH2, maintaining linear emission kinetics and also 5-times higher activity when expressed in E. coli (Supplementary Figure S3). Reactions of x2, x5 Flucs, and Eluc were inhibited by increasing concentrations of substrate, possibly due to L-iLH2 (da Silva and da Silva, 2011). At lower concentrations of DL-iLH2 (1.5–15 μM), the activity of Eluc was markedly increased to the level of x11 Fluc (Supplementary Figure S4A). Coenzyme A (CoA) improves the activity of Fluc with D-LH2 (Fraga et al., 2005) and, in an analogous fashion, CoA increased the maximum level of emission 2–5-fold and reduced signal decay of enzymes with DL-iLH2, with the exception of Eluc, with which CoA reduced activity (Supplementary Figure S4A and B). To account for signal augmentation in vivo, we simulated the effect of Hb attenuation with a 1 cm thick agarose phantom containing 50% whole equine blood (Hb concentration estimated by spectrometry to be 0.55 mM) (Supplementary Figure S4C). Through blood, the integrated light emission from WT, x2, x5, or x11 Flucs was attenuated more than 100-fold with D-LH2 but less than 10-fold with DL-iLH2.
[image: Figure 2]FIGURE 2 | Specific activities of WT Ppy Fluc, thermostable Ppy-based Fluc mutants, Eluc, and CBR with DL-iLH2. Specific activity of 0.16 μM enzymes at pH 7.3 in PEM buffer, 200 μM D-LH2 or DL-iLH2 and 2 mM ATP, and emission was captured for 3 min through the open filter in the PIO. p-values for t-test of activity with DL-iLH2 between WT Fluc and x2 (>0.0001), x5 (0.0003), x11 (>0.0001), Eluc (0.0001), and CBR (0.0002).
2.1.2 An expanded spectral range of beetle bioluminescence with infraluciferin
To examine the emission colors of enzymes with DL-iLH2, bioluminescence spectra (Figure 3A) were acquired using a Clariostar multimeter (Clariostar, BMG Labtech, Ortenburg, Germany) fitted with a detector module with improved sensitivity to nIR wavelengths and in the PhotonIMAGER Optima (PIO, Biospace Labs, Paris, France) small animal imager (Supplementary Figure S5). Bioluminescence spectra λmax values for WT, x2, x5, and x11 Flucs with DL-iLH2 were 685, 704, 694, and 694 nm, respectively (Table 1), which 131, 138, 137 and 137 nm shifted compared to their λmaxes with D-LH2. Full width half maximum (FWHM) values of most enzymes were larger with DL-iLH2 than with D-LH2, indicating room for improvement for spectral specificities. Remarkably the emission color of Eluc with DL-iLH2 was green (from E. coli or as purified protein, λmax = 536 nm), and CBR was nIR (λmax = 721 nm), with similar or narrower spectra than with D-LH2. These click beetle enzymes are extremely blue- and red-shifted and pH-independent in terms of color with D-LH2 (Viviani, 2002). However, with DL-iLH2, they produced almost mutually exclusively spectra with a 185 nm peak separation between them (Figure 3B). Therefore, bioluminescence with DL-iLH2 can range in emission color from the visible to the nIR. This effect has the potential to benefit academia in the future and to multicolor BLI in the absence of Hb. Eluc produced a much smaller secondary nIR peak (ca.700 nm), giving an overall 7.5% overlap between normalized spectra of Eluc and CBR with DL-iLH2 measured in the PIO, as opposed to 28% with D-LH2, which was previously one of the largest spectral separations achievable with D-LH2. Green emission was recently reported from enzymes CBG99 and CBG99opt (λmax = 545 nm) with near-infrared emitting naphthyl amino-luciferin (NH2-NpLH2) (Zambito et al., 2020); however, the supplementary supporting bioluminescence spectra provided for that study show that these enzymes are red for CBG99 (λmax = ca.600 nm) and far-red for CBG99opt (λmax = ca.650 nm) with NH2-NpLH2 (Zambito et al., 2020) in human embryonic kidney (HEK) cells. pH dependence of bioluminescence spectra of Ppy-based Flucs with DL-iLH2 mirrored the classical effects typically obtained with Flucs and D-LH2 (Supplementary Figure S6, S7): WT Fluc displayed a classic bathochromic shift (Tisi et al., 2002) at lower pH values with DL-iLH2; Eluc had pH-independent color with DL-iLH2; CBR displayed a small reciprocal hypsochromic shift at low pH.
[image: Figure 3]FIGURE 3 | Expanded bioluminescence spectral range with infraluciferin. (A) Bioluminescence spectra of different luciferases with D-LH2 and DL-iLH2: 5 μM enzymes were assayed with 200 μM luciferins and 2 mM ATP, and light was captured using the Clariostar instrument. For ease of visualization, x5 and x11 Fluc spectra with D-LH2 are omitted but are near identical to WT Fluc (Reference, Table 1). (B) Illustration of spectral separation between Eluc and CBR with DL-iLH2 measured in the PIO with 0.5 μM enzymes (details as in Supplementary Figure S5).
TABLE 1 | Bioluminescence spectral λmax and full-width half maxima. Data were acquired using the Clariostar instrument. Experimental details are as shown in Figure 3A.
[image: Table 1]Despite Eluc having a low activity with DL-iLH2, we were confident that this was due to a low rate of oxidation and that the effect was not due to the chemiluminescence of free infraluciferyl adenylate initiated by Eluc. The spectral shape of the green emission was very similar to the narrow spectrum of Eluc with D-LH2. The activity of Eluc with DL-iLH2 was dependent on enzyme concentration, though the green spectrum did not vary with enzyme concentration (Figure 3). Chemiluminescence of DL-iLH2 Me ester initiated using 1M potassium tert-butoxide (t-BuOK) (Miura et al., 2013) was seen to emit broadly in the visible between green and red depending on the buffer, and its shape differed entirely from that of Eluc (Supplementary Figure S8). This result has ramifications for the color tuning mechanism of beetle luciferases (Branchini et al., 2017) (Supplementary Figure S9).
2.2 Engineering brighter enzymes with infraluciferin
2.2.1 WT Ppy Fluc mutation E354R improves activity with DL-iLH2 and D357Y red-shifts emission
To examine the reasons for the relatively higher activities of x2 and x11 Flucs with DL-iLH2 over WT Ppy Fluc, the mutations E354R and D357Y, located in a solvent-exposed omega-loop (Ω-loop) (Halliwell et al., 2018), (Conti et al., 1996) were individually constructed in WT Fluc. Mutations (Willey et al., 2001), insertions (Tafreshi et al., 2007), and deletions (Halliwell et al., 2018) in the Ω-loop affect properties such as thermostability and color with D-LH2 by altering H-bond networks which link adjacent surface loops to enclose the active site in the region that coordinates the 6-hydroxyl of D-LH2. Deletions in the Ω-loop can also affect substrate specificity with DL-iLH2 (Halliwell et al., 2018). In the Ppy Fluc structure with 5′-O-[N-(dehydroluciferyl)-sulfamoyl] adenosine (DLSA) bound (4G36.pdb) (Sundlov et al., 2012), E354 H-bonds to H310, and E311 H-bonds to nearby loop residue R337. This network has been implicated in the stabilization of the hydrophobic active site and providing a counterion for LO phenolate (Viviani et al., 2016). We found that E354R alone in WT Fluc was sufficient to cause an average 3.3-fold improvement in activity with DL-iLH2 through an open filter on the PIO (Figure 4). Mutation D357Y did not affect activity but red-shifted emission color and double mutant x2 Fluc displayed both effects of improved activity and red-shift. No further improvement was found by screening random mutations at both positions in WT Fluc, and the addition of E354R/D357Y to x5 Fluc only marginally improved activity. Some hints to a mechanism were gained by in silico docking (Goodsell and Olson, 1990), suggesting that improved iLH2 coordination enhances the light yield of WT Fluc E354R (Berraud-Pache and Naviet, 2016) (Reference Supplementary Figure S10 and S11).
[image: Figure 4]FIGURE 4 | Effect of Fluc mutations E354R and D357Y on activity and color with DL-iLH2. (A) Quantitative bioluminescence spectra showing that E354R leads to significant improvement in activity with DL-iLH2. (B) Normalized bioluminescence spectra of WT Ppy Fluc, E354R, and D357Y with D-LH2 and DL-iLH2.
2.2.2 x11 Fluc R354H/Y357A displays enhanced activity specifically with DL-iLH2
Since the activity of x11 Fluc with DL-iLH2 was affected by the conformation of the Ω-loop, we randomly mutated both positions singly and together in x11 Fluc and improvements in activity were observed in double mutant screens (Figure 5). Basic and polar residues enhanced activity at position 354, but this depended on the identity of residue 357, at which less polarity appeared favorable. We isolated significantly brighter x11 Fluc mutants, E354H/D357A, E354Q/D357S, and E354S/D357P, with 3-, 2-, and 2.5-fold higher activities than x11 Fluc, respectively. The improved activity of mutant x11 Fluc R354H/Y357A was confirmed separately in the laboratory of the second co-author. However, it was less active than x11 Fluc with D-LH2, so we termed this mutant infraluciferase 1 (iluc1). Pure iluc1 proved to be up to 17-fold brighter than WT Fluc with DL-iLH2 and with a small blue-shift in emission compared to WT Fluc and x11 Fluc (Supplementary Figure S12A–C). The pH dependence of specific activity showed that iluc1 had optimum pH at 7.4, compared to 7.8 for x11 Fluc, but the pH affected the emission color of iluc1 more than x11 Fluc, and it displayed a slightly larger bathochromic shift at low pH and reciprocal hypsochromic shift at higher pH with diminution of activity at pH 9.8 (Supplementary Figure S12D–F). The kinetics of iluc1 showed a slightly higher decay than x11 Fluc (Supplementary Figure S12G). Iluc1 proved to be 20-fold brighter than WT Fluc with DL-iLH2 in E. coli BL21 cells (Supplementary Figure S12H).
[image: Figure 5]FIGURE 5 | Activity of purified Flucs and mutants with both substrates. Specific activity and emission peak wavelengths of selected R354 and/or D357 mutants of WT, x5, and x11 Flucs. 150μM D-LH2 or 15 μM DL-iLH2 and 2 mM ATP were used to saturate 0.167 and 0.0167 μM Flucs, respectively, and light emission was captured using the PIO. The assay was then repeated with the blood phantom.
2.3 Properties of iluc1 and color-shifted iluc1 derivatives in human embryonic kidney 293 cells
Human codon-optimized Eluc, WT Fluc, x11 Fluc, iluc1, and CBR were purchased as gblocks (IDT DNA, IA, United States) and cloned using AfeI/XbaI into a lentiviral vector pCCL (Dull et al., 1998) co-expressing EGFP downstream of an internal ribosome entry site (IRES). Vectors encoding different mutants were transfected into human embryonic kidney (HEK) cells and, after 48 h, were imaged for EGFP, followed by BLI by addition of either 1 mM D-LH2 potassium salt (Regis Tech, IL, United States) or 1 mM DL-iLH2 Me ester both in phosphate-buffered saline (PBS) onto whole cells with culture medium (containing phenol red) removed. BLI signals were EGFP normalized to account for transfection efficiencies, and no bioluminescence was detected from any non-transfected control cells with either substrate. Eluc and WT Ppy Fluc gave 0.17 and 0.2% total integrated light emission with DL-iLH2 compared to WT Fluc with D-LH2, whereas with x11 Fluc and iluc1 gave 1.8 and 3.1%, respectively (Figure 6A and Supplementary Figure S13). Eluc activity was weak and did not improve at lower concentrations (100 μM) of DL-iLH2 ester. Though the green peak was stable in HEK cells, the secondary unstable nIR peak (peaking in the 697 nm +/− 15 nm filter) was observed in some measurements. Iluc1 dual color mutants were constructed by the introduction of mutations V241I, G246A, and F250S to blue-shift and S284T to red-shift spectra (Branchini et al., 2007). x11 Fluc is relatively refractory to classic red-shifting mutation S284T, requiring the additional substitution R354I (“x11 red2”, or “FLuc_red”) (Jathoul et al., 2012b; Stowe et al., 2019) to stabilize red-shift (Willey et al., 2001) for dual imaging with V245I/G246S/F250S (“x11 green”, or “FLuc_green”). In iluc1, however, the addition of S284T alone produced a stable red-shifted variant (ilucR) almost identical in spectrum to x11 red2 (Supplementary Figure S14). The addition of S284T to a bright x11 Fluc Ω-loop deletion mutant (ΔP359) (Halliwell et al., 2018) also produced a bright red-shifted mutant, x11 S284T/ΔP359, and these gave 2.3 and 2.4% of activity with DL-iLH2 compared to WT Fluc with D-LH2, respectively. To blue-shift iluc1, double mutant V2451/G246S (ilucG1), single mutant F250S (ilucG2) and triple mutant V2451/G246S/F250S (ilucG3) were constructed, giving 1, 3.6, and 1.7% of activity with DL-iLH2 compared to WT Fluc with D-LH2, respectively. All these produced blue-shifted spectra compared to iluc1. CBR was the most red-shifted variant tested (peaking in the 722 nm filter) (Supplementary Figure S15) but was relatively dim compared to red-shifted ilucs with DL-iLH2 (0.2%) and, thus, not further examined.
[image: Figure 6]FIGURE 6 | Bioluminescence yields and spectra from transfected HEK 293 cells. (A) EGFP normalized light yields from whole HEK cells. 1mM D-LH2 K+ salt or DL-iLH2 Me ester was added to initiate luminescence, and emission was captured over 5 min at 30°C in the PIO (Biospace Labs, Paris, France). Emission with both substrates was observed to take approximately 1 min to reach a plateau, and light yields given were from 1 min after addition of substrates. Background signals were obtained from triplicate ROIs placed in areas of images containing no wells. (B) Normalized bioluminescence spectra obtained from whole transfected HEK cells expressing different variants with (B) D-LH2 and (C) DL-iLH2 Me ester imaged in the PIO.
2.4 Dual-cell type unmixing with infraluciferin in human embryonic kidney 293 cells
To test the ability to simultaneously image and resolve HEK 293 cells in vitro expressing the different colored iluc mutants from each other with DL-iLH2, potential dual color pairings ilucG2/x11 S284T ΔP359 and ilucG3/ilucR were compared in HEK cell unmixing experiments. 1.5 × 106 HEK 293 cells were plated in a 48-well format and transfected after 24 h with mixes (0, 25, 50, 75, and 100%) lentiviral vectors, encoding either of the dual far-red to nIR pairs and after 24 h were imaged by the addition of either D-LH2 or DL-iLH2. The brightest pairing, ilucG2 and x11 S284T ΔP359, was not found to be separable due to variation in an unstable spectrum of ilucG2; however, ilucG3 and ilucR spectra were stable and increasing amounts of cells (ca.7800-31,250) in mixes could be imaged in separate far-red to nIR band-pass filters in the PIO with DL-iLH2 (Figures 7A and B).
[image: Figure 7]FIGURE 7 | Imaging and unmixing HEK 293 cells expressing dual mixes of ilucG3 and ilucR. Substrates were dispensed with a multiwell pipette and, after 5 min, were imaged in successive filters on the PIO (622, 722, and 797 nm band-passes (BP)). Regions of interest were analyzed for photon flux at different wavelengths using the M3 Vision software. (A) Quantitative bioluminescence spectra from variants. (B) Increasing percentage of ilucG3 imaged through 622, 722 and 797BP filters.
3 CONCLUDING REMARKS
We report an unexpected finding that the bioluminescence of Eluc with DL-iLH2 is in the visible region (green) and that pairing it with other enzymes produces unprecedentedly large single-substrate bioluminescence wavelength separations. Thus, synthetic bioluminescence using DL-iLH2 has more than double the possible spectral range of natural firefly bioluminescence without the requirement for resonance energy transfer acceptors. This basic discovery could have ramifications in academia in terms of the color tuning mechanism of beetle luciferases and in bioimaging with the engineering of enzymes that are brighter at visible wavelengths, and enzymes with emission colors intermediate between green and far-red. We have identified enzymes with improved activity, good color stability, and emission kinetics with DL-iLH2, which could be useful as first-generation infraluciferases (ilucs) for use in dual in vivo imaging and continue to test and engineer new generation ilucs for potential application to simultaneous single-substrate multiparametric BLI in the future.
3.1 Contribution to the field statement
Synthetic bioluminescence with infraluciferin has advantageous properties over naturally evolved bioluminescence for applications in bioimaging. With an extended spectral range, in the future, enzymes may be engineered with high activity emissions ranging from the green to the nIR and improve the amount of biological information that can be imaged simultaneously from living systems.
4 MATERIALS AND METHODS
4.1 Synthesis of luciferins and luciferin source
D-luciferin potassium salt was purchased from Regis Technologies (CA, United States). The free acid and methyl ester of DL-infraluciferin were synthesized as described within the literature (Anderson et al., 2017) and prepared by first dissolving them to 10 mg/ml in DMSO and then further in a relevant buffer.
4.2 Vectors, cloning, over-expression, and purification of enzymes
Vectors encoding WT, x2, x5, and x11 Flucs in pET16b were prepared in previous work. 10X-N-terminal His-tagged Eluc and CBR were amplified from pLR6-Eluc (GenBank KU756582.1), provided kindly by Mikhail Koksharov (Brown University, United States), or pGex-CBR plasmids, respectively, and cloned into the pET16b with NcoI and BamHI. These were transformed into E. coli BL21 (DE3) pLysS cells (Agilent Technologies, CA, United States) and over-expressed and purified by nickel-NTA affinity chromatography as described previously (Law et al., 2006; Jathoul et al., 2012a). The pCCL vector 305 was kindly provided by Prof. Riccardo Brambilla (Cardiff University, Cardiff, United Kingdom) under MTA.
4.3 Construction of random mutants at positions E354 and D357 by overlap extension mutagenesis
Overlap extension was used to introduce mutations into Flucs by site-directed random mutagenesis since this method gives added versatility when introducing simultaneous mutations at different sites. To construct random mutations at E354 and D357, first, a fragment of ca.1070 bp was amplified from pET16b x2 Fluc using outer primer pETPpyFor (AGG​TCG​TCA​TAT​GGA​AGA​CGC​CAA​AA) and overlap primer RYrRev (GACCGCGCCCGGTTTNNNATCCCCNNNGGGTGTAATCAGAATAG). Another ca.580 bp fragment was amplified separately amplified using overlap primer RYrFor (CTATTCTGATTACACCCNNNGGGGATNNNAAACCGGGCGCGGTC) and outer primer pETPpyRev (GCA​GCC​GGA​TCC​AGT​TAC​ATT​TTA​CA). Each fragment was gel purified, and they were fused together by PCR using outer primers pETPpyFor and Rev to produce a single band of ca.1500bp, which was further extracted and digested with NdeI and BamHI before subcloning into pET16b. Luminescent colonies were identified by spraying with 60 μM DL-iLH2 in 0.1M citrate buffer (pH 5) and being imaged for 1 min in the PIO and were verified by sequencing.
4.4 Measurement of specific activity, coenzyme A assays, and flash kinetics
For specific activity, each enzyme was prepared in chilled PEM (1x PBS, 2 mM ethylenediaminetetraacetic acid (EDTA) and 10 mM magnesium sulphate (MgSO4), pH 7.3) or TEM buffer (100 mM Tris-acetate, 2 mM ethylenediaminetetraacetic acid (EDTA) and 10 mM magnesium sulphate (MgSO4), pH 7.8) and 200 μM D-LH2 or 60 μM DL-iLH2 and 2 mM ATP at pH 7.8 were used to saturate reactions. Measurements were captured with or without band-pass filters in the PIO 1 min after addition of substrates, for periods of up to 1 h at 28–30°C. Flash kinetics were measured with both substrates by dispensing 2 mM ATP onto 0.167 μM enzymes with 200 μM D-LH2 or 60 mM iLH2 and adjusting PMT gain values to 1,500 v for D-LH2 and 4,095 v for DL-iLH2. To test the effect of coenzyme A (CoA), 200 μM was also supplemented into experiments. To construct the Hb phantom, 50% whole equine blood in 1% agarose was allowed to set in a 150 mm square Petri dish, and 96-well plates containing samples were overlaid with this to test the effect of filtering of emission by blood.
4.5 pH dependence of bioluminescence spectra
Bioluminescent spectra were captured using both the PIO and Clariostar multimeter (BMG Labtech, Ortenburg, Germany). For measurements at differing pH values, TEM buffer was adjusted to different pH values using acetic acid or sodium hydroxide, and these were used to prepare both substrates and enzymes.
4.6 Kinetics assays: measurement of Km for ATP
For ATP Km measurements, light emission was measured when substrate concentrations of ATP were varied between 1 μM and 2 mM in the presence of either saturating D-LH2 or DL-iLH2, respectively. Data were plotted using the Hanes–Woolf plot to derive Km and kcat values (obtained with a BMG Fluostar PMT gain of 4,095 v).
4.7 Chemiluminescence of infraluciferin Me ester
To initiate chemiluminescence, 50 μl of 10 mg/ml iLH2 Me ester was added to 200 μl 2M t-BuOK in TEM buffer or 5 μl of ester was added to 50 μl 1M t-BuOK in DMSO and light emission was integrated over 1 min using different band pass filters in the PIO.
4.8 HEK cell transfection, transduction, and imaging
HEK cells were plated at the density of 1.5 × 106 cells per plate in a 6-well dish. The following day, wells were transfected with 500 ng pCCL vectors encoding Flucs using 3 μl of GeneJuice transfection reagent (Novagen, WI, United States) and imaged after 48h for EGFP expression using an excitation wavelength of 487 nm and acquisition with a 547 nm (+/−15 nm) filter, and subtraction of the subsequent image taken with an excitation value of 412 nm. BLI was then acquired for 5 min after dispensing substrates on cells using a multiwell pipette.
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Point-of-care tests are highly valuable in providing fast results for medical decisions for greater flexibility in patient care. Many diagnostic tests, such as ELISAs, that are commonly used within clinical laboratory settings require trained technicians, laborious workflows, and complex instrumentation hindering their translation into point-of-care applications. Herein, we demonstrate the use of a homogeneous, bioluminescent-based, split reporter platform that enables a simple, sensitive, and rapid method for analyte detection in clinical samples. We developed this point-of-care application using an optimized ternary, split-NanoLuc luciferase reporter system that consists of two small reporter peptides added as appendages to analyte-specific affinity reagents. A bright, stable bioluminescent signal is generated as the affinity reagents bind to the analyte, allowing for proximity-induced complementation between the two reporter peptides and the polypeptide protein, in addition to the furimazine substrate. Through lyophilization of the stabilized reporter system with the formulated substrate, we demonstrate a shelf-stable, all-in-one, add-and-read analyte-detection system for use in complex sample matrices at the point-of-care. We highlight the modularity of this platform using two distinct SARS-CoV-2 model systems: SARS-CoV-2 N-antigen detection for active infections and anti-SARS-CoV-2 antibodies for immunity status detection using chemically conjugated or genetically fused affinity reagents, respectively. This technology provides a simple and standardized method to develop rapid, robust, and sensitive analyte-detection assays with flexible assay formatting making this an ideal platform for research, clinical laboratory, as well as point-of-care applications utilizing a simple handheld luminometer.

KEYWORDS
 point-of-care, bioluminescence, NanoLuc complementation, SARS-CoV-2 antigen, rapid testing


Introduction

Point-of-care testing (POCT) is an essential tool for the rapid detection of analytes at the site of the patient enabling quick, actionable, informed medical decisions for improved disease management. This form of decentralized diagnostic analysis allows for testing at the bedside, outpatient clinics, and even over the counter as direct-to-consumer tests (Luppa et al., 2011; Tolan, 2017). There is a continuous and growing need for POCTs as they offer rapid turnaround times and streamlined workflows, thereby reducing the need for multiple patient visits, improving medication adherence and antibiotic stewardship, and aiding in the containment of infectious diseases (Patzer et al., 2018; Cooke et al., 2020; HealthEuropa, 2021).

The COVID-19 pandemic, caused by the SARS-CoV-2 virus, has exacerbated the need for POCTs while highlighting their utility both in the clinic and in the hands of a patient. This demand is evidenced by the widespread use of COVID-19 rapid antigen tests (RATs) which have been employed as a useful screening tool for telemedicine visits and drive-thru clinics in addition to their utility in contact tracing (Allen et al., 2020; Chau et al., 2020; Ngo et al., 2020). While the ongoing COVID-19 global pandemic has emphasized the importance of POCTs, these technologies serve an essential role in addressing a variety of public health and safety issues. For example, POCTs are proven tools for the detection of potential contaminants, pathogens, and biothreats in agricultural water sources, food production facilities, and public health settings (Louie et al., 2009; Malcata et al., 2020; Hu et al., 2021).

Analyte tests are used for the detection of biomolecules from a wide array of sample types and matrices. Heterogeneous immunoassays, such as ELISAs, remain the gold standard for analyte quantitation and are widely used in clinical laboratory settings due to their sensitivity, specificity, and modularity. Unfortunately, these assays have workflow limitations, requiring skilled technicians, multiple wash steps, long incubation times, and specialized equipment, which makes it difficult to transition the technology from lab-based to point-of-care formats which require speed, simplicity, and reagent stability (Kozel and Burnham-Marusich, 2017). The dominant format for POCT is lateral flow immunoassay (LFIA) that is configured to mimic a heterogeneous ELISA-like workflow by use of capillary action to separate bound from unbound material to capture the analyte-specific detection signal without the need for multiple wash steps (Koczula and Gallotta, 2016). The majority of LFIAs rely on either colorimetric reporter systems that can be read with the naked eye or fluorescence-based systems that require instrumentation for detection (Di Nardo et al., 2021). Despite the extensive use of POCTs, they continue to be plagued by widespread issues including low sensitivity, sample-matrix interferences, rigid analyses time frames, manufacturing difficulties, format inflexibility, and multiple reagent and material components (St John and Price, 2014; Shaw, 2016; Dalton, 2021). Many of these limitations are inherently linked to the colorimetric and fluorescence-based reporters that dominate the point-of-care space indicating that new chemistries must be developed to overcome these challenges (Koczula and Gallotta, 2016; Roy et al., 2022).

Bioluminescence-based reporter assays have shown distinct advantages over other reporter chemistries including low intrinsic background and broad dynamic range (Allard, 2008). This makes bioluminescence potentially well suited for use with complex sample matrices, like blood and serum, as the background is not affected by autofluorescence as seen with fluorescent detection methods, thus improving sensitivity (Fan and Wood, 2007; Suzuki and Nagai, 2017). Additionally, bioluminescence-based reporters do not require complex instrumentation for analyses since the readout is simply capturing the total light emission which negates the need for filters, mirrors, and external excitation light sources (Tung et al., 2016). These attributes make bioluminescence a promising readout modality for POCT formats that have historically suffered from poor sensitivity when compared to clinical lab-based assays (Hwang et al., 2020; Shaw, 2021).

NanoLuc (Nluc) is a small engineered 19 kDa luciferase. Its brightness and compact thermodynamically stable 10-strand β-barrel structure make Nluc an ideal candidate to meet the challenges faced during POCT development (Hall et al., 2012). Recently reported POCT biosensors such as luciferase-based indicators of drugs (LUCIDS) and luminescent antibody sensors have been developed for bioluminescent resonance energy transfer (BRET) based detection of analytes. The ratiometric nature of BRET measurements allows for robust quantification of analytes independent of bioluminescent signal intensity and sample volume.

However, these BRET-based platforms tend to be complex and require extensive re-design and optimization of biosensors for each analyte of interest which makes rapid prototyping and development challenging (Arts et al., 2017; Xue et al., 2017; Tenda et al., 2018; Ni et al., 2019; Tomimuro et al., 2020; Ni et al., 2021). Additionally, poor environmental stability of principal assay components, including coelenterazine-based luciferase substrates restrict the use of these platforms to cold storage-dependent designs which significantly restricts the range of potential POCT applications (Hawkins et al., 2002).

Split versions of Nluc have been used as binary or ternary complementation reporters for the sensitive detection of analytes using several configurations (Dixon et al., 2016, 2017; Schwinn et al., 2018; Elledge et al., 2020; Hwang et al., 2020; Hall et al., 2021; Kainulainen et al., 2021; Ni et al., 2021; Yao et al., 2021; Kincaid et al., 2022). These examples highlighted the benefits of using bioluminescence for analyte detection providing sensitive assays with simplified workflows. However, to meet the requirements needed for the POCT setting, the assay must be able to maintain performance paired with thermal and chemical stability for extended shelf-life in various environments. Previously reported assays that were based on the binary Nluc system or earlier versions of the ternary Nluc system were shown to carry liabilities in reporter stability as well as the inability to create the high concentration of reagents and substrate needed for a one-pot lyophilized cake (Dixon et al., 2017; Ohmuro-Matsuyama and Ueda, 2018).

The ternary Nluc technology combined with formulated substrate enabled the generation of shelf-stable lyophilized single-reagent homogeneous immunoassays for the sensitive detection analytes in clinical samples (Hall et al., 2021). The ternary Nluc cleaved an additional peptide piece from the binary LgBiT piece to form a new 17 kDa, 8-strand polypeptide piece (LgTrip) and two reporter peptides (β9 and β10). Since the three pieces have low affinities toward one another, complementation of the functional luciferase is driven quantitatively by analyte-induced interactions bringing these three pieces within a close enough proximity to interact, thus increasing simplicity and reducing the need for wash steps without affecting sensitivity as the background remains low (Hall et al., 2021). This system has the additional advantage over the binary system in that the peptide-tagged affinity reagent concentrations are independent from the light generation allowing to work under saturating conditions of the LgTrip reagent thus maximizing assay performance (Dixon et al., 2016; Hwang et al., 2020; Hall et al., 2021).

The benefits of the ternary Nluc reporter system make it well suited to address current limitations with POCTs. In this study, we utilized a further evolved version of the ternary Nluc system with improved strand 9 peptide solubility and enhanced LgTrip stability to design assays specifically formatted for rapid add-and-read POCT. Using COVID-19 as a model system, we utilize the modularity of this platform for development of sensitive and specific assays to detect either SARS-CoV-2 antigen proteins or anti-SARS-CoV-2 antibodies in clinical samples with POC-compatible formats. These assays provide a large dynamic range, exceeding three orders of magnitude, with a rapid 15-min readout. We showcase the flexibility of the reporter peptides by attaching them to the recognition elements via either chemical conjugation or as genetic fusion. We also demonstrate that these assays are highly adaptable and scalable to different assay formats as demonstrated here using both, a moderate-high-throughput plate-based format as well as nasal swab POCT without the need for changing the reagent components. In summary, this platform allows for the fast development of simple, add-and-read analyte-detection assays in a variety of formats relevant for point-of-care applications across a broad range of clinically relevant analytes.



Materials and methods


Antibody labeling

The following antibody pairs were used for the SARS-CoV-2 receptor binding domain (RBD) and nucleocapsid model systems: (1) Chimeric anti-human SARS-CoV/SARS-CoV-2 Spike monoclonal antibodies (mAbs) Cat: 40150-D002 and Cat: 40150-D003 (Sino Biological) and (2) Mouse anti-human SARS-CoV-2 Nucleocapsid mAbs Cat: 9547 and 9,548 (Meridian Bioscience). Labeling of the antibodies with the HaloTag-peptide fusions was performed as previously described (Hall et al., 2021). Antibodies were buffer exchanged 3X into 10 mM sodium bicarbonate buffer (pH 8.5) using Zeba spin desalting columns (Thermo Fisher). Antibodies were then incubated with 200 μM amine-reactive HaloTag Succinimidyl Ester (04) Ligand (Promega) for 2 h with orbital shaking (1,000 rpm) at 22°C. Unreacted ligand was removed with two passes through Zeba spin columns in Phosphate Buffered Saline (PBS). Antibodies were then incubated with 30 μM of the HaloTag-peptide 840 or HaloTag-VS-HiBiT fusion protein overnight with shaking at 4°C. HaloLink Resin (Promega) was used to remove excess HaloTag fusions from the reactions and characterization of antibody labeling was carried out using SDS-PAGE.



Solution-based SARS-CoV-2 RBD or N immunoassay on GloMax

A 2X master mix stock solution containing 60 ng/ml β9-labeled anti-SARS-CoV-2 spike RBD antibody D003, 120 ng/ml β10-labeled anti- SARS-CoV-2 spike RBD antibody D002, and 2 μM LgTrip protein was prepared in assay buffer consisting of 0.01% Blocker BSA (Thermo Fisher) in PBS (PBSB), and 50 μl/well was dispensed in solid, white, nonbinding surface (NBS) 96-well plates (Costar). Either a 2× solution containing recombinant SARS-CoV-2 Spike or heat-inactivated virus for dose-response curve generation was prepared, and 50 μl/ well was added to the wells containing the master mix. Plates were incubated for 90 min at ambient temperature prior to the addition of 100 μl/well of a 30-fold dilution of Fz (Nano-Glo Live Cell Substrate; Promega N205) in PBSB. Assays were read on a GloMax Discover Multimode Microplate Reader (Promega) collecting total luminescence using kinetic or endpoint reads, depending on the experimental design. Variations on this methodology, including shorter incubation times, were examined as part of the optimization process. The same method was carried out for the nucleocapsid model system by using 60 ng/ml β9-labeled anti-SARS-CoV-2 N mAb Cat. 9,547, 120 ng/ml β10-labeled anti-SARS-CoV-2 N mAb Cat. 9,548, and 2 μM LgTrip and creating 2× titrations of recombinant CoV N-proteins or heat-inactivated SARS-CoV-2 variants (a comprehensive list can be found in the Supplementary material).



Complete SARS-CoV-2 RBD or N immunoassay lyophilization in swab jackets and characterization

A 4× stock solution containing β10-labeled anti- SARS-CoV-2 RBD mAb (D002), β9-labeled anti- SARS-CoV-2 RBD mAb (D003), LgTrip, Fz, and excipients was prepared for the RBD model system. The same 4× stock was made for the N model systems but instead, with β10-labeled anti- SARS-CoV-2 N mAb 9,548 and β9-labeled anti- SARS-CoV-2 N mAb 9,547. We define the buffer (i.e., everything except antibody, LgTrip, and Fz) used to make this solution as “complete complex buffer.” Aliquots (400 μl) were prepared in disposable swab jackets for lyophilization. The swab jackets were loaded into the lyophilizer (Virtis Genesis 12EL) with shelves pre-set to 4°C. Product then underwent a freezing step with a shelf temperature of −50°C for 2 h. Upon evacuation of the system, the lyophilization process was performed between shelf temperatures of −25°C and 25°C and pressures of 75 and 200 mTorr. The ice sublimation phase lasted 5 h and the bound water desorption phase lasted 16 h. At the end of the lyophilization process, the swab jackets were covered with a temporary stopper under atmospheric conditions.

Immediately prior to use, the jackets were reconstituted with 400 μl of sample (100 μl) + PBSB mixture, shaken manually, and read on the handheld prototype luminometer every 15 min.



Data analysis

Immunoassay dose response titrations were fitted to a 4-parameter logistic regression equation with 1/Y2 weighting function (GraphPad Prism 8). Limit of detection (LOD) was calculated as RLUblank + 3 × SDblank. Signal over background (S/B) was calculated by dividing the raw Relative Light Unit signal for a given sample by the average of the background with buffer alone (n = 3). To quantify protein concentrations in samples, RLU values were interpolated on the standard curve.




Results


Solution-based homogeneous SARS-CoV-2 antigen immunoassay development

Prior to development of the proof-of-concept POCT, we first established solution-based, homogeneous assays targeting the SARS-CoV-2 nucleocapsid protein (N-antigen) or the SARS-CoV-2 RBD protein (RBD antigen). Both viral proteins are highly immunogenic with the nucleocapsid protein playing an essential role in replication and virion assembly while the RBD protein mediates viral binding of the host cell Angiotensin-converting enzyme 2 (ACE2) receptor (Lutomski et al., 2021). We have previously engineered the ternary Nluc reporter peptides by splitting Nluc, a 10-strand β-barrel luciferase, at the C-terminus at strands 9 and 10 resulting in two small peptides and a larger polypeptide, LgTrip (Hall et al., 2021). HiBiT, a high-affinity strand 10 peptide, has been identified as the preferred strand 10 peptide (β10) based on luminescent signal output in the ternary system and was carried through for these experiments. We further evolved the strand 9 (β9) derived peptide as well as LgTrip to overcome poor aqueous solubility and improve protein stability (Hall et al., 2021; Kincaid et al., 2022; Supplementary Figure 1). To create the chemical conjugation reporter tags, we relied on HaloTag-mediated chemical labeling of a pair of complementary antibodies that recognized non-overlapping epitopes of the target analyte (Nath et al., 2017).

Commercially available complementary antibody pairs specific to each target protein from the Wuhan-Hu 1 strain were chemically conjugated with either HaloTag- β9 or HaloTag- β10 proteins. Binding to the target analyte brings both antibodies into proximity and allows the complementation of the active ternary Nluc complex with the addition of LgTrip and a bioluminescent signal can be measured in the presence of the Nluc substrate, Fz, as shown in the schematic in Figure 1. The design of the system required 4 antibody conjugates (antibody 1-HT-β9, antibody 1-HT-β10, antibody 2-HT-β9, and antibody 2-HT-β10) that were paired for matrix experiments (Supplementary Figure 2) for complete evaluation. Both combinations performed well with a protein standard; therefore, we selected the orientation that provided the highest signal-to-background (S/B) ratio. Next, we determined the optimal concentrations of the labeled antibodies for each target analyte immunoassay by conducting a matrix experiment using serial dilutions of each antibody under saturating conditions of the LgTrip and Fz substrate in the presence or absence of analyte (Supplementary Figure 2A). The S/B was calculated to identify the concentration of each antibody that produced the maximal sensitivity and dynamic range (Supplementary Figures 2B–E). Results for the N-antigen assay returned optimal concentrations of 30 ng/ml HT- β9-labeled anti-SARS-CoV-2 N mAb Cat. 9,547 and 60 ng/ml HT- β10 labeled anti-SARS-CoV-2 N mAb Cat. 9,548. The RBD assay final affinity reagent concentrations were 60 ng/ml HT- β9-labeled anti-SARS-CoV-2 spike RBD antibody D003 and 120 ng/ml HT- β10-labeled anti- SARS-CoV-2 spike RBD antibody D002 (Supplementary Figures 2B–G).
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FIGURE 1
 Schematic of the ternary Nluc reporter immunoassay. β9 and β10 peptides are chemically conjugated via HaloTag (HT) to a pair of antibodies that recognize separate epitopes on the target analyte. Binding to the analyte brings the antibodies and their respective peptide subunits into close proximity. With the addition of LgTrip and the furimazine substrate, complementation of the active ternary Nluc complex occurs, producing bioluminescence.


To establish assay performance, dose-response curves were generated using a simple, homogeneous workflow with viral proteins added directly to the plate, followed by a master mix including all assay reagents. This plate-based format has advantages of being fast, sensitive, and high-throughput, thereby potentially alleviating key issues routinely encountered with ELISAs in central laboratory settings (Supplementary Figure 3; Kozel and Burnham-Marusich, 2017; Sakamoto et al., 2018). Assay performance was established for both the N-antigen as well as the RBD antigen using recombinant proteins from various SARS-CoV-2 variants. The N-antigen assay displayed great sensitivity across all tested recombinant SARS N-protein samples from different SARS-CoV-2 variants, including Wuhan-Hu-1 (LOD = 0.108 ng/ml), Alpha (LOD = 0.019 ng/ml), Beta (LOD = 0.066 ng/ml), Lambda (LOD = 0.089 ng/ml), Delta (LOD = 0.050 ng/ml), and Omicron (LOD = 0.522 ng/ml) with a dynamic range spanning about four orders of magnitude (Figure 2A).
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FIGURE 2
 Detection of SARS-CoV-2 purified proteins from different variants. (A) Dose-response curve of purified nucleocapsid proteins from variants using nucleocapsid antigen assay. Final antibody concentrations were 30 ng/ml β9-labeled anti-SARS-CoV-2 N mAb Cat. 9,547 and 60 ng/ml β10-labeled anti-SARS-CoV-2 N mAb Cat. 9,548. (B) Dose-response curve of purified RBD proteins from variants using RBD antigen assay. Final antibody concentrations were 30 ng/ml β9-labeled anti-SARS-CoV-2 spike RBD antibody D003 and 60 ng/ml β10-labeled anti- SARS-CoV-2 spike RBD antibody D002. 1 μM LgTrip was used in all experiments. Reagents were incubated for 90 min prior to the addition of Fz substrate. Luminescence was measured and the signal over background (S/B) was calculated for each concentration of purified viral protein. Shown are means ± SEM (n = 3 independent experiments).


Similarly, the RBD antigen assay demonstrated great sensitivity across the majority of SARS-CoV recombinant RBD proteins resulting in LODs for Wuhan-Hu-1 (0.007 ng/ml), Alpha (0.009 ng/ml), Beta (0.004 ng/ml), Delta (0.006 ng/ml), and Lambda (0.002 ng/ml) with a dynamic range spanning three orders of magnitude (Figure 2B). Interestingly, the assay sensitivity was found to be significantly lower for the Omicron variant RBD protein (2.2 ng/ml) (Figure 2B), which carries 15 mutations known to impact antibody binding (Wu et al., 2022).

In addition, recombinant N and RBD antigens from different coronaviruses including SARS-CoV, Middle East Respiratory Syndrome coronavirus (MERS-CoV), and a variety of low pathogenicity human coronaviruses, were tested to determine assay cross-reactivity. Both antigens from SARS-CoV were recognized in this format with high sensitivity which is not surprising considering the high degree of homology found between SARS-CoV and the Wuhan-Hu-1 strain of SARS CoV-2 (Grifoni et al., 2020). Importantly, the N-antigen assay did not cross-react with any of the recombinant proteins from low pathogenicity coronaviruses or MERS-CoV demonstrating excellent specificity (Supplementary Figure 4A) across pathogenic coronaviruses. Surprisingly, we found substantial cross-reactivity in the RBD antigen assay for coronavirus strain HCoV-NL63 spike protein that might be attributed to epitope sequence homology (Supplementary Figure 4B; Simula et al., 2020). This finding in combination with lower observed sensitivity against the Omicron variant suggests potential liabilities with utilizing the RBD antigen for specific detection of SARS-CoV-2 in a POCT.

Taking into consideration that speed is a key requirement for POCT to accommodate rapid sample-to-answer workflows, we next examined the kinetics of the signal formation for both antigen assays. Signal intensity and kinetics are driven by the complementation and maturation of the ternary Nluc components into a functional luciferase complex, affinity and avidity of the antibodies, and the concentration of the analyte. When all the assay components were added at t = 0, we observed that the development of the luminescence signal was both time- and analyte concentration-dependent as expected (Supplementary Figures 5A–D). Both assays exhibited greater sensitivity over time but did not vary in terms of signal amplitude. Importantly, kinetic analysis revealed that the analyte-specific signal is sustained for an extended period of time without a rise in background signal and concomitant loss of sensitivity. Analysis of assay performance over time indicates stability for at least 90 min without discernible loss in sensitivity (Supplementary Figures 6A,B). This signal stability highlights the technology’s robustness which permits reliable sample analyses across a broad time window without increased occurrence of false results. This marks a significant improvement over many current standard ELISA and point-of-care assay formats which often require narrow time windows for obtaining reliable results.



Assay performance using heat-inactivated virus and clinical nasopharyngeal samples

To establish assay performance against clinically relevant viral samples, we next analyzed the ability of the assay to detect heat-inactivated virus. Surprisingly, when tested with heat-inactivated viral SARS-CoV-2 variants Wuhan-Hu 1, Alpha (B.1.1.7), and Beta (B.1.351), the RBD antigen assay failed to produce a signal despite increasing amounts of virus (Supplementary Figure 7A). To determine if the poor performance could be attributed to heat-induced damage of the target epitope, the RBD antigen assay was also tested using non-heat treated residual clinical nasopharyngeal (NP) samples obtained from our clinical collaborator at the University of Wisconsin Hospital and Clinics. Individual NP samples that had previously been identified by PCR as negative (n = 10) or positive (n = 10) were tested in the RBD antigen assay and no significant difference in signal generation was found (p = 0.17; Supplementary Figure 7B) between positive and negative samples. Due to these results, the SARS-CoV-2 RBD antigen assay was abandoned for further assay development.

In contrast, the SARS-CoV-2 N-antigen assay displayed a dose-dependent response across all heat-inactivated SARS-CoV-2 variants tested (Figure 3). Interestingly, the assay demonstrated a decrease in sensitivity for the Alpha (B.1.1.7) variant (LOD = 242 genome copies/μl) and an increase in sensitivity for the Beta (B.1.351) variant (LOD = 26 genome copies/μl) relative to the Wuhan-Hu-1 variant (LOD = 74 genome copies/μl), which was used to generate N-antigen specific antibodies. These results differ from what was previously observed when using purified recombinant N-antigen (Figure 2A) and could indicate differences in the epitope presentation in the naturally occurring virus versus recombinantly expressed viral proteins. The results found for the Wuhan-Hu-1 variant were expected given that the α-nucleocapsid antibodies for the assay were developed against this variant during the original wave of the pandemic. It was previously shown that post-translational modifications of RBD varied significantly between different SARS-CoV-2 variants. We hypothesized that the poor performance could be attributed to a variety of factors, including lack of accessibility due to glycosylation of the spike protein or low abundance of the target epitope in samples with a whole virus (Ke et al., 2020; Shajahan et al., 2020). The nucleocapsid protein of the Alpha (B.1.1.7) variant has been shown to be heavily phosphorylated relative to the original Wuhan-Hu-1 strain, while the Beta (B.1.351) has fewer post-translational modifications (PTMs; Supekar et al., 2020; Mohammad et al., 2021). We speculate that differences in PTM composition and abundance could lead to altered epitope presentation and therefore impact the binding of antibodies to the viral nucleocapsid protein which would explain the observed differences in sensitivity.
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FIGURE 3
 Detection of SARS-CoV-2 heat-inactivated viruses with N-antigen assay. 30 ng/ml β9-labeled anti-SARS-CoV-2 N mAb Cat. 9,547, 60 ng/ml β10-labeled anti-SARS-CoV-2 N mAb Cat. 9,548, and 1 μM LgTrip were incubated in the presence of sample for 90 min prior to the addition of Fz substrate and the measurement of luminescence. Signal over background (S/B) was calculated for each concentration of heat-inactivated virus. Shown mean ± SD of a representative experiment.


To demonstrate the clinical utility of the N-antigen assay, residual clinical NP samples that were previously PCR-confirmed negative (n = 21) or positive (n = 89) were analyzed using the plate-based format of the assay to allow for a high-throughput approach given the large number of samples being tested (Supplementary Figure 3). The N-antigen assay showed great specificity with all negatives grouping tightly at low RLU values (Figure 4A). The positive cohort had a dynamic range covering four log orders of signal magnitude, highlighting the benefit of using a bioluminescence-based reporter, which minimizes the need to dilute samples with high analyte concentrations while preserving sensitivity due to its inherently low background (Figure 4A). The results demonstrated a clear and significant delineation between samples (p < 0.0001; Figure 4A). In a further effort to categorize samples as positive or negative in the immunoassay in a standardized fashion, we established a cut-off value using the mean + 3 × SD of RLU values obtained from all PCR negative samples. Based on this cut-off, there was some discordance in outcome between the PCR results and the N-antigen assay resulting in 19/89 samples considered as false-negatives (Table 1). As these samples were residual clinical samples, we acknowledge the liabilities with the sample set including poor antigen stability due to prolonged and improper sample storage, variety of viral transport media (VTM) that could affect protein stability, as well as samples containing very low viral loads which could all contribute to the false-negatives reported here.
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FIGURE 4
 Detection of SARS-CoV-2 N-antigen in clinical samples. (A) Clinical samples that had previously been identified by PCR as negative (n = 21) or positive (n = 89) were individually tested in the N-antigen assay. (B) N-antigen assay raw RLU results were correlated to viral load (Ct) by VTM for all PCR positive samples (n = 89). In both panels a and b, 30 ng/ml β9-labeled anti-SARS-CoV-2 N mAb Cat. 9,547, 60 ng/ml β10-labeled anti-SARS-CoV-2 N mAb Cat. 9,548, and 1 μM LgTrip were incubated in the presence of sample for 90 min prior to the addition of Fz substrate and the measurement of luminescence. A red, dotted line has been added to each panel to represent a cut-off based on Mean + 3 × SD (neg). Statistical analyses determined by using an unpaired, non-parametric Mann–Whitney t-test.




TABLE 1 Overall assay performance.
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In order to determine if low viral load could explain the discordance between PCR and antigen assay, we investigated the relationship between reported PCR cycle threshold (Ct) values and signal in the antigen assay. We compared the RLU values obtained with the developed immunoassay to the reported Ct values to determine if the false-negatives contained a low viral load. Sample viral load is inversely related to the Ct value and an increase of 3.3 in Ct value corresponds to a 10-fold reduction in viral RNA molecules (Al Bayat et al., 2021). We found good correlation between Ct values and RLU values produced by the N-antigen assay in samples with high viral load (Figure 4B). Previously, a Ct value ≤30 has been identified as a cut-off for viral infectivity with a markedly lower risk of secondary transmission to close contacts (Al Bayat et al., 2021). These false-positives have delayed hospitals in discharging non-infectious patients and have emphasized the need for reliable, accurate antigen tests to combat the pandemic (Braunstein et al., 2021). Samples with a Ct value ≤30 were detected with 69/79 concordance while samples with a Ct ≤ 25 had an improved concordance finding 64/65 in agreement. One factor that might have impacted N-antigen detection in PCR positive samples is the use of VTM for collection and storage of most tested clinical samples. VTM reagents include chemical additives typically optimized for downstream molecular testing and have been shown to denature proteins thus affecting performance in antigen detection assays. To illustrate the potential impact of VTM on the N-antigen assay performance, we tested the compatibility of a number of commonly used commercially available VTMs with the N-antigen assay. The experiment was conducted using a fixed concentration of purified SARS-CoV-2 nucleocapsid protein from the Wuhan-Hu-1 strain in the presence of a serial dilution of each VTM (Supplementary Figure 8). The data indicate that the choice of VTM has a significant impact on assay performance and should be therefore considered as a critical reagent. Certain VTMs, including PrimeStore® MTM and Hologic Aptima® were found to be completely incompatible with the assay even at high dilutions of the VTM. Other commercial VTMs were found to lead to various degrees of signal loss compared to PBS and saline in a concentration-dependent manner. This experiment demonstrates that the choice of sample medium is a critical factor for assay performance.



Point-of-care assay development

We have previously demonstrated that through formulation and lyophilization, we can develop assays using a stable, all-in-one reagent that can be reconstituted in aqueous buffers and added directly to sample in standard microtiter plates (Hall et al., 2021). To further explore the potential use of this technology in a POCT format, we utilized the same formulation and lyophilization approach to create a prototype POCT with the assay reagent directly placed into a swab jacket as outlined in the schematic depicted in Figure 5. In this format individually collected samples are added directly to a swab jacket containing the all-in-one lyophilized N-antigen assay reagent and reconstitution buffer, briefly incubated, and then analyzed using a basic handheld luminometer. Using this approach, we generated a titration of recombinant N-antigen to establish a standard curve on the handheld device which showed a good correlation (R2 = 0.9676) with standard curve values measured on a plate reader (Supplementary Figure 9). Following this proof-of-concept experiment, we next examined the performance of the N-antigen immunoassay in a true POCT format. To this end, all components of the N-antigen immunoassay (peptide-labeled antibodies, LgTrip, and furimazine substrate) were directly lyophilized into a nasal swab jacket to mimic a homogeneous, rapid POCT format for the detection of SARS-CoV-2 antigen in clinical samples. Samples previously determined as positive (n = 20) or negative (n = 13) by both PCR and standard immunoassay were added directly to the swab jacket along with PBS reconstitution buffer (in a 100 μl:300 μl ratio) and analyzed using the handheld luminometer following a 15-min incubation period. The results demonstrated a clear and significant delineation between PCR-confirmed positive and negative samples (p < 0.0001; Figure 6A). For analysis, we utilized a cut-off value set at the mean + 3 × SD of all negative samples which returned a 100% specificity for the samples tested (Figure 6A). The positive samples displayed results spanning two orders of magnitude in dynamic range and showed a good correlation between the handheld and GloMax plate reader (Supplementary Figure 10). Assay development time is a critical parameter to be considered in POCT development. To understand the kinetics of the signal generation, a subset of samples was measured repeatedly in 15 min intervals over the course of 1 h (Figure 6B). The results of the kinetic read demonstrate the beneficial effects provided by the sustained bioluminescence glow reaction. The negative samples showed no increase in signal which minimizes the danger of false-positives due to overdevelopment over time (Figure 6B) which is a common problem in colorimetric formats (Terato et al., 2014; Mouliou and Gourgoulianis, 2021). Of equal importance is signal stability for preventing positive samples returning false-negative results over time due to loss of signal. We observed that positive samples provided a high RLU value that increases over time. The improved signal separation seen with a longer reading window could potentially improve assay sensitivity, if needed. Flexible assay incubation times allow users to batch analyze samples and streamline workflows in a point-of-care environment without compromising on assay accuracy. We also used the kinetic workflow to highlight the potential for sample quantitation by calculating the concentration of nucleocapsid protein in each positive sample at 30 or 60 min based on the Wuhan-Hu-1 standard curve generated with the handheld device (Supplementary Figure 11). The sample quantitation covered a broad range at both time points but showed improved separation between samples after 60 min.
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FIGURE 5
 Proposed workflow for the point-of-care SARS-CoV-2 antigen immunoassay utilizing the ternary Nluc reporter system. Nasal swabs are collected (1) and placed into the reagent tube, breaking through the foil seal to expose the reagent cake (2). The cap is placed and locked onto the tube containing the sample. The buffer capsule in the cap is then cracked and the tube is shaken to reconstitute the cake and mix the assay reagents with the sample (3). The tube is then inserted into the handheld luminometer and read (4).
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FIGURE 6
 Characterization of a single-reagent SARS-CoV-2 antigen assay for point-of –care testing with nasal clinical samples. (A) Clinical samples that had previously been identified by PCR as negative (n = 13) or positive (n = 20) were added directly to the lyophilized N-antigen assay then read with a handheld luminometer after 15 min. (B) A subset of clinical samples were added to the lyophilized N-antigen assay and measured at 15 min intervals over a 1 h time period. Statistical analyses performed by using unpaired, non-parametric Mann–Whitney t-test.


To further showcase the flexibility and performance of the ternary Nluc technology POCT platform, we developed an assay to detect SARS-CoV-2 antibodies in human plasma and serum samples using RBD-Trip peptide genetic fusions. Serological tests can provide information about serostatus from previous infections as well as post-vaccination and are frequently used for public health decision-making (West et al., 2021). For this model, we generated RBD- β9 and RBD- β10 genetic fusions which negates the need for chemical labeling. A combination of these fusions was used to detect anti-SARS-CoV-2 antibodies present in serum or plasma. Because of the bivalent nature of antibodies incubating positive serum with an equimolar mixture of both RBD genetic fusions will result in half of the RBD-specific antibodies binding simultaneous to one molecule of RBD- β9 and RBD- β10 each, thus bringing the β9 and β10 into close proximity. Upon addition of the detection reagent containing the LgTrip and furimazine substrate, reconstitution of an active enzyme complex will result in a luminescent signal that is proportional to the level of the anti-SARS-CoV-2 antibody present in the sample. A schematic of this assay can be found in Supplementary Figure 12. The ability to use this same chemistry in combination with genetic fusions offers yet another aspect of flexibility to the ternary Nluc assay design. Genetic fusions add a single tag to the detection proteins at a defined position, which simplifies manufacturing by removing the need for a chemical purification and decreases lot-to-lot variability. To create a POCT prototype for SARS-CoV-2 serology analyses, all components including furimazine substrate were lyophilized directly into swab jackets for an add-sample-and-read assay format. Clinical samples were collected from convalescent patients (n = 13) who had experienced a natural SARS-CoV-2 infection prior to the administration of vaccination or negative samples commercially sourced pre-pandemic (n = 12). The reagent cake was resuspended in PBS buffer and added directly to samples in a swab tube. Luminescence was read in the handheld device at 15, 30, 45, 60, and 90 min (Figure 7). Within this limited study, the assay showed great specificity using a cut-off derived from the mean + 3 × SD of all negative samples. The positive samples showed excellent sensitivity with a dynamic range spanning two orders of magnitude with no apparent interference from the serum sample-matrix. The assay also displayed sustained signal kinetics over time allowing for flexible read times but importantly preventing false-negatives or false-positives that can be associated with changes in signal over time as frequently observed with standard colorimetric or fluorescent reporter systems used for POCT (Mouliou and Gourgoulianis, 2021).
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FIGURE 7
 Ternary Nluc-based assay for SARS-CoV-2 antibody response in serological samples. Serum samples from convalescent SARS-CoV-2 patients (n = 13) in red or pre-pandemic patients (n = 12) in black were individually tested with the lyophilized, all-in-one ternary Nluc serology assay. Samples were measured at 15, 30, 45, 60, and 90-min intervals with a handheld luminometer.





Discussion

There is a continued need to expand the ability to detect clinically relevant analytes at the site of the patient using POCT. This need is particularly relevant for monitoring and controlling emerging infectious diseases such as the ongoing SARS-CoV-2 pandemic. We have previously introduced the ternary split-Nluc platform as a bioluminescence-based homogeneous immunoassay that can be readily adapted for a range of model systems and herein adapt this technology for POCT (Hall et al., 2021). The platform is highly flexible since two of the three reporter fragments are small peptides and can be used to chemically label any amenable molecules. The other components, LgTrip and formulated furimazine, have been optimized to allow for all-in-one lyophilized assays suitable for ambient temperature storage in resource-limited settings. The ternary system offers major advantages over other systems in that the affinity reagent concentrations are separate from the assay signal generation, broadening the dynamic range of the assay at the upper end of analyte concentrations. During assay development, the concentration of peptide-labeled antibodies can be independently adjusted with saturating concentrations of the LgTrip detection reagent and furimazine substrate to obtain the optimal assay performance.

In this study, we introduce a proof-of-concept for POCT by adapting a flexible, all-in-one technology for a SARS-CoV-2 model system. Initially, we pursued two potential SARS-CoV-2 antigens, the nucleocapsid protein (N) and the RBD protein with the ternary Nluc platform. Each immunoassay was initially optimized in a homogeneous plate-based format with purified recombinant proteins prior to transitioning to a point-of-care format. While the dynamic range for the assays spanned multiple orders of magnitude, the assay signal for both antigens decreased at extremely high concentrations of proteins, a phenomenon common to all homogeneous immunoassays known as the “Hook effect”(Ross et al., 2020). Although the loss in signal never resulted in a false-negative reading, absolute quantitation of the analyte once outside of the linear range would not be possible. This effect could be addressed by using a higher concentration of antibodies to capture the higher end of analyte concentrations if quantitation was needed.

Surprisingly, while the RBD assay performed well with purified proteins, it failed to detect antigen in either the heat-inactivated virus or clinical NP samples. Currently, all commercially available antigen assays use nucleocapsid protein as the target analyte, indicating others have noted limitations with using RBD as a target analyte (Liu et al., 2021). Given the poor performance with clinical samples, we abandoned RBD as a target and advanced with the N-antigen assay.

Overall, the plate-based N-antigen immunoassay was two orders of magnitude more sensitive than reported values for all commercially available high-throughput and RATs (Scohy et al., 2020; Eshghifar et al., 2021). Currently available RATs have been plagued by low sensitivity in clinical practice with LODs well below manufacturer-reported values, especially in asymptomatic cases (Kahn et al., 2021). Such a drastic improvement in sensitivity could be crucial for combating the rise of new variants and further spread of SARS-CoV-2, especially with the growing reliance on direct-to-consumer RATs by the public.

Given the superior performance of the N-antigen assay with the model systems, we moved forward with a small set of residual patient samples in an add-and-read approach. We recognize development of this prototype would require a much larger sample cohort in order to establish a reliable threshold value for distinguishing positive from negative samples. However, using the limited number of clinical samples available allowed us to demonstrate a prototype test that showed overall good discrimination between positive and negative samples.

Several PCR-confirmed positive samples (19/89) returned a potential negative with the N-antigen assay, indicating some discrepancy between the two assays. We hypothesized that there were liabilities with the limited sample set including storage conditions such as multiple freeze/thaw cycles, temperature, and VTM. Potential VTM interference with RAT performance has been well documented, specifically in causing false results (Cubas-Atienzar et al., 2021; Patriquin et al., 2021; Zhou et al., 2021). We obtained commercial VTMs and verified their compatibility with the N-antigen assay. Based on this work, we moved forward with PBS for the assay media, allowing for direct sample addition to the assay without additional handling or dilution of the target analyte. This add-and-read approach streamlined the overall workflow and pushed the assay further into the POCT space.

We have previously shown that the ternary Nluc bulk reagents can be reformulated from a solution-based format to a lyophilized, all-in-one format to address different sample types and application needs (Hall et al., 2021). Taking the next step, the N-antigen assay (including Fz substrate) was converted into a POCT prototype format, with all the assay components from the solution-based work lyophilized into a cake within a nasal swab tube. To demonstrate utility of this format in a realistic POCT setup we used a handheld luminometer for data collection. Within 15 min, our N-antigen POCT was able to distinguish between SARS-CoV-2 positive and negative samples with a high degree of confidence. This underscores the potential of this technology for use in POCT applications.

Using the same format, we measured clinical samples over the course of a 1 h period to demonstrate that the assay results were stable over extended periods of time. In this way, the ternary Nluc system provides a major benefit over other reporter technologies that suffer from overdevelopment of the reporter or waning signal over time, thereby potentially impacting validity of assay results over time. The extended read window for the assay could allow assay users and technicians to test samples more efficiently in large batches without having to worry about false results.

Given the broad dynamic signal range observed with positive clinical samples, we also attempted to quantify the amount of nucleocapsid protein, or the amount of virus based on our previously established standard curve (Supplementary Figure 9). The sheer number of SARS-CoV-2 variants and the numerous mutations within those variants confounds antigen quantitation, especially in clinical samples. The rapid evolution of SARS-CoV-2 represents a rather unique situation, which implies that quantifying other clinically relevant analytes (e.g., troponin, CRP, etc.) with the Nluc technology would likely be more straightforward and could offer major benefits at the point-of-care.

Though PCR-based techniques have served as the primary diagnostic for SARS-CoV-2 infections, global testing capacities have been strained, which emphasizes an urgent need for antigen tests that meet the set of criteria published by the World Health Organization for POC diagnostics known by the acronym ASSURED (affordable, sensitive, specific, user-friendly, rapid/robust, equipment-free/minimal equipment, and deliverable to end-users) for better disease control (Land et al., 2019). The modular nature of the ternary Nluc technology allowed us to rapidly design and develop a serological assay detecting immune responses against SARS-CoV-2. Using this model system, we showcased another accommodating assay feature of the ternary, split-Nluc platform, namely the ability to append β9 and β10 peptides as genetic fusions rather than the chemical labeling approach used in the antigen assay. This and a recently published study have focused on transitioning the ternary Nluc technology from HaloTag-based labeling approach to direct peptide labeling and genetic fusions to enable flexible labeling options for different targets and model systems(Kincaid et al., 2022). The direct labeling and genetic fusion methods use smaller peptide tags that are bioinert and can be easily appended anywhere on targets of interest. Genetic fusions add an additional benefit in being able to control the number of labels added to the target. All labeling options rely on the same chemistry to generate bioluminescence thereby allowing the same flexibility across all assay formats including solution-based and lyophilized all-in-one.

The same chemistries used in the ternary Nluc solution-based assays translate directly into lyophilized formats while maintaining performance, which offers unique assay flexibility compared to other available technologies. Herein, we were able to lyophilize the reporter system and formulated substrate into a shelf-stable, homogeneous, add-and-read analyte detection reagent cake for point-of-care applications using a simple handheld luminometer. POCT is valuable in providing rapid results outside of a typical clinical laboratory setting with simplified workflows, but often can suffer in sensitivity, sample-matrix interference, and is often limited to qualitative results. As demonstrated in this work, the ternary Nluc technology overcomes current limitations in the point-of-care space, enabling a rapid, sensitive, robust platform for a variety of targets and model systems.
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Strain

3044
3671
4172
4175
5913
5903
5904
5905
5906
5907
7241
7242
7243
7244
7245
7246
7247
2H12
3B11
5H2
6H9
7B2
7B9
7C5
7G4

E. coli host

DH5a\Pir

DH5a

BW25113 ArbsB
BW25113 ArbsB
BW25113 ArbsB
BW25113 ArbsB
BW25113 ArbsB
BW25113 ArbsB
BW25113 ArbsB
BW25113 ArbsB
BW25113 ArbsB
BW25113 ArbsB
BW25113 ArbsB
BW25113 ArbsB
BW25113 ArbsB
BW25113 ArbsB
BW25113 ArbsB
BW25113 ArbsB
BW25113 ArbsB
BW25113 ArbsB
BW25113 ArbsB
BW25113 ArbsB
BW25113 ArbsB
BW25113 ArbsB
BW25113 ArbsB

Plasmids

pSTVPAA_mcs

pSYK1

pSTVPAA_rbsB, pSYK1
pSTVPAA_DT001, pSYK1
pSTVPAA_DT002, pSYK1
pSTVPAA_DTO11, pSYK1
pSTVPAA_DT013, pSYK1
pSTVPAA_DT015, pSYK1
pSTVPAA_DT016, pSYK1
pSTVPAA_DT020, pSYK1
pSTVPAA_DT021, pSYK1
pSTVPAA_DT022, pSYK1
pSTVPAA_DT032, pSYK1
pSTVPAA_DT033, pSYK1
pSTVPAA_DT035, pSYK1
pSTVPAA_DT038, pSYK1
pSTVPAA_2H12, pSYK1
pSTVPAA_3B11, pSYK1
pSTVPAA_5H2, pSYK1
pSTVPAA_6H9, pSYK1
pSTVPAA_7B2, pSYK1
pSTVPAA_7B9, pSYK1
pSTVPAA_7C5, pSYK1
pSTVPAA_7G4, pSYK1

Relevant characteristics

Host for plasmid propagation
PSTVPAA to clone rbsB and its derivatives

Host strain containing the Ptac- trzl, PompC- gfpmut2 bioreporter system
RbsB expression with signal peptide for periplasmic translocation

As 4175, but for DTO01 mutant protein of RbsB
As 4175, but for DTO02 mutant protein of RbsB
As 4175, but for DTO11 mutant protein of RbsB
As 4175, but for DTO13 mutant protein of RbsB
As 4175, but for DTO15 mutant protein of RbsB
As 4175, but for DTO16 mutant protein of RbsB
As 4175, but for DTO20 mutant protein of RbsB
As 4175, but for DTO21 mutant protein of RbsB
As 4175, but for DT022 mutant protein of RbsB
As 4175, but for DTO32 mutant protein of RbsB
As 4175, but for DTO33 mutant protein of RbsB
As 4175, but for DTO35 mutant protein of RbsB
As 4175, but for DTO38 mutant protein of RbsB
As 4175, but for 2H12 mutant protein of RbsB
As 4175, but for 3B11mutant protein of RbsB
As 4175, but for 5H2 mutant protein of RbsB
As 4175, but for 6H9 mutant protein of RosB
As 4175, but for 7B2 mutant protein of RbsB
As 4175, but for 7B9 mutant protein of RbsB
As 4175, but for 7C5 mutant protein of RbsB
As 4175, but for 7G4 mutant protein of RbsB

References or sources

Platt et al. (2000)

Reimer et al. (2014)
Reimer et al. (2014)
Reimer et al. (2014)
Tavares et al. (2019)
Tavares et al. (2019)
Tavares et al. (2019)
Tavares et al. (2019)
Tavares et al. (2019)
Tavares et al. (2019)
This work
This work
This work
This work
This work
This work
This work
This work
This work
This work
This work
This work
This work
This work
This work
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Mutagenesis Technique Target

DNA shuffling rbsB (outer primers)

rbsB (inner primers)

Site saturation mutagenesis pSTVPAA-DTO02R141X

pSTVPAA-DT002D215x

pSTVPAA-DTO16R141X

pSTVPAA-DTO16D215x

Primers

190101 F
130401 R
160401 F
190102 R
180901 F
180702 R
180705 F
180706 R
180901 F
180702 R
180901 F
180708 R

DNA sequence (5'-3')

CAGCTGGCGAAAGGGGGATGTG
CTGAGCACATCAGCAGGAC
CACGACGTTGTAAAACGACGGCC
CTGGCTACCCTGGTTTCCGCTG
GAAGCCTTCGCCNNNTTCACGGGCTGCGGACGCACC?
GCAGCCCGTGAANNNGGCGAAGGCTTCCAGCAGGCC
ATCCGGTGTACCNNNAGCTCCGACGACCATCACATC
GTCGTCGGATCGNNNGGTACACCGGATGGCGAAAAA
GAAGCCTTCGCCNNNTTCACGGGCTGCGGACGCACC
GCAGCCCGTGAANNNGGCGAAGGCTTCCAGCAGGCC
ATCCGGTGTACCNNNCGCTCCGACGACCATCACATC
GTCGTCGGAGCGNNNGGTACACCGGATGGCGAAAAA

aNNN indicates mutated positions for production of the libraries.
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Primers

Target, assembly reaction

DNA sequence (5'-3')

190201 For

190202 Rev

190203 For

190204 Rev

190205 For

190206 Rev

190207 For

190208 Rev

190209 For

190210 Rev

190211 For

190212 Rev

190301 For
190302 Rev

dt016 gene, 1st assembly - reaction A
dt016 gene, 1st assembly - reaction A
dt016 gene, 1st assembly - reaction A
dt016 gene, 1st assembly - reaction A
dt016 gene, 1st assembly - reaction B
dt016 gene, 1st assembly - reaction B
dt016 gene, 1st assembly - reaction B
dt016 gene, 1st assembly - reaction B
dt016 gene, 1st assembly - reaction C
dt016 gene, 1st assembly - reaction C
dt016 gene, 1st assembly - reaction C

dt016 gene, 1st assembly - reaction C

pSTVPAA before dt016 gene, final extension
pSTVPAA after df076 gene, final extension

ATGGCAAAAGACACCATCGCGCTGGTGGTCTCCACGCTTAACAACNNNNNNAGCNNNNNNCTGAAA
GATGGCGCGCAG?
TCGCCGGGTTGTTCTGGGAGTCCAGCACCACCAGGTTATAGCCAAGTTTATCCGCCTCTTTCTGCGC
GCCATCTTTCAGNNNNNNGCTNNNNNNGTTGTTAAGCGTGGAG
AGAACAACCCGGCGAAAGAGCTGGCGAACGTGCAGGACTTAACCGTTCGCGGCACAAAAATTCTGN
NNNNNGTGNNNNNNGACTCC
ACCTTTCGTNNNNNNGCTGCCNNNNNNGATAACCGGGATGTTCGCCTGGTTAGCCATCTTCACAGCA
TTACCCACTGCGTCGGAGTCNNNNNNCACNNNNNNCAGAATTTTTGT
TCCCGGTTATCNNNNNNGGCAGCNNNNNNACGAAAGGTGAAGTGGTGAGCCACATTGCTTCTGATAA
CGTACTGGGCGGCAAAATCGCTGGTGATTACATCGCG
ACGTTCACGGGCNNNNNNCGCNNNNNNAATGCCTTGCAGCTCGATAACTTTGGCACCTTCACCCGC
TTTCTTCGCGATGTAATCACCA
AGGCATTNNNNNNGCGNNNNNNGCCCGTGAACGTGGCGAAGGCTTCCAGCAGGCCGTTGCTGCTC
ACAAGTTTAATGTTCTTGCCAGCCAGCCANNNNNNTGGNNNNNNATTAAAGGT
CCCAGCGCCATNNNNNNGTTNNNNNNGAATACAGCCTGAACATCCGGATGAGCGGTCAACAGGTTC
TGCATTACGTTCAAACCTTTAATNNNNNNCCANNNNNNTGGCTGGCTGGC
GGCTGTATTCNNNNNNAACNNNNNNATGGCGCTGGGCGCGCTGCGCGCACTGCAAACTGCCGGTA
AATCGGATGTGATGGTCNNNNNNGCGNNNNNNACACCGGATGGCGA
AATCTGATCNNNNNNCATNNNNNNAGTCGCTGCTAGTTTGCCATCATTCACCGCTTTTTCGCCATCCG
GTGTNNNNNNCGCNNNNNNGACCATCACATC
AGCAGCGACTNNNNNNATGNNNNNNGATCAGATTGGCGCGAAAGGCGTCGAAACCGCAGATAAAGT
GCTGAAAGGCGAGAAAGTTCAGGCTAAG
CAAGCTTGCATGCCTGCAGGTCGACTCAGTGGTGGTGGTGGTGGTGGAGCTGCTTAACAACCAGTTT
CAGATCAACCGGATACTTAGCCTGAACTTT

TGCGAATGCGATGGCAAAAGACACCATCGC

ACGGCCAGTGCCAAGCTTGCATGCCTGCAGG

aNNN indicates positions for introduction of random amino acids.
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Wild-type or Variant

Parental Protein

GFPmut2 uninduced fluorescence?®

Fold induction® 1 mM 1,3-cyclohexanediol

Additional mutation(s)®

RbsB

DTO16
DT020
DT021
DT022
DT032
DTO33
DT035
DT038

RbsB

DTO16
DTO16
DTO16
DT022
DT022
DT022
DT022

25,226 =+ 4,066
127,887 + 12,650
87,877 + 21,152
151,009 + 22,735
132,129 + 25,700
95492 + 34689
100,256 + 50,431
95,073 + 23,566
49,432 + 13,382

0.91 &+ 0.05

1.51 £ 0.02 (Tavares et al., 2019)
1.48 £0.07

1.66 + 0.09

2.09 + 0.16

2.97 + 0.37

2.63 + 0.59

2.60 + 0.50

3.19 + 0.489

e

mf

K206R

G89v

L1708

L201P S207P K250R
K5N

201V

a8Mean (+one SD) GFPmut2 fluorescence values of uninduced cultures (n = 814 replicates).
b Mean fold induction + one SD, as the ratio of mean GFPmut2 fluorescence of induced cultures with 1 mM 1,3-cyclohexanediol, by that of uninduced cultures.
CAdditional mutations in comparison to the parental protein.
dvalues in bold indicate statistically significant fluorescence background and/or fold induction compared to DTO16 (p < 0.05, t-test, equal variance).
eDT016 carries eight mutations compared to wild-type RbsB: F16S, N64V, D89V, RI0S, T134A, F164W, F214A, and Q235M.
fUnderlined substitutions are located on the 25 amino acids long signal peptide.
9Improvement compared to DTO16 is the net gain in fold-induction, thus (3.19-1)/(1.51-1) = 4.38.
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Host strain

DH5a
BW25113 ayha

Plasmid

PACYC-yhaJ
(also denoted GO)
G1

G2

G2a

G3a

G3b

GHT

AS1G

T133A
G11T-A51G
G11T-T133A
A51G-T133A
PBR-C55-luxP!
pBR-C55-luxPleio

Description

Standard cloning strain
A member of the Keio collection, hosting a single gene deletion of the yhaJ gene

Description
A copy of the yhaJ gene and promoter, mounted on a pACYC184 (Chang and Cohen, 1978) backbone

15t generation of yhaJ random mutagenesis

2nd generation of yhaJ random mutagenesis

2nd generation of yhaJ random mutagenesis, mounted on a pBR-C55-LxPleio backbone

3rd generation of yha random mutagenesis

3rd generation of yha. random mutagenesis

Goa plasmid supplemented with a G11—T mutation

G2a plasmid supplemented with a A51—G mutation

Goa plasmid supplemented with a T133—A mutation

G2a plasmid supplemented with G11—T and A51—G mutations

G2a plasmid supplemented with G11—T and T133—A mutations

G2a plasmid supplemented with AS1-G and T133—A mutations

A sensor-reporter plasmid, carrying a fusion between the C55 promoter and the luxCDABE genes of P. luminescens
A sensor-reporter plasmid, carrying a fusion between the G55 promoter and the lixCDABE genes of P. leiognathi

Reference

Baba et al. (2006)
Reference

This work

This work
This work
This work
This work
This work
This work
This work
This work
This work
This work
This work
Shemer et al. (2020)
Shemer et al. (2021)
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RbsB protein GFPmut2 Fold induction® New
uninduced 1mM1,3- mutation(s)®
fluorescence? cyclohexanediol
Wild-type 25,226 + 4,066 0.91 + 0.05 -
DTO16 160,622 + 33,495 1.87 £0.26 e
2H12 112,793 + 16,657 2.01 £0.13 Q80R
3B11 157,805 + 24,521 1.88 £0.13 V17E T58A
5H2 128,273 + 13,989 1.97 £0.11 K29R A214T
6H9 132,217 £ 12,670 1.92 + 0.1 1132T
7B2 95,166 + 8,064 1.97 £0.11 TI93M
7B9 91,342 + 1,4436 1.75 +£0.06 T10A
7C5 85,631 + 15,553 1.89 +£0.14 N175S K228Q
T232D
7G4 78,653 + 8,090 1.81 £0.16 N73S

aMean + one SD GFPmut2 fluorescence values of uninduced cultures (n = 6-8).

PMean fold induction + one SD, as the ratio of the mean GFPmut2 fluores-
cence of induced cultures with 1 mM 13CHD and the mean fluorescence of
uninduced cultures.
®Newly observed mutations in comparison to DTO16.
dVvalues in bold are statistically significantly different from those of DT016 (p < 0.05,
t-test, equal variance).
eDT016 carries eight mutations compared to wild-type RbsB: F16S, N64V, D89V,
RI0S, T134A, F164W, F214A, and Q235M.
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DNT 10 mg/L 33mg/L 0.12 mg/L

concentration

yhaJ variant Response time  Max signal Response time Max signal Response time  Max signal Detection

(min)® intensity (RLU)® (min)® intensity® (RLU) (min)* intensity® (RLU)  threshold (mg/L)°

GO 74 1.91E407 = 127 3.54E+06 = (-)# 2.03E+04 + 1.53 £ 0.587
2.73E+06 3.79E+05 1.79E+04

G1 94 1.43E407 = m 1.31E407 = - 7.62E+04 + 0.41 £ 0.075
2.55E+06 1.34E+06 3.19E+04

G2 49 9.18E+06 + 66 1.78E407 = - 1.82E+05 + 0.13+0.028
2.56E+05 2.45E405 6.36E+04

Goa 53 215E407 + 74 441E407 = 156 7.36E+04 0.06 £ 0.003
1.84E+06 7.31E+06 6.87E+03

G3a 58 5.84E+07 + 74 5.08E407 + 123 323405 + 004 0014
4.10E+06 8.89E+06 8.94E+04

G3b 37 2.32E407 + 66 360E+07 + 152 1.40E+06 + 004 £ 0012
1.62E+06 1.88E+06 3.88E+05

“The time at which the response ratio first exceeded 2.
“In the course of a 600 min exposure; error values are calculated as standard deviation, resulting from at least three independent duplicate repeats.
“Minimal DNT concentration at which a response ratio of two was obtained.

#A response ratio higher than two was not obtained throughout the experiment.
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Enzyme Substrate
D-LH, DL-iLH,
Amax (nm) FWHM (nm) Amax (nm) FWHM (nm)
Eluc 536 7 536 67
WT Fluc 554 68 685 121
x2 Fluc 566 92 704 107
X5 Fluc 557 75 694 104
xI1 Fluc 557 75 694 115
CBR 618 74 721 88
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GLICO
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Luciferase
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apalf-life of the luminescence kinetics obtained in the presence of CoA.
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AN (%) Kd (uM) Hill coefficient

CalBiT 1.0 67 25 222
CalBiT 2.0 56 1.1 1.49
CalBit 3.0 5.5 0.14 122





