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Abstract

Bilin-binding fluorescent proteins like UnaG–bilirubin are noncovalent ligand-dependent reporters 

for oxygen-free microscopy but are restricted to blue and far-red fluorescence. Here we describe 

a high-throughput screening approach to provide a new UnaG–ligand pair that can be excited 

in the 532 nm green excitation microscopy channel. We identified a novel orange UnaG–ligand 

pair that maximally emits at 581 nm. Whereas the benzothiazole-based ligand itself is nominally 

fluorescent, the compound binds UnaG with high affinity (Kd = 3 nM) to induce a 2.5-fold 

fluorescence intensity enhancement and a 10 nm red shift. We demonstrated this pair in the 

anaerobic fluorescence microscopy of the prevalent gut bacterium Bacteroides thetaiotaomicron 
and in Escherichia coli. This UnaG–ligand pair can also be coupled to IFP2.0-biliverdin to 

differentiate cells in mixed-species two-color imaging. Our results demonstrate the versatility of 
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the UnaG ligand-binding pocket and extend the ability to image cells at longer wavelengths in 

anoxic environments.

Graphical Abstract

Advances in fluorescence microscopy have yielded techniques such as multicolor imaging, 

single-molecule tracking, and super-resolution microscopy.1 All of these advances were 

aided by the development of diverse small-molecule dyes and fluorescent proteins (FPs).2 

FPs are among the most commonly used tools to label proteins and cells of interest 

and have been engineered to fluoresce over a wide range of wavelengths for use in 

imaging.3 However, popular FPs derived from green fluorescent protein (GFP) and DsRed 

require an oxidative post-translational modification to fluoresce,4,5 which precludes the 

use of common FPs to probe oxygen-sensitive samples such as the medically relevant 

polymicrobial communities in the gut microbiome.6 On the contrary, ligand-dependent FPs 

are promising tools that have already been demonstrated in obligate bacterial anaerobes.6,7 

Ligand-dependent FPs confer oxygen-independent labeling because fluorescence depends 

only on the molecular structure of the fluorophore and, if the ligand is fluorogenic,8 upon the 

ligand binding to the protein.

Several approaches have addressed the limitations of GFP-like FPs for labeling anaerobic 

bacteria. These approaches include flavin-mononucleotide (FMN)-based FPs (FbFPs) or 

LOV (light-, oxygen-, or voltage-sensing) FPs,9–11 which are constrained to blue emission12 

and covalent self-labeling systems like HaloTag,13 which rely on organic dye ligands14,15 

that are not always cell-permeable in prokaryotes and require multiple washing steps that 

may not be compatible with the continuous imaging of live-cell samples. Both FbFPs16,17 

and HaloTag7,18,19 have been used to label anaerobic bacteria with varying degrees of 

implementation ease due to the aforementioned limitations. Another ligand-dependent 

reporter, Y-FAST,20 and its derivatives,21 utilize synthetically tailored fluorogenic ligands 

for bright fluorescence without the need for washing before imaging and have also been 

demonstrated in anaerobic systems.22,23

Bilin-binding fluorescent proteins (BBFPs) reconcile the advantages of FbFPs and self-

labeling tags for oxygen-independent fluorescent labeling. BBFPs bind bilirubin (br) 
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or biliverdin (bv), which are fluorogenic ligands that can be used to label intra- and 

extracellular targets.24 BFFPs include the green UnaG25 and the far-red IFP2.0,26 and 

we recently demonstrated these probes in Bacteroides thetaiotaomicron (B. theta) and 

Bacteroides ovatus (B. ovatus) for anaerobic live-cell mixed-species imaging.24 UnaG–br 

was also recently demonstrated as a dark-to-green photoswitchable FP for super-resolution 

imaging,27 which further extends its versatility as an imaging tool. Despite these advantages, 

the attainable BBFP colors are limited by their ligands: UnaG with br is green and IFP2.0/

mIFP28 /smURFP29 with bv is red.

RESULTS AND DISCUSSION

Using a high-throughput and small-molecule approach, we devised a screening method to 

identify new fluorogenic ligands to create new UnaG–ligand pairs that were red-shifted 

relative to the original UnaG–br complex (GFP channels, 488 nm excitation) (Figure 1). 

To diversify the pool of potential UnaG–binding ligands, we searched within a structurally 

heterogeneous library. In the primary screening step, 7680 compounds were loaded into 

individual wells in 384-well plates containing UnaG protein and were illuminated at three 

excitation wavelengths (485, 540, and 580 nm) for fluorescence end-point readings at 520, 

570, and 610 nm, respectively (Figure 1a). The latter two channels were chosen due to their 

wide availability in most microscopy setups. For each fluorescence channel, compounds 

were considered hits if their fluorescence signal was greater than 3 SD above the negative 

control included on each plate (Figure S1).

Because this screening methodology was a nonstandard high-throughput screening (HTS) 

protocol, Z′ scores30,31 could not be calculated for the entire primary assay given that a 

positive control could only be established for the 485/520 nm optics module using UnaG–

br. The Z′ score for the primary assay 485/520 nm channel was low (0.27), reflecting 

significant variability in the signal magnitude in positive control wells. However, very little 

variability was observed between negative controls in each channel (Figure S1), which 

allowed us to draw a low activity cutoff for identifying primary hits.

The workflow required counter-selections at each screening step (Figure 1c). In the primary 

screen, UnaG–ligand pairs that showed fluorescence in either the 540/570 or 580/610 nm 

modules but not in the 485/520 nm module were considered preliminary hits (Figure 1b, 

539 compounds with 7.01% hit rate). These preliminary hits were evaluated in triplicate 

in confirmation screens with UnaG (n = 3). Secondary screens with compounds alone 

were plated in triplicate (n = 3) and were measured in parallel. This counter-screening 

was necessary to select for compounds with fluorescence that is enhanced by UnaG 

rather than compounds with high intrinsic fluorescence. A concentration-dependent screen 

confirmed that the detected fluorescence signal was due to ligands binding UnaG rather 

than nonspecific fluorescence emission. In total, we identified 15 promising compounds 

for imaging, seven of which were fluorescent in the 540/570 nm channel and eight that 

were fluorescent in the 580/610 nm channel. Interestingly, the structures of the selected 

compounds, while highly π-conjugated, were not structurally similar to popular commercial 

organic dyes such as the AlexaFluor dyes (Figure S2).
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We subsequently tested the 15 candidates (referred to by boldface numbers 1–15) by 

analysis of the compounds alone and when incubated in excess with UnaG using UV–vis 

absorbance and fluorescence emission (Figures S3 and S4). Furthermore, adding compounds 

to the media (2.5 μM) did not affect the growth kinetics of B. theta (Figure S5), indicating 

that these compounds were nontoxic and could be supplemented to media to label growing 

cells.

Of the 15 confirmed hit compounds, 2 and 4 were most promising for further investigation 

due to the observed red-shifted emission and fluorescence enhancement upon binding UnaG 

(Figure 2). Spectral properties of the UnaG–2 and UnaG–4 pairs are reported (Figure 2j and 

Table S1). Both compounds are benzothiazoles with moieties that extend the π-conjugation 

of the molecule (Figure 2d,g) and are similar in size and planarity to the original br ligand 

(Figure 2a). The binding of 2 and 4 to UnaG does not significantly shift the UV–vis 

absorbance maximum, whereas the binding of br to UnaG shifts the absorbance maximum 

from 437 to 495 nm (Figure 2b,e,h). Incubating 2 with UnaG red-shifts the maximal 

emission by 10 nm (from 571 to 581 nm) under excitation at 532 nm and gives rise to 

a 2.5-fold fluorescence intensity enhancement (Figure 2c,f). Likewise, the incubation of 

4 with UnaG red-shifts the emission maximum by 13 nm (from 582 to 595 nm) under 

excitation at 532 nm and produces a three-fold fluorescence intensity enhancement (Figure 

2i). Although 532 nm is not the peak fluorescence excitation wavelength for either UnaG–2 
or UnaG–4, this excitation wavelength produces detectable fluorescence emission (Figure 

S6). Excitation near the peak absorbance wavelengths, 450 or 405 nm for UnaG–2 and 

UnaG–4 complexes, respectively, results in dimmer or bluer fluorescence emission (Figure 

S7).

We evaluated the affinity and specificity of 2 and 4 binding to UnaG with respect to 

the native br ligand in competitive fluorescence titrations (Figure 3 and Table S2). We 

determined Kd values of 3 and 10 nM for UnaG–2 and UnaG–4, respectively, indicating 

the suitable high-affinity binding of the new ligands to the protein in the same binding 

pocket utilized by br (Figure 3). An additional direct fluorescence titration of 2 and 4 in the 

presence of bis(trimethylsilyl)acetamide (BSA) showed no significant enhancement of the 

fluorescence signal (Figure S8). These results demonstrate that the red-shifted and brighter 

fluorescence emission of UnaG–2 and UnaG–4 are directly due to the ligand binding UnaG 

rather than to any other nonspecific protein intercalation.

We implemented these new ligand pairs for the anaerobic imaging of commensal gut 

bacteria. Whereas the UnaG–4 fluorescence was not bright enough to be detected in 

cellular imaging (Figure S9), UnaG–2 fluorescence was detected in B. theta, both for 

cytosolic expression and for membrane expression of UnaG (UnaG+2 and SusG–UnaG+2, 

respectively, in Figure 4a). In the absence of UnaG, 2 did not appreciably label wild-type 

(wt) B. theta cells, indicating that it can be supplemented into live-cell imaging conditions 

without additional washing steps. In the SusG–UnaG B. theta strain, the additional 

accessibility of an outer-membrane-bound UnaG increased the fluorescence signal of 

labeled cells. We also demonstrated UnaG–2 labeling of E. coli under anaerobic imaging 

conditions. UnaG–2-labeled E. coli is significantly brighter than the puc19 control that did 

not express UnaG, and washing UnaG–2-labeled E. coli after labeling does not impact the 
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fluorescence signal (Figure 4b). These imaging conditions indicate that the fluorescence 

intensity enhancement upon binding UnaG is sufficient such that 2 can be used similarly to 

a fluorogenic ligand such as br. The fluorescence images of cells labeled with UnaG–br or 

UnaG–2 are also distinguishable from one another, as fluorescence appears only in the 488 

and 532 nm channels, respectively (Figure S10). This effective fluorogenicity enables the 

imaging of bacterial systems without requiring additional washing steps that are required of 

other labeling schemes such as immunostaining or HaloTag approaches.

Just as the bluer UnaG–br and the redder BBFP IFP2.0–bv can be used as two-color imaging 

FP pairs,24 UnaG–2 and IFP2.0–bv can also label different species in mixed anaerobic 

bacterial cultures. We imaged a mixed culture of UnaG-labeled B. ovatus and IFP2.0-labeled 

B. theta cells grown in bv and incubated with 2. The different species can be differentiated 

as they fluoresce in different color channels (532 nm excitation and 635 nm excitation, 

respectively) (Figure 5). Separately, we found that including 2 or bv in the labeling media 

provided exclusive labeling of UnaG and IFP2.0, respectively (Figure S11), demonstrating 

the specificity of each ligand-dependent FP for each color channel.

Overall, we developed a new orange-emitting UnaG–ligand pair that is suitable for 

anaerobic fluorescence microscopy and for probing oxygen-sensitive bacterial systems 

(Figures 4 and 5). Importantly, UnaG–2 diversifies the colors of the available UnaG–ligand 

pairs by adding a probe that fluoresces in the 532 nm excitation channel, commonly 

used for Cy3 dye and red fluorescent protein (RFP) imaging. In imaging B. theta, 

we observed UnaG–2 fluorescence for both cytoplasmic and outer-membrane labeling 

conditions, although the latter positioning increases the accessibility to yield brighter 

cells. Additionally, the UnaG–2 pair bleaches more slowly than UnaG–br due to the 

longer excitation wavelength (Figure S12). Anaerobic bacterial systems with high cellular 

background upon blue excitation are not suitable for labeling by the UnaG–br pair but 

could potentially be probed by the red-shifted UnaG–2 labeling system (Figure S13). 

Likewise, UnaG–2 can be coupled with IFP2.0–bv as complementary labeling pairs in two-

color fluorescence microscopy using the 532 and 635 nm excitation channels, respectively 

(Figure 5). Because we have also demonstrated the utility of UnaG–2 in E. coli under 

anaerobic conditions (Figure 4b), we envision that studies of oxygen-sensitive mechanisms 

in this more common laboratory microbe will be further accessible via fluorescence-based 

investigations.

Although the brightness of the UnaG–2 pair is lower than that of UnaG–br, future 

improvements to the former can help boost the utility of the red-shifted pair. There may 

also be practical advantages to using UnaG–2 in the 532 nm microscopy channel over other 

BBFPs, such as the choice of other coupled labels (for minimal cross-talk between channels) 

or the availability of filters and excitation sources. Whereas the intrinsic fluorescence 

(autofluorescence) of bacterial cells can be used to probe cellular growth, endogenous 

flavins decrease the sensitivity and dynamic range for detecting robust signals from GFP and 

other green-emitting FPs.32 Relative to the green UnaG–br, creating a brighter red-shifted 

UnaG–2 pair will enable better signal-to-background measurements, as intrinsic cellular 

background decreases with increasing excitation wavelength.
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Because of the nature of the compound library chosen for HTS, the confirmed hits found 

through our screening workflow are structurally diverse (Figure S2) yet dissimilar to 

classic families of organic fluorescent dyes like the xanthenes (fluorescein, rhodamine) 

and coumarins. Unsurprisingly, almost all of the hit compounds are extensively conjugated 

heterocyclic molecules, although most did not fluoresce sufficiently to carry on in spectral 

characterization during validation steps. We hypothesize that the high concentrations of 

compounds utilized in HTS contributed to the discrepancy: Fluorescence was detected in 

HTS but not detected during the validation experiments at the lower concentrations that were 

closer to experimental conditions suitable for imaging. Of note, the two best hits, 2 and 4, 

are derivatives of benzothiazole, which is a common heterocycle in medicinal chemistry and 

in studies of bioactive molecules33 and which is found in the fluorogenic label thioflavin 

T that is most commonly used in studies of protein aggregation. To our knowledge, this 

work describes the first application of a benzothiazole-based ligand in bacterial imaging 

and in oxygen-independent microscopy. Future improvements to 2 may take a more tailored 

synthetic approach to balance the improving membrane permeability while maintaining the 

molecular solubility through the strategic addition of additional hydrogen-bonding donors 

and acceptors.34

Because the UnaG–2 labeling system utilizes the wild-type UnaG protein, this system 

cannot be coupled to the native UnaG–br pair (blue, 488 nm excitation) for two-color 

imaging. However, our HTS methodology and hits reveal that the UnaG binding pocket is 

not exclusive to the original br ligand and can indeed bind other potentially fluorogenic 

molecules. Additional HTS may discover further molecules that bind UnaG and fluoresce 

in other microscopy channels, further diversifying UnaG into a wide palette of fluorescent 

colors. Likewise, additional HTS may reveal other exogenous or endogenous biomolecules 

that retain the cellular permeability and fluorogenicity of the native br ligand but also enable 

UnaG’s ligand-induced fluorescence in other microscopy channels. For more extensive 

multicolor setups, protein engineering will also be required to create exclusive pairs of 

UnaG variant–ligands such that each UnaG variant can recognize only one ligand.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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BBFP bilin-binding fluorescent proteins

br bilirubin
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bv biliverdin

FbFP flavin-based fluorescent protein

FP fluorescent protein

GFP green fluorescent protein

HTS high-throughput screening

RFP red fluorescent protein
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Figure 1. 
Screening methodology for identifying new, red-shifted ligand–UnaG pairs. (a) Schematic 

of primary HTS assay. Compounds were incubated with UnaG protein in 384-well black-

walled plates before fluorescence intensity end-point reads using three optics modules. 

Columns 1 and 2 were reserved for negative controls, and columns 23 and 24 were reserved 

for positive controls of UnaG and bilirubin (br) for the 485/520 nm module. (b) Summary of 

HTS campaign. (c) Workflow logic used to cull hit lists from the three optics modules.
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Figure 2. 
Spectral properties of UnaG–2 and UnaG–4. (a,d,g) Compound structures, (b,e,h) UV–

vis absorbance spectra, and (c,f,i) fluorescence emission spectra of compounds only and 

compounds bound to UnaG. (a–c) UnaG and its original binding partner bilirubin (br), (d–f) 

UnaG and compound 2, and (g–i) UnaG and compound 4. Fluorescence emission spectra 

were taken at (c) 495 nm excitation and (f,i) 535 nm excitation. (j) Properties of confirmed 

hit compounds and compounds bound to UnaG.
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Figure 3. 
Competition titrations of (a) 2 and (b) 4 against UnaG–bilirubin (br). Increasing amounts 

of 2 and 4 were added to UnaG–br (50 and 25 nM for each titration, respectively), and the 

decreasing fluorescence emission intensity of the UnaG–br complex was recorded (495 nm 

excitation). A parallel set of titrations was performed using br and compounds 2 and 4 only 

for background subtractions. Insets: fits on a zoomed-in scale. Data shown are the mean of 

three technical replicates.
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Figure 4. 
Phase-contrast and fluorescence imaging of (a) B. theta and (b) E. coli cells expressing 

UnaG. (a) B. theta expressing UnaG in the cytosol (UnaG) or on the outer membrane 

(SusG–UnaG) and incubated with 2 was compared with wild-type (wt) B. theta with 2. (b) 

E. coli cells expressing UnaG and incubated with 2 were imaged without washing (nw) 

or after two washes (2w), and they were compared with the puc19 control, which does 

not express UnaG. Cells were imaged with 532 nm illumination. Scale bars: 2 μm. All 

fluorescence images are on the same brightness scale.
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Figure 5. 
Phase-contrast and fluorescence images of a mixed culture of B. ovatus and B. theta 
expressing different BBFPs. B. ovatus expressing UnaG and labeled with 2 (green, 532 

nm excitation) is distinguished from B. theta expressing IFP2.0 and labeled with biliverdin 

(red, 635 nm excitation) in separate color channels. Scale bar: 2 μm.
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